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Branched networks are ubiquitous throughout nature, particularly found in

tissues that require large surface area within a restricted volume. Many tissues

with a branched architecture, such as the vasculature, kidney, mammary

gland, lung and nervous system, function to exchange fluids, gases and infor-

mation throughout the body of an organism. The generation of branched

tissues requires regulation of branch site specification, initiation and

elongation. Branching events often require the coordination of many cells to

build a tissue network for material exchange. Recent evidence has emerged

suggesting that cell cooperativity scales with the number of cells actively con-

tributing to branching events. Here, we compare mechanisms that regulate

branching, focusing on how cell cohorts behave in a coordinated manner to

build branched tissues.

This article is part of the themed issue ‘Systems morphodynamics:

understanding the development of tissue hardware’.
1. Introduction
When an organism reaches equilibrium with its environment, it ceases to live.

Therefore, life requires a constant and dynamic transfer of energy and matter

between an individual and its surroundings. For an organism to reach homeo-

stasis throughout its body, there must be a balance between absorption,

trafficking and expulsion of materials used in life. As the complexity of organ-

isms increases, the mechanisms to achieve this fundamental objective of robust

material transfer also tend to scale in intricacy. One mechanism to increase the

transfer rate between an organism and its surrounding environment is to

increase the surface area for exchange. Owing to spatial constraints within

the organism, tissues that require large surface area for proper function often

assume higher-order geometries to maximize area within a given volume.

Branched tissue architecture is universally conserved in systems that demand

a rapid and dense expansion of surface area for transport. Organs such as the

lung, vascular network, kidney and mammary gland all use branched architec-

tures to achieve the goal of importing, transporting or secreting materials to or

from the organism. Other tissue systems, such as the neuronal network, use

branching to increase the robustness of intercellular connectivity, which facili-

tates rapid, long-range communication between cells throughout the organism.

Branched tissue networks are built by several morphometric mechanisms.

Branch generation can be directed by just a few cells or, in many cases, can

involve a coordinated morphogenetic action of cell cohorts to collectively con-

struct a branch (figure 1). In general, as the mechanisms of branching include a

greater number of cells that contribute to branch formation, the regulation of

collective movements of cellular cohorts increases. For example, axon branching

within the neuronal network requires the morphogenetic action of a single cell

responding to guidance cues [1]. This action guides axons to appropriately

innervate multiple target tissues (figure 1). However, many branched tissues

use some form of collective migration. Endothelial cells in blood vessel branches
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Figure 1. Branching morphogenesis drives the development of multiple organs. Some examples include the nervous system, vascular network, Drosophila trachea,
mammary gland, ureteric network in the developing kidney and the airway epithelium in the lung. Diffusible signalling factors direct branching events; however,
these factors are often specific to those particular tissues. These signals can regulate terminal branch locations and densities, as observed in nerve arborization and
Drosophila trachea terminal tip cells. Additionally, these signalling pathways work to specify cells within cohorts undergoing branching, such as blood vessel and Drosophila
dorsal branch tip cell selection, as well as highly proliferative Retþ cells in ureteric branch tips. Mesenchyme-derived growth factors also facilitate collective migration of
mammary epithelial cells to the terminal end bud (TEB). Growth factors found in the pulmonary mesenchyme promote airway epithelial branching, which requires airway
smooth muscle differentiation and changes in epithelial cell shape. Top row: tissues that form branches by the action of single cells (nerves and Drosophila trachea terminal
cells), or few cells within a cohort undergoing branching. Bottom row: branching systems that coordinate the behaviour of many cells within a cohort to drive branching.
Cells that direct branching within a cohort are highlighted in green.
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and cells within the branched Drosophila tracheal network both

