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Branching morphogenesis is a fundamental developmental
process which results in amplification of epithelial surface area
for exchanging molecules in organs including the lung, kidney,
mammary gland and salivary gland. These complex tree-like
structures are built by iterative rounds of simple routines of
epithelial morphogenesis, including bud formation, extension,
and bifurcation, that require constant remodeling of the
extracellular matrix (ECM) and the cytoskeleton. In this review,
we highlight the current understanding of the role of the ECM
and cytoskeletal dynamics in branching morphogenesis across
these different organs. The cellular and molecular mechanisms
shared during this morphogenetic process provide insight into
the development of other branching organs.

Introduction

Branching morphogenesis is a key developmental process that
maximizes the surface area for efficient gas exchange or secretion
of fluids across an epithelium that forms the functional architec-
ture of organs such as the lung, kidney (ureteric bud), mammary
gland and salivary gland (submandibular gland). These complex
tree-like branched organs consist of two main cell populations
which include the contiguous epithelium that undergoes the
branching process and the surrounding mesenchyme. Spatio-
temporally regulated reciprocal interactions between these cell
populations are essential to build the highly ordered branching
organs, yet each organ has distinct regulatory mechanisms.
Although individual organs can be distinguished by the signaling
pathways used for branching, they share dynamic structural
components such as the extracellular matrix (ECM) and the
intracellular actomyosin machinery.

A variety of ECM molecules are synthesized and secreted
during morphogenesis and their distinct patterns of expression
and deposition are tightly regulated for normal development.
Over the past several decades, the role of the ECM has emerged
from that of a passive physical material to a collection of
functional and dynamic components that can serve as a physical
support for tissue architecture, a reservoir for growth factors and
other diffusible signals and a substratum on which to adhere
through receptors such as integrins. The ECM thus provides a
microenvironment that can be sensed and remodeled through
both mechanical and chemical signals that influence cell behaviors
including proliferation, differentiation, shape change and estab-
lishment of polarity.1 In branching organs, several ECM proteins
are found at the interface between the epithelium and the
mesenchyme; the composition and organization of this ECM are
essential for epithelial branching morphogenesis. Moreover,
multiple rounds of bud formation and bifurcation require
continuous remodeling of the ECM, which is constantly in
contact with cells.

Cells in 3D environments connect to ECM and neighboring
cells through adhesion molecules that are physically linked to the
actin cytoskeleton (Fig. 1). Filamentous actin forms a network
with myosin II under the under the plasma membrane membrane
and dynamic contractions of this actomyosin network empower
the cellular machinery that drives migration of single cells as well
as collective cell movements in multicellular systems. Although
cell-ECM and cell-cell adhesions have distinct molecular
compositions, both transmit forces through a similar mechanism
involving dynamic F-actin; therefore, the contractile or tensile
forces generated from individual cells or groups of cells can be
translated into macroscopic changes in tissues and organs.2-4

Here we focus on the role of the structural but dynamic
molecules of the ECM and cytoskeleton in branching morpho-
genesis. We discuss the current understanding of their roles across
diverse organs including the lung, kidney, mammary gland and
salivary gland as they undergo similar courses of branching
morphogenesis. Although different organs may use distinct
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molecular components to build their separate functional units,
advances in our understanding of the development of each organ
system will likely shed lights on possible mechanisms used to
build branched architecture in others.

Branching Morphogenesis in Development of the Lung

The lung serves to exchange gases between the external
environment and the circulatory system. The complex tree-like
structure of the lung airways is constructed through the process of
branching morphogenesis. During embryonic development, the
lung epithelium originates from the ventral foregut endoderm and
branches into the surrounding mesenchyme to form the two main
bronchi (Fig. 2). This process is followed by sequential rounds of
dichotomous bud formation.