use similar mechanisms of specifying a population of

migratory leader cells, while follower cells incorporate into

the stalk of the growing branch [2] (figure 1). Other branching

systems, such as the mammary gland and kidney, require

multiple contributing factors for branch generation, includ-

ing remodelling of extracellular matrix (ECM) components

and the accumulation of highly proliferative cells in the

migratory front of the branch [3–7] (figure 1). While many

branched tissues are generated by focal proliferation and col-

lective migration of the branch tip, some tissues branch

independently of these mechanisms. Epithelial branching in

the lung, for instance, occurs via epithelial expansion through

proliferation, but there are no obvious patterns of proliferation

or migration [8]. Instead, airway smooth muscle constricts

growing branches to drive branch tip bifurcation [9]. Addition-

ally, changes in epithelial cell shape, via apical constriction,

drive branch initiation in the airways [8] (figure 1). Here, we

compare the mechanisms that regulate the generation of

branched networks as the number of cells contributing to the

morphogenetic movements of the branching programme

increases. In general, actomyosin dynamics serve as a conserved

driving force for branching among different systems, although

the signalling that regulates cytoskeletal rearrangements can
vary. When the number of cells contributing to the branch is

small, actomyosin dynamics directs branching by regulating

cell migration. As tissue complexity increases, actomyosin-

dependent regulation of other cell behaviours, such as tissue

contractility, begins to play a role.
2. Branching driven by single cell extension
(a) Nerve branching
Complex branched tissue structures can be constructed by the

activity of one or very few cells within the organ system. For

example, neurons can bifurcate at the axonal tip or generate

collateral branches from primary axons to facilitate the inner-

vation of various tissue targets throughout the body plan of

the organism [1,10–12] (figure 1). Similar to the branching

morphology of dendrites at the nerve cell body, axons often

branch into arborized structures at locations of terminal inner-

vation to increase robustness of neuronal signal transduction

[1,13]. While terminal arborization and dendrite branches are

morphologically distinct from the branching patterns observed

along the axonal shaft, the signalling cues that specify the

locations and density of branches are conserved. Therefore,

understanding the spatio-temporal regulation of various
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Figure 2. Actomyosin dynamics in axon branching. (a) Growth cone of a migrating axon. Actin is prominent throughout the growth cone lamellipodia and filopodia.
Microtubules are characteristically found more proximal to the axon shaft, integrating into filopodia to influence actomyosin dynamics. Adapted from [15]. (b) Actomyosin
dynamics found in the growth cone. When actin polymerization equals severing, F-actin maintains a homoeostatic length with myosin II-mediated retrograde flow of
actin (referred to as actin treadmilling). Filopodia rapidly retract when F-actin is severed and actin monomers are prevented from being added to the plus end of F-actin.
Also, increased phosphorylated myosin light chain ( pMLC) promotes retraction of F-actin and filopodial extensions. Conversely, increased actin polymerization,
decreased pMLC or anchoring F-actin to transmembrane proteins slows actin treadmilling and promotes filopodial extensions. (c) Distribution of chemoattractive or repul-
sive cues directs growth cone turning and arborization. (d ) Collateral branching occurs in the axon shaft, and therefore a growth cone must be constructed de novo. Actin
polymers first nucleate at the incipient branch site, which is then stabilized by microtubules reorganizing into the new branch. This results in the formation of a new
growth cone.
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nerve guidance cues and the molecular mechanisms that alter

localized cytoskeletal dynamics to initiate nerve branching

have been of great interest to neurobiologists.

The terminal ends of migrating axons possess growth

cones, which dynamically extend and retract filpodia from

lamellipodia to explore the microenvironment for cues that

direct guidance [14] (figure 2). Signals that stabilize axonal

cellular extensions cause regions within the growth cone

to persist preferentially in the direction of the guidance mol-

ecule. This causes the terminal ends of axons to turn towards

chemoattractive cues [12,16]. Conversely, chemorepulsive

cues shift the growth cone to locally retract, leading to a

regional inhibition of migratory capacity [17]. The balance

between attractive and repulsive cues fine-tunes the guidance

of axon terminals, which ultimately establishes the architec-

tural foundation of the branched neural network required

to properly innervate the organism.