Decades of effort to understand the mechanisms underlying
lung development using transgenic mouse technology have
resulted in the identification of many signals that are involved
in branching morphogenesis, including fibroblast growth factors
(FGFs), Sonic hedgehog (Shh), bone morphogenetic protein
(BMP), Wnt, Sprouty and retinoic acid.5,6 Furthermore, charac-
terization of stereotypical branching into modes called domain
branching, planar bifurcation and orthogonal bifurcation7

revealed a possible approach to integrate the complex gene
regulatory network with the geometric changes that govern lung
branching morphogenesis. Repetition of these branching modes
requires dynamic interactions between the epithelium and its
surrounding mesenchyme. In addition to the soluble signaling
molecules that initiate the branching process, remodeling of ECM
and dynamic cell behaviors are essential to build the highly
organized branching structure of the lung.

ECM. At the interface between the epithelium and the
mesenchyme, a thin layer of ECM called basement membrane
(BM) is formed that consists of collagen IV, laminins, glyco-
proteins and proteoglycans. The various basement membrane
components are expressed in spatially distinct patterns which
raises the question of whether these molecules play separate
roles in controlling branching morphogenesis. In E12.5 mouse
embryonic lung, both epithelium and mesenchyme express high
levels of mRNA for collagen IV and laminin-c1 chain, but
considerably lower levels of laminin-a1 and -β1 chain, whereas

nidogen is only produced by the surrounding mesenchyme.8 In
turn, immunostaining of collagen IV, laminin-111, nidogen and
fibronectin revealed a thinning of the basement membrane
adjacent to the tip of newly emerging buds, as compared with
non-budding regions. This thinning was found to coincide with a
high proliferation rate of the epithelium.9

How do different components of the ECM regulate the cellular
processes of bud outgrowth and bifurcation during lung develop-
ment? The major basement membrane proteins, laminins, are
heterotrimeric (a, β and c) glycoproteins and different isoforms
are expressed in distinct patterns during development. Laminin-
111 is expressed only in early lung development and has received
much attention for a possible function in branching of the
airways. Organotypic culture of embryonic lung cells showed that
laminin-111 plays a role in cell rearrangements by inducing
sorting of epithelial and mesenchymal populations and by
defining epithelial cell polarity.10 Furthermore, heparan sulfate
proteoglycan (HSPG) binding to laminin-111 induces lumen
formation in polarized epithelial cells in organotypic culture.11

Disrupting laminin-111 using a function-blocking antibody
resulted in reduced growth and decreased branching morpho-
genesis in lung bud explants.12 Although laminin-a5 (present in
both laminin-511 and -521) is also expressed in the lung from
early development to adulthood, embryonic lethality of laminin-
a5-null mice (Lama52/2) at E14–17 has limited the study of
the role of this protein in lung development. Nevertheless,
organ culture of the lung from E12.5 showed no significant
differences in branching morphogenesis between wild-type and
Lama52/2 mice.13

HSPG is present in the basement membrane as well as on the
cell surface, and the diverse forms of sulfated HS chains appear
to have a distinct binding affinity to growth factors which
consequently regulate developmental processes. In particular,
HSPG has been proposed to mediate FGF10 signaling during
lung branching morphogenesis. In E11.5 embryonic lung, HS is
expressed both in the basement membrane and the mesenchyme.
However, the distribution of different forms of HS is evident,
with low-sulfated HS expressed in mesenchyme and highly
sulfated HS present in basement membrane.14 The presence of
low O-sulfated HS in the mesenchyme adjacent to new bud sites
combined with the high binding affinity between HS and FGF10
suggests a role for HS in regulating the localization of the FGF10
signal that induces new bud formation. Decreased O-sulfation of
HS in the distal mesenchyme may result in reduction of HS-
FGF10 binding affinity and accelerate the diffusion of FGF10
from its source in the mesenchyme, thus providing a localized cue
to induce epithelial bud formation at specific sites.

In contrast to the possible role of HSPG in facilitating FGF10
signaling at the tip of growing buds, netrin has been revealed to
block FGF10 signaling around the neck region of elongating
stalks, thus preventing the formation of new buds. In situ
hybridization of netrin-1 and -4 combined with immunostaining
of netrin-4 proteins in embryonic mouse lungs revealed that
netrin is secreted by the epithelium and deposited around the
neck or stalk region of the buds.15,16 The function of netrin during
branching morphogenesis has been analyzed using a culture model

Figure 1. The epithelium. Filamentous actin cytoskeleton forms networks
at the cell cortex and is connected through cell-cell adhesion and cell-
matrix adhesion.

SPECIAL FOCUS REVIEW: MECHANICS IN DEVELOPMENT

www.landesbioscience.com Organogenesis 57



© 2012 Landes Bioscience.

Do not distribute.

of mesenchyme-free distal epithelium embedded in matrigel.
Adding exogenous netrin into cultures that were induced to
branch by FGFs inhibited the localized phosphorylation of
extracellular-signal regulated protein kinase (ERK1/2) and
subsequent cell shape changes, but had no effects on cell
proliferation or survival.16 Taken together, these data suggest that
the developing airway epithelium secretes netrin-1 and -4 to
locally inhibit ERK and prevent new bud formation and thus acts
like a sleeve to restrict emergence of aberrant buds.

Cytoskeleton. The 3D epithelial tube that lines the interior of
the lung undergoes remarkable morphogenetic movements to
form the tree-like branching structure. The cytoskeleton plays a

decisive role in regulating epithelial cell movements during the
branching process. Unlike other branching organs such as the
ureteric bud, mammary gland and salivary gland, we have a very
limited understanding of the cellular mechanisms that drive
branching morphogenesis of the lung. Despite a lack of
techniques for live imaging and the enormous focus on the role
of signaling cascades during lung branching morphogenesis,
several studies have attempted to incorporate a role for mechanical
tension of the ECM and cytoskeleton in regulating the branching
processes of the airways. As the basement membrane provides a
pre-stressed substratum for adjacent epithelial and mesenchymal
cells, the traction forces that cells generate through actomyosin

Figure 2. Branching morphogenesis in different organs. Schematic representation of branching patterns in lung, kidney (ureteric bud; UB), mammary
gland and salivary gland (submandibular gland; SMG). Branching epithelia (gray) are surrounded by mesenchyme (orange). Expanded view of each organ
shows the basement membrane (BM; green) and characteristic features are highlighted in red. In the lung, the two main bronchi (E10.5) begin to
form new buds (E11.5) which then undergo bifurcations (E12.5). The thinning of BM at the tip of the buds and low-sulfated HS (HSPG) at adjacent
mesenchyme facilitates branching, whereas netrin around the neck prevents branching. The UB undergoes rapid branching in early morphogenesis.
F-actin is concentrated in the apical domain of bifurcating buds, coincident with epithelial cells that have a wedge-like shape and an expanded basal
surface (arrows). Mammary buds invade until E18.5. Extensive branching occurs postnatally during puberty with the formation of the terminal end bud
(TEB). Myoepithelial cells tightly surround the duct and directly contact the ECM. MMPs degrade ECM around the tip of the TEB. SMG branching
morphogenesis initiates with cleft formation. Several ECM proteins (i.e., FN and collagen) are found in the clefts.

58 Organogenesis Volume 8 Issue 2



© 2012 Landes Bioscience.

Do not distribute.

contractions have been proposed to be important for lung
epithelial branching.17,18 In organ culture, pharmacological
inhibition of the Rho-associated kinase (ROCK) signaling
pathway, which is known to control actomyosin contractility,
significantly reduces the number of buds that form and disturbs
the normal pattern of the basement membrane.18 In contrast,
activating Rho with low doses of cytotoxic necrotizing factor-1
(CNF-1) enhances branching, but higher doses cause failure of
branching and compaction of the tissues.17,18