Depending on the ligand/receptor combination, guidance

cues such as neurotrophins, netrins, slits and semaphorins

(Semas) can act as either chemoattractive or repulsive cues.

These families of molecules direct the growth of the axon

by modulating actomyosin dynamics within filopodia or

lamellipodia in the growth cone (figure 2a). The leading

edge of growth cones of migrating axons exhibits a myosin

II-mediated retrograde flow of F-actin, known as actin
‘treadmilling’ [14] (figure 2b). The rate of actin treadmilling

opposes that of microtubule extension into the leading edge

of the growth cone, which is required for stabilization of

extended filopodia [17]. Additionally, the rate of actin tread-

milling is inversely proportional to the advancement of the

leading edge of the cell [18]. Slowing this retrograde flow

of actin by either anchoring actin filaments to transmembrane

receptors or shifting the balance of actin depolymerization

to polymerization promotes the forward extension of fila-

ments towards the leading edge [19–22]. This directional

actin polymerization enhances filopodial elongation, which

is required for axon migration and branching [23–25].

Chemoattractive cues promote local actin polymerization

within the growth cone, while repulsive cues promote actin

depolymerization [12] (figure 2c). When axon terminals

reach tissue regions that express high levels of chemoattract-

ive cues, such as neurotrophins (NT), terminal arborization

can ensue [26]. Therefore, understanding the signalling path-

ways that regulate microtubule integration into axon growth

cone extensions and modulate the retrograde flow rate of

actin at the axonal leading edge will allow development of

mechanistic models to describe axonal pathfinding and

branching, including terminal bifurcations and arborization.

Here, we describe major ligand/receptor combinations that

alter actomyosin dynamics to facilitate chemoattractive and
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repulsive axonal responses, which give rise to a branched

axonal network.

Neurotrophins are a class of chemoattractive proteins that

promote axonal survival and branching. Ligands within this

family include nerve growth factor (NGF), brain-derived

neurotrophic factor (BDNF), NT-3 and NT-4, which are

secreted factors that alter actin dynamics needed for filopodial

extensions during axonal pathfinding. Secreted NTs have

two classes of receptors, tropomyosin receptor kinase (Trk)

receptors A, B and C [27], and p75 [28]. NGF and BDNF

both promote axonal filopodial extension and lamellipodial

stabilization [29,30]. While these two molecules promote

chemoattraction of axons, they have different effects on

actomyosin dynamics. For example, NGF reduces F-actin

retrograde flow by decreasing myosin light chain (MLC) phos-

phorylation [31] and by increasing the coupling between

F-actin and focal adhesions, which shifts actin dynamics in

the growth cone from a steady state of actin recycling to one

of polymerization [21,31]. This allows for regional extensions

of actin-rich filopodia in the direction of NGF. Filopodial

extensions are also stabilized because NGF promotes the

recruitment of microtubules into the newly formed filopodia

[32]. As retrograde flow of actin is reduced, microtubules

can preferentially polymerize in the direction of filopodial

extensions [31]. Moreover, NGF activates the microtubule

stabilization protein adenomatous polyposis coli [32], therefore

simultaneously promoting F-actin plus-end extension and

microtubule incorporation into growing filopodia to direct

axonal pathfinding and terminal bifurcations.

BDNF affects growth cone dynamics by altering the rela-

tive rates of polymerization and depolymerization affecting

the minus end of actin filaments. Unlike NGF, growth cone

responses to BDNF appear to be independent of myosin II

[33]. BDNF stimulation of axon growth cones promotes the

activation of actin depolymerizing factor (ADP) and cofilin,

which are both required to generate actin monomers at the

minus end of filaments [33]. Although inhibiting myosin II

enhances growth cone responses to BDNF, loss of myosin II

activity is not required. This suggests that BDNF drives the

extension of F-actin by increasing the rate of minus end de-

polymerization, which increases the local concentration of

actin monomers that can be incorporated into the plus end

required for filament extension. Similarly to NGF, BDNF

also promotes microtubule integration into filopodia [34],

which coupled with actin extension promotes growth cone

guidance. Another line of evidence that BDNF and NGF

affect actin dynamics differently is the differential responses

of these two NTs to repulsive cues. Stimulation with NGF fol-

lowed by a subsequent exposure to the repulsive cue Sema3A

prevents growth cone collapse. However, stimulation with

BDNF followed by Sema3A leads to enhanced breakdown of

the growth cone [35]. Sema3A signalling promotes growth

cone collapse by simultaneously activating cofilin/ADP to

depolymerize F-actin [36] and endocytic absorption of

growth cone plasma membrane [37,38]. Therefore, BDNF

may enhance axonal sensitivity to Sema3A-mediated axon

repulsion by increasing depolymerization of F-actin while

Sema3A is promoting endocytic uptake of the growth cone

membrane, which results in rapid retraction of filopodia and

growth cone collapse.

Netrins are another class of secreted ligands that can be

either chemoattractive or repulsive cues depending on the

receptor expressed by the axon. Vertebrate netrin protein
members include secreted proteins netrin 1–4 [39] and glycosyl

phosphatidylinositol (GPI)-anchored netrinG1 and G2 [40,41].

Here, we focus on netrins1–3, as netrin-4 and netrinG proteins

are not diffusible guidance cues. In mammals, secreted netrins

include netrins 1 and 3, while birds and zebrafish use netrins 1

and 2 [42]. The mammalian orthologue of netrin 1, uncoordin-

ated 6 (UNC6), was first identified in Caenorhabditis elegans,

where UNC6 is critical for proper axon guidance during

embryogenesis [43]. Since then, netrins 1–3 have been

described as guidance cues for nerves in many vertebrate

models [44–46]. Netrin ligands provide chemoattractive and

repulsive signals by binding receptors of the deleted in colorec-

tal cancer (DCC) family or UNC5, respectively [42]. During

chemoattractive netrin signalling, netrin binds DCC homodi-

mers and activates the actin-remodelling proteins Rac, Cdc42

and WASP (Wiskott–Aldrich syndrome protein)/Arp2/3

(actin-related protein) through the cytosolic adapter protein

NCK1 (non-catalytic region of tyrosine kinase adaptor protein)

[47,48]. This promotes growth cone expansion and filopodial

stabilization in netrin-stimulated axons [49,50]. Netrin/DCC

can also activate Rac and Cdc42 through focal adhesion

kinase (FAK) signalling [51–55]. After netrin ligand binds

DCC, FAK becomes phosphorylated, subsequently activating

p130CAS, which activates Rac and Cdc42 and induces chemoat-

traction of migrating axons [56]. Therefore, FAK and NCK1

both promote localized actin polymerization within the

growth cone. Although these upstream signalling components

are specific to netrin, the activation of Rac and Cdc42 results in

actin dynamics that drive directional growth cone expansion

similar to NGF [21]. As mentioned above, netrins can act as

chemorepulsive cues, which are transduced through netrin

receptors UNC-5 or DCC/UNC-5 heterodimers [57]. While

the cytoplasmic domain of UNC-5 is known to be required to

activate netrin-mediated chemorepulsion [58], the downstream

signalling mechanism underlying the cascade remains unclear.

However, netrin-1 signaling activates RhoA/ROCK (rho-

associated, coiled-coil-containing protein kinase), which in

turn promotes myosin light chain kinase (MLCK) phos-

phorylation and myosin II-mediated growth cone collapse.

Dysregulation of any of these signalling components results

in misguided axons in vivo [59].