A recent study has provided additional clues for the role of the
cytoskeleton by demonstrating a linkage between planar cell
polarity (PCP) genes and actin during lung branching morpho-
genesis.19 The PCP pathway is known to direct the cellular
polarization orthogonal to the apical-basal axis through down-
stream effectors and the actin cytoskeleton, via ROCK. Mutation
of PCP genes (Celsr1 and Vangl2) in mouse embryonic lungs
reduces the size of the lung and induces the formation of a
multilayered and disorganized epithelium by disrupting the
cytoskeleton.19 Addition of CNF-1 to activate Rho signaling in
explant cultures of mutant lungs partially rescued the normal
branching phenotype, suggesting that the defects in cellular
organization in PCP mutant lungs resulted from altered Rho
activity that leads to disruption of the cytoskeleton. Furthermore,
Celsr1 has been shown to localize to the neck and cleft regions of
branching lung epithelium, and knockdown of Celsr1 with
morpholinos blocks cleft formation and prevents bifurcation.19

Further work is needed to piece together precisely the relative
roles of these various ECM and cytoskeletal proteins during lung
development.

Branching Morphogenesis
in Development of the Kidney

Branching morphogenesis of the developing metanephric kidney
begins when the nephric duct forms the ureteric bud (UB). The
primary UB then extends and invades toward the metanephric
mesenchyme (MM), and begins branching in a variety of modes
including terminal bifid, terminal trifid and lateral branching;
nevertheless the majority of the UB branches through terminal
bifurcations (Fig. 2). These UB branching processes have been
uncovered using live imaging techniques in combination with
explant cultures of organs from transgenic mice that express green
fluorescent protein (GFP) under the Hoxb7 promoter, which is
specifically expressed in the UB epithelium.20 The reciprocal
inductive signals between the UB and the surrounding MM
instruct the reiterative branching processes, with a large number
of growth factors having been implicated as either stimulatory
molecules [e.g., glial cell line-derived neurotrophic factor (GDNF)
and FGFs] or inhibitory molecules (e.g., BMPs and TGFβ).21,22

Successive rounds of UB branching eventually give rise to the
collecting ducts of the mature kidney.

ECM. The role of laminin in ureteric branching morphogenesis
was revealed by mutant mice lacking the laminin-a5 (Lama52/2)
and laminin-c1 (Lamc12/2) chains. Deficiency of laminin-a5
causes attenuation of UB branching and results in unilateral or
bilateral renal agenesis in about 20% of mice.23 Additionally, the

laminin-332-binding receptors such as a3β1 and a6β4 integrin
have been suggested to be required for UB branching. In UB cell
culture, organ culture and isolated UB culture models, inhibiting
both integrin-a3 and -a6 subunits significantly reduces UB
branching, and thus reveals a direct role for these integrins that is
independent from the mesenchyme.24 Lamc12/2 mice showed
lack of basement membrane which resulted in failure of
development after E5.5.25 However, selective inactivation of the
Lamc1 gene in the UB revealed defects in UB growth and
branching accompanied by a greatly reduced basement membrane
as well as disorganized epithelial cells in the ampulla.26

Furthermore, blocking the laminin-c1-binding site of nidogen,
which serves to bridge the basement membrane networks,
perturbs basement membrane assembly and branching in organ
culture,27 and most mice deficient for the nidogen-binding site of
the laminin-c1 chain fail to form the UB.28

The essential role of HSPG in kidney development has been
revealed using mice lacking heparin sulfate 2-sulfotransferase
(Hs2st; an enzyme that catalyzes the 2-O-sulfation of uronic acids
in heparan sulfate), which show renal agenesis due to defects in
branching morphogenesis, not from alterations in initial UB
outgrowth.29 Additional studies of Hs2st-null kidneys combined
with explant culture and tissue recombination assays provided
further evidence for an inductive role of MM through 2-O-
sulfated HS in the developing kidney. Combining UB or MM
from Hs2st-null animals with the complementary wild-type
tissues permitted each to undergo branching, which indicates that
the mutant tissues are intrinsically competent for branching and
that it is a lack of inductive signaling through HS that prevents
the progression of branching morphogenesis.30 Furthermore,
inhibiting sulfation of HSPG in isolated UB and organ culture
blocks budding and reduces FGF2 binding and proliferation.31 By
comparison, 6-O-sulfation of HSPG has a more profound effect
than 2-O-sulfation on UB branching because of the increased
affinity for growth factors such as GDNF and FGF1.32