Another class of guidance cues that possess dual func-

tions of promoting axonal branching and chemorepulsion

are the secreted Slit ligands (Slit-1, -2 and -3) that signal

through roundabout (Robo) receptors [60–62]. Slit was ori-

ginally identified as a chemorepulsive cue in axons during

Drosophila embryogenesis [63]. When signalling through

Robo, Slit promotes axonal guidance by modulating the

activity of cytoskeletal remodelling proteins. For example,

Slit inactivates Cdc42 [64–66] and promotes the activation

of RhoA [59]. This probably prevents actin filament extension

in growth cones as well as myosin-mediated retraction of filo-

podia [62]. Interestingly, Slit-mediated axon repulsion also

occurs when activating Rac [65,67]. Similar to netrin/DCC

signalling, NCK1 is recruited to the cytoplasmic domain of

Slit-activated Robo receptor [67], which facilitates the acti-

vation of Rac. However, the signalling cascade to promote

Slit-mediated Rac activation does not appear to affect Rho

[67], which suggests a strong role for Rho in directing axon

repulsion during Slit/Robo signalling. Slit also directs

terminal arborization and collateral branching of axons.

Addition of recombinant Slit2 fragments results in enhanced

lateral branching of the dorsal root ganglion cells [62], and

http://rstb.royalsocietypublishing.org/
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while loss of Slit ligands or Robo receptors completely abro-

gates collateral axonal branch induction in vivo, the nascent

branches are highly misguided [61]. Moreover, branching is

highly abrogated in terminal sensory axonal arbors when

Slit/Robo signalling is lost [61]. The seemingly opposing

functions of Slit to direct axon repulsion and branch initiation

could be explained by Slit’s ability to dually regulate the state

of Rac activation and actin polymerization.

Semas are a family of proteins that are involved with axon

guidance and branching, most notably known for promoting

axon repulsion [68]. Semas comprise eight classes of proteins,

seven found in vertebrates and invertebrates, and one found

in viruses [69]. Most of the classes of Sema proteins found in

animals are membrane-bound and therefore cannot participate

in long-range axon guidance. However, the invertebrate Sema

class 2 and vertebrate class 3 are secreted ligands, and both are

critical for proper axon guidance and direct branching [68].

Sema ligands activate signal transduction by binding plexin

receptors [70], and in most cases signal transduction requires

that the bound Sema ligand is stabilized to plexin through

co-receptor neuropilin (Nrp) [71]. As a rapid inducer of

growth cone collapse, Sema3A is one of the most highly

studied Sema proteins. Sema3A drives robust actin remodel-

ling in axon growth cones by modulating the activity of the

actin-severing protein, cofilin [36]. Sema3A activates the p21-

activated kinase/LIM domain kinase (PAK/LIMK) signalling

pathway in a Rac-dependent manner [72]. This in turn drives

cofilin phosphorylation and inactivation. Within minutes

after Sema3A stimulation, phosphorylated cofilin associates

with actin throughout the growth cone [36]. By an unknown

mechanism, cofilin within the growth cone is subsequently

dephosphorylated (activated) and actin filaments are rapidly

severed, resulting in growth cone collapse [36]. Sema3A signal-

ling through PlexinA also promotes localized translation of

RhoA directly in the growth cone [73], which increases the

concentration of RhoA within regions of the growth cone.

Moreover, RhoA-mediated retraction during Sema3A stimu-

lation depends on MLCII, implicating myosin contractility in

collapsing the growth cone [74]. The invertebrate semaphorin

isoform, Sema2A, also elicits a conserved function of axon

repulsion; however, the signal transduction regulating the

actomyosin dynamics within growth cones has yet to be fully

elucidated [75,76]. Sema3A also directs the branch complexity

of dendritic arbors around the cell body of axons, which facili-

tates the maturation of neural connectivity of axonal pathways.

In dendritic bodies, Sema3A signalling through plexinA/Nrp

stimulates FERM/RhoGEF (ARHGEF)/pleckstrin domain

protein-1 (Farp1), which is sufficient and required to drive den-

dritic branching [77]. While Farp1 is a known activator of Rac

[78], it is unclear how actin dynamics are specifically affected

during Sema3A-mediated dendritic branching.

Many of the factors described above influence actomyosin

dynamics along the stalk of a migrating axon to stimulate col-

lateral branching, albeit via slightly different mechanisms

(figure 2d ). Collateral branches extend from the stalk of the

axon, where no growth cone currently exists, and therefore

must generate a new growth cone de novo prior to branch

elongation [79]. Collateral branches form through the nucle-

ation of actin filaments at putative branch sites [80], which

is stimulated by growth factors such as NGF [81,82]. Actin

initially accumulates in highly dynamic filopodia [83]. Micro-

tubule bundles in the stalk of the axon are then fragmented

and reorganized into a putative collateral extension [84,85].
Stabilizing parallel microtubule bundles in the filopodial

extension prevents the filopodium from retracting, which is

required for collateral branch formation [86]. Continued

polymerization of actomyosin in the filopodia allows the

new stalk of the collateral branch to extend, eventually

leading to the formation of a new growth cone [1].
3. Branching driven by collective migration
Nerves provide an example of how guidance cues can influ-

ence the actomyosin machinery to initiate branches at the

single cell level. There are many branched organs that require

cohorts of cells to cooperatively orchestrate branching events.

This can be achieved by collective migration, differential pro-

liferation or asymmetric constriction within the cohort. Here,

we review various mechanisms of branch generation driven

by coordinated collective migration.

(a) Blood vessel branching
Blood vessels and nerves often follow similar migratory

tracks in the body, which can be explained by conserved

expression of receptors for critical guidance cues [10]. For

example, both nerves and blood vessels use netrin-mediated

chemoattraction and repulsion through DCC or UNC5 recep-

tors, respectively [87,88]. While nerve and blood vessel

branching networks appear similar in some regions of the

body, there are other regions where differential guidance of

nerves and blood vessels is required for proper tissue func-

tion [89]. To achieve this, blood vessels respond to secreted

factors differently than nerves. Blood vessel branching is

driven by actomyosin dynamics within filopodial extensions

similar to axon growth cones. However, branching in vascu-

lature is fundamentally different from that in nerves because

cells must maintain luminal wall structure and vessel

integrity during branch generation.

Blood vessels can form by two distinct mechanisms, vas-

culogenesis and angiogenesis (figure 3). Vasculogenesis is the

formation of a vascular network de novo [90], whereas angio-

genesis is the generation of new branches from a pre-existing

vascular network [91]. During embryogenesis, mesodermal

cells differentiate into angioblasts, which are precursors to

vascular endothelial (VE) cells, via the simultaneous acti-

vation of fibroblast growth factor (FGF) and vascular

endothelial growth factor (VEGF) signalling [92,93]. Clusters

of angioblasts coalesce to form blood islands throughout the

mesoderm [94] and stabilize cell–cell contacts through

junctional proteins such as VE-cadherin and platelet endothe-

lial cell adhesion molecule (PECAM)-1 [95]. As angioblasts

proliferate, the size of the blood island increases and cells

extend projections towards high levels of growth factors,

such as VEGF [96]. This results in neighbouring blood islands

extending towards one another, and ultimately fusing the

tips of cellular extensions between cell clusters. This morpho-

genetic movement builds the initial vascular plexus in the

embryonic mesoderm [96].

Angiogenesis can be driven by growth factor expression

adjacent to an existing blood vessel or by a neighbouring

tissue becoming hypoxic [91,97]. Endothelial cells throughout

the vascular network express receptors for many branch-

inducing growth factors, such as VEGF-receptor 2 (VEGFR2)

[98]. In addition, endothelial cells can also robustly activate

hypoxia-inducible factor (HIF) signalling under hypoxic
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conditions [99–101], which promotes vascular branching.