A novel ECM protein at the interface between the UB and
MM, called nephronectin, was uncovered during the search for
the ligand for integrin a8β1. More than 50% of mice lacking the
integrin a8 subunit fail to develop ureters or kidneys without any
significant defects in other organs, which results in death within
days after birth.33 Even the mutant mice that did form the UB
mostly failed to invade into the MM, which resulted in renal
agenesis. This requirement for integrin a8β1 in kidney
development led to the identification of its ligand, nephronectin,
which is expressed by the ureteric bud epithelium.34 Similar to
mice lacking integrin a8, nephronectin-null mice showed delays
in UB invasion and frequent renal agenesis or hypoplasia.35

Interestingly, no defects in the basement membrane were found in
either the nephronectin- or integrin a8-null mutants, which
revealed instead a transient decrease in the expression of GDNF at
E11.5 when UB invasion begins. These observations suggest a
possible mechanism for the delay or inhibition of UB invasion
through nephronectin-integrin a8β1 interactions in the develop-
ing kidney.35

Cytoskeleton. One potential driving force for branching
morphogenesis of the UB is cell shape changes induced by
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contractility of the actin cytoskeleton. In both E15.5 embryonic
rat UB and cultured UB explants, epithelial cells at newly forming
bud regions have a wedge-like shape with a larger basal surface as
compared with their apical surface, in contrast to epithelial cells
along the branch that are columnar in shape (Fig. 2).36 These
differences in cell shape coincide with strong localization of
F-actin, myosin II and ezrin at the apical surface of the epithelium
at new budding regions, suggesting a purse-string mechanism for
branch initiation in the UB.36 A similar pattern of strong F-actin
localization in the apical domain of the newly forming UB has
been reported in cultured UB from E11.5 mouse embryos.37

However, the role of the actomyosin network during UB
branching is unclear, since some investigators found that
inhibiting myosin contractility by blocking ROCK reduced new
bud formations37 whereas others found that this treatment
induced UB branching.38

Nevertheless, the actin depolymerizing factors (ADFs), cofilin1
and destrin, appear to be important for UB branching
morphogenesis. Lack of genes for both cofilin1 and destrin in
mouse embryos causes failure of UB branching through
accumulation of F-actin and a disorganized epithelial cell shape.39

Moreover, primary UB epithelial cells lacking cofilin1 and destrin
showed impaired cell movements which may have a role in UB
branching morphogenesis.39 Together these results suggest that
the dynamic remodeling of F-actin plays a critical role in UB
branching, likely through apically constricting epithelial cells at
the sites of bud formation. More detailed live-imaging and
quantitative analysis is required to reveal the mechanisms
underlying intracellular dynamics of this developing tissue.

Branching Morphogenesis in Development
of the Mammary Gland

Unlike the development of other organs, branching morpho-
genesis of the mammary gland takes place across distinct stages
including embryonic, pubertal and adult. The embryonic
mammary epithelium forms a placode and invades into the
mammary mesenchyme to form the mammary buds, which
remain quiescent until puberty (Fig. 2). Signaling from hormones
leads to the formation of the terminal end buds (TEBs), enlarged
multicellular structures that undergo elongation and bifurcation
during puberty.40 The branching mammary duct is a bi-layered
structure consisting of luminal epithelial cells surrounded by
myoepithelial cells, which directly contact the basement mem-
brane that separates the epithelium from the stroma. Interactions
between the stroma and the epithelium are essential for normal
mammary development.