Endothelial cells also integrate physical cues, such as fluid

forces, to enhance responses to biochemical induction of

vessel branching [102,103]. In VEGF-mediated induction

of vascular branching, endothelial cells closest to the source

of VEGF preferentially extend filopodia towards the ligand

pool [104] (figure 3a).The direction of these filopodial exten-

sions is further guided by interstitial fluid flow, which

probably promotes revascularization of damaged tissue

[105]. Interestingly, many of the actin-reorganizing factors

used in nerve branching are conserved in VEGF/VEGFR2

signal transduction. For example, after VEGF stimulation,

NCK associates with the cytoplasmic domain of VEGFR2,

which in turn activates Arp2/3 and F-actin assembly [104].

Moreover, VEGF stimulates the activation of PI3 K/LIMK

and p38/MK2/LIMK signalling cascades, thereby reducing

cofilin activity and actin turnover [104,106]. In addition, micro-

tubule incorporation into filopodia is required for the

stabilization of endothelial cell extensions [107,108]. VEGF

also stimulates the formation of focal adhesion complexes in

a NCK/PAK-dependent manner [109]. These focal adhesion

complexes are necessary for endothelial cells to generate

the traction required for migration [110]. Under hypoxia, endo-

thelial cells activate HIF, thus increasing VEGF expression,
which in turn promotes autocrine stimulation of VEGF signal-

ling within patches of endothelial cells [99,101,111]. Other

signals, such as platelet-derived growth factor (PDGF), promote

VEGF expression in perivascular cells, therefore activating

VEGF signalling locally in endothelial cells [112]. FGFs can

directly enhance angiogenic branching, presumably by regulat-

ing actin filament dynamics in a similar fashion as VEGF

[113,114]. Taken together, the extension, exploration and stabil-

ization of endothelial filopodia in the direction of angiogenic

cues are critical for branch formation during angiogenesis.

As mentioned above, vascular integrity is maintained

during branch elongation, which requires the preservation of

contacts between neighbouring endothelial cells as they

migrate. Endothelial cells achieve this by specifying ‘tip’ cells,

which extend filopodia in the direction of migration [115]

while maintaining cell–cell contacts with ‘stalk’ cells that inte-

grate into the wall of the new branch [2] (figure 3a). This is

orchestrated by cell contact-mediated lateral inhibition,

wherein tip cells provide juxtacrine signalling cues to stalk

cells that suppress filopodial extensions and stabilize cell–

cell contacts [116]. Lateral inhibition is mediated by Notch

and is induced as tip cells begin to migrate towards VEGF

(figure 3a). The tip cell expresses the transmembrane Notch

ligand delta-like 4 (Dll4) [117], presenting it to neighbouring
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endothelial cells that express Notch receptors [118]. Upon

activation of Notch signalling, the frequency of filopodial

extension by stalk cells is inhibited, partly because of down-

regulation of VEGFR2 in stalk cells [119]. Stalk cells increase

their expression of VEGFR3 [119], which promotes VEGF-

mediated proliferation that is required for branch elongation

[120]. VEGF thus specifies tip cells, which in turn specify

stalk cells to facilitate vascular branching during angiogenesis.

Tip cells functionally resemble the growth cone of branching

axons. However, unlike axonal branching, lateral inhibi-

tion directs stalk cells to maintain contact with tip cells and

facilitates collective migration of the cohort.
 il.Trans.R.Soc.B
372:20150527
(b) Drosophila tracheal branching
Drosophila tracheal development uses some conserved mech-

anisms found in vascular branching. For example, endothelial

cells use VEGF to specify a tip cell population that explores

local microenvironments, which directs stalk cells to follow

by maintaining intercellular contacts. Similarly, Drosophila
tracheal branches use FGF signalling to select a population