ECM. At the interface between the epithelium and stroma,
various ECM components are dynamically expressed in distinct
regions (i.e., tip and duct) of the mammary gland over the course
of development and are thought to have important roles in
regulating the branching process. For instance, fibrillar collagen I
is predominantly deposited around ducts, whereas collagen IV
and laminins are found near the tip of buds, and the expression of
these ECM proteins increases in puberty, but ceases afterward
until pregnancy.41 Due to the extensive bundling of collagen and

its orientation parallel to the elongating duct, the collagen fibrils
have been proposed to play a mechanical role and serve as a
constrained wall to prevent new bud formation and thereby act as
a guidance cue for branching; these possibilities still remain to be
explored and confirmed in vivo.42 Nevertheless, accumulating
evidence shows increased activity of matrix-degrading proteases
near the invading bud that will loosen the fibrous ECM, and thus
can promote branching morphogenesis.43 Of the many matrix
metalloproteinases (MMPs) and their inhibitors (TIMPs) that
modify the ECM during mammary gland branching, it has been
found that overexpression of MMP3/stromelysin-1 and MMP14
(MT1-MMP; membrane type-1-MMP) in mice leads to excessive
side branching.44-46 Furthermore, MMP-induced fragments of
fibronectin have been shown to induce epithelial cell loss that may
be involved in clearing of secretory epithelium during mammary
gland involution.47 Moreover, glycosaminoglycans (GAG) are
thought to bind to growth factors and have been shown to
accumulate specifically in the BM surrounding the ducts,48 which
might serve as a reservoir for TGFβ to inhibit the formation of
new branches during mammary gland development.49-51

Because the branching epithelial cells are directly in contact
with ECM via transmembrane receptors like integrins, the role of
β1-integrin has been explored in mammary branching morpho-
genesis. β1-integrin associates with numerous a-integrin subunits
to bind to ECM proteins including collagens, laminins and
fibronectin, and conditional deletion of β1-integrin in the luminal
epithelium of mouse mammary glands revealed defects in alveolar
morphogenesis that were associated with disorganized epithelial
aggregates which did not clear properly.52 These altered cell-
matrix adhesions coincided with decreased activity of focal
adhesion kinase (FAK) and reduced proliferation, indicating the
importance of β1-integrin in mammary gland development.53

Mice lacking β1-integrin in the basal epithelium provide evidence
for additional roles of this integrin subunit in mammary
branching, since mutant animals showed altered cell division
axis, failure of segregation of different cell populations and
abnormal branching pattern.54

Cytoskeleton. The behaviors of individual cells in elongating
mammary epithelium have been observed through long-term
live-imaging of organotypic cultures, which provided insights
into the cellular dynamics that underlie the complex process
of mammary branching morphogenesis. In the early stages of
branching of primary mammary organoids, high rates of
proliferation promoted the formation of complex cysts. The
multilayered epithelium then rearranged to initiate and elongate
into ducts, which consequently converted to form a bilayered
polarized tissue.55 This series of morphogenetic movements
required molecules that modulate the activity of the actomyosin
network, including Rac, ROCK and myosin light chain kinase,
suggesting an essential role for actomyosin contractility in
mammary gland morphogenesis.55 Additionally, a major regulator
of actin assembly, gelsolin, which is an actin-severing protein, is
required for mammary branching. Mice lacking gelsolin fail to
form the TEB or to elongate at puberty. However, these
phenotypes were recovered when epithelial ducts from gelsolin-
knockout mice were cultured in cleared fat pads obtained from
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wild-type animals. In complementary experiments, wild-type
ductal epithelium failed to undergo normal branching in the
presence of mutant stroma, providing evidence that gelsolin-
regulated actin assembly is required in the mammary stroma for
branching morphogenesis of the epithelium.56 Furthermore, a
recent study using conditional FAK-knockout mice revealed a
critical role for FAK in cell-matrix adhesions that mediate
actomyosin contractility in mammary gland branching.57 FAK-
deficient mammary epithelium transplanted into wild-type cleared
fat pads resulted in the formation of dilated ducts and altered
tissue separation between luminal and myoepithelial cells. In fact,
these defects appear to be a consequence of the increased cell
contractility via ROCK that inhibits branching morphogenesis in
mammary organoids.57 Additionally, 3D organotypic culture of
mammary epithelial tubules that mimic endogenous mammary
branching revealed that activation of FAK designates new
branching sites that correlate with high traction forces generated
by increased actomyosin contractility.58 Altogether, these studies
suggest that contractility of the cytoskeleton and adhesion to
various ECM proteins play a critical role in specifying sites of
branching during mammary epithelial morphogenesis.

Branching Morphogenesis in Development
of the Salivary Gland [Submandibular Gland (SMG)]

The salivary gland produces saliva, thus maintaining oral
physiology by providing the mouth cavity with water, electrolytes,
mucus and various antibacterial compounds and enzymes. This
secretory organ forms throughout embryonic development via
branching morphogenesis. The salivary gland is composed of a
thick spherical epithelium surrounded by mesenchyme as in other
branching organs, but here branching initiates through cleft
formation of the primary bud (Fig. 2). Deepening of epithelial
clefts separates the primary bud into multiple smaller buds which
elongate and expand to form secondary buds. Sequential rounds
of bifurcation and elongation result in the extensive system of
ducts present in the mature gland. Several growth factors and
signaling pathways have been implicated in salivary branching
morphogenesis, including mitogen-activated protein kinase
(MAPK), phospholipase Cc1 (PLCc1) and phosphatidyl-inosi-
tol-3-kinase (PI3K) signaling stimulated from FGFs or EGF.59

ECM. Embryos lacking laminin a1, β1 or c1 die early in
development, but laminin-a5 mutant mice (Lama52/2) survive
until late in embryogenesis, thus permitting investigation of the
role of this ECM protein in branching morphogenesis of the
submandibular gland (SMG). At E13, SMG isolated from
Lama52/2 mice shows a delay in branching morphogenesis of
~1 d, suggesting that laminin-a5 may be important for the
initiation of cleft formation. However, the branching process has
begun by E14.5, suggesting possible compensation from other
laminin isoforms. At E17.5, the SMG shows a disorganized
epithelial phenotype with disrupted lumen formation.60 Further
studies using siRNA in cultured SMG suggest a reciprocal
signaling between laminin-a5, FGFR and β1-integrin during
branching morphogenesis.60 Moreover, a role for perlecan HS in
SMG has been shown using heparanase, which cleaves and

subsequently induces the biological activity of HS.61 Heparanase
is found endogenously at the basement membrane as well as
within the cleft of the SMG, and inhibition or addition of
heparanase decreases or increases branching in cultured SMG,
respectively. Heparanase specifically releases the FGF10-FGFR2b
complex from the basement membrane without affecting other
FGFs, resulting in increases of MAPK signaling, clefting and bud
formation.

Among the several types of collagens that are present in the
salivary gland, collagen I and III are found at the cleft points of
branching SMG in E12–13 mice.62,63 A role for these interstitial
collagens in cleft formation has been revealed by degrading
collagen with collagenase or inhibiting collagenase activity in
explant cultures. The initiation of SMG cleft formation is com-
pletely blocked with collagenase treatment, whereas inhibiting
collagenase enhances the number of clefts by approximately two-
fold,64,65 thus suggesting an essential role for collagen III in
initiation of clefting in SMG branching morphogenesis. In
addition to collagen III, the ECM protein fibronectin (FN) is
required during cleft formation of the branching SMG.66

Microdissection of SMG convincingly demonstrated a marked
increase in FN synthesis in clefts as compared with bud
epithelium. New cleft formation is inhibited by siRNA against
FN, anti-FN antibodies or antibodies against integrin-a5 and -a6,
whereas exogenous FN induces the formation of additional clefts.
Furthermore, FN fibrils accumulate locally in narrow clefts as
adjacent epithelial cells decrease cell-cell adhesion and increase
cell-matrix adhesion. While these studies were the first to show
the spatiotemporally distinct expression of FN that directly
controls the initiation and formation of the cleft, a later study
provided insight into the dynamic assembly of FN during SMG
branching morphogenesis. In pulse-chase experiments using
fluorescently labeled proteins, FN accumulated at the base of
clefts and ingressed as the clefts deepened, while new FN
assembled behind the existing FN.67 Thus, locally assembled and
deposited ECM proteins appear to provide a guidance cue for
symmetry-breaking of the spherical bud and may consequently
direct the later steps in branching morphogenesis.

Cytoskeleton. How do cells move to build the branched
structure of the salivary gland? Although branching morpho-
genesis appears to be a highly organized process, analysis of
fluorescently labeled epithelial cells in the developing SMG
revealed unexpected rapid and random movements of individual
cells,67 with epithelial cells along the bud seeming to move more
actively than those at the cleft.68 To further dissect the cellular
mechanisms involved in cleft initiation and progression, the role
of ROCK-mediated actomyosin contractility has been examined
in cultured mouse SMG. When the activity of ROCK or myosin
II is inhibited, cultures of SMG epithelium with or without
mesenchyme can initiate the formation of clefts by making a
shallow deepening of the bud, but fail to complete bud
formation.69 In turn, the progression of bud formation requires
ROCK-mediated cell proliferation once actomyosin contractility
has reached a certain threshold, called a “checkpoint,” which then
promotes FN fibril assembly and stabilizes the cleft. Thus, SMG
branching is proposed to undergo these separate processes for cleft
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initiation and progression, with ROCK-mediated actomyosin
contractility playing a role in determining the transition point.
Furthermore, the focal adhesion complexes that simultaneously
link the actin cytoskeleton, ECM and integrins are regulated by
actomyosin contractility and have been shown to play a key role in
the mechanochemical checkpoint.70

Perspective and Conclusions

Different organ systems are built by branching morphogenesis,
which is comprised of shared morphological steps including bud
initiation, outgrowth and bifurcation. Nonetheless, each organ
has characteristic features that may imply distinct control
mechanisms during morphogenesis. The lung, for instance,
undergoes stereotypic branching that results in a defined
branching pattern across individuals within a species; the kidney
(ureteric bud) is surrounded by thick mesenchyme and branching
progresses without a specific pattern; the mammary gland has an
additional layer of cells around the stalk called the myoepithelium;
salivary bud is filled with epithelium that forms clefts to initiate a
bifurcation (Fig. 2). However, currently it is unclear whether
these differences between branching organs arise from specific
needs for organ functions, or how these differences are integrated
to build a complicated but similarly branched structure. In this
review, we focused on the essential mechanical elements, the
ECM and cytoskeleton, that direct branching morphogenesis.

Studies of ECM molecules over different branching organs
indicate that the major mechanisms to facilitate the branching
process are both the controlled assembly and the modification of
ECM proteins (i.e., HSPG) at distinct regions of the tree (i.e.,
budding or non-budding regions). In addition, accumulating
evidence shows the physical role of the ECM that is deposited in
the cleft or non-budding regions, which can serve as a tractive
substratum to initiate or stabilize bud formations. Although

continuing efforts to elucidate the role of the ECM in branching
morphogenesis have identified a list of molecules that are involved
in this process, much of our understanding is limited to the
localization of these molecules at discrete developmental stages.
In addition to the rigorous effort of identifying important
ECM molecules, it is necessary to follow the dynamics of ECM
remodeling that occurs in branching morphogenesis in vivo.
Critical questions include the following: what are the dynamics of
ECM assembly in the sequential steps of branching morpho-
genesis? What are the consequences of changing ECM micro-
environments? How does the temporal localization or degradation
of ECM alter the chemical and mechanical signaling? What are
the feedback mechanisms that regulate the iterative branching
process?

Recent advances in live imaging and quantitative image analysis
have considerably enhanced our understanding of the cellular
mechanisms that drive morphogenesis. Although only a few
model systems have been explored, surprisingly similar dynamics
of the actomyosin network, for example, flowing of subcellular
contractile foci and pulsatile contractions, have been reported to
drive morphogenesis in different tissues.4 Future research will
undoubtedly explore the numerous remaining questions concern-
ing the role of cytoskeletal dynamics during branching morpho-
genesis, including, for instance, how localized cellular forces
generated through actomyosin contraction shape the developing
epithelial tube.
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