of cells to become migratory leaders, which maintain inter-

cellular contacts with other neighbours in the cohort, thus

facilitating collective migration during branch formation

[121]. The Drosophila tracheal network forms between stages

11 and 16 during embryogenesis in three sequential and mor-

phologically distinct phases [122]. By stage 11, ten placodes

consisting of roughly 80 ectodermal cells form along the lateral

sides of the embryo [123]. These placodes undergo invagina-

tion to form a sac, and by stage 12 six primordial tracheal

branches can be identified at highly stereotypic positions

[122]. These branch primordia have been divided into three

dorsal branches (dorsal, dorsal trunk anterior and dorsal

trunk posterior), and three ventral branches (visceral, lateral

trunk anterior and lateral trunk posterior) (figure 3b). These

primordia extend from the placode, giving rise to the primary

branches of the tracheal network by stage 13 [122]. By stage 14,

the dorsal trunk anterior (DTa) branch extends and fuses with

the dorsal trunk posterior (DTp) branch growing from a neigh-

bouring tracheal segment, creating the main tracheal branch

[124]. As the remaining dorsal and ventral branches extend,

single cells within these branches extend from the primary

branch to form the secondary branch network (figure 3b).

Depending on local gene expression in the surrounding tissues,

secondary branches will either extend and fuse with secondary

branches from neighbouring tracheal segments, or will gener-

ate cytoplasmic extensions to form the terminal branches

used for gas exchange [125].

Interestingly, this elaborate branched structure is formed

from the geometrically simple ectodermal placodes without

cell proliferation. For this reason, many studies have investi-

gated how these cells collectively migrate and rearrange

during branch generation. As mentioned above, DTa and

DTp are two of the three primary dorsal branches. The DTa

and DTp branches extend towards neighbouring tracheal cell

clusters, until fusing with the next closest DT branch to form

a single dorsal trunk tube [124]. The DB cells undergo ‘tip’

cell-mediated migration that resembles migratory patterns

observed in vascular angiogenesis [121]. These tracheal cells

compete for the position in the cohort that is surrounded by

the highest concentration of branchless proteins (bnl), the

Drosophila homologue of FGF [125]. Cell position within the

extending branch is mediated by signalling through Notch,
echoing mechanisms in angiogenic sprouting. In fact, Notch

is capable of specifying cells within the dorsal branch of the tra-

chea to become fusion cells to link the tubular network between

the extending DBs [126].

The ventral branches of the trachea undergo extensive sec-

ondary branching. Similar to dorsal branch extension, ventral

branches exhibit collective migration with tip cells extending

highly dynamic filopodia towards regions of high bnl (FGF)

expression [127]. Continual bnl/FGF stimulation of tracheal

cells promotes activation of the transcription factor pointed-1,

which drives the differentiation of primary branches into sec-

ondary branches [122]. The secondary branches again extend

similarly to migratory patterns observed in endothelial cells.

As secondary branches elongate, cells activate terminal-1 and

branched protrusions from individual cells extend in a non-

stereotyped manner [122]. An explanation for the highly

variable branching patterns of terminal cellular branch exten-

sions could be that terminal branches sense target tissue

where oxygen is needed. As expected, bnl/FGF-mediated

terminal branching is greatly enhanced under hypoxia

[128–130]. This shows that the tracheal tubular network is

initially highly stereotyped during branching morphogenesis,

but the densities of terminal branches are refined to tissue

regions in need of greater oxygen supply.
(c) Mammary gland branching
Like branching in the Drosophila trachea and vertebrate blood

vessels, mammary gland epithelia branch through concerted

collective migration; however, this group of cells promotes

branching without extending filopodia directly into the sur-

rounding mesenchyme [131]. Instead, mammary epithelial

cells within the terminal end bud (TEB) constantly compete

for a position at the leading edge of the epithelial cohort.

This collective migration, coupled with proliferation at the

tip of the branch, generates a highly branched epithelial

network [4].

In the mouse, mammary gland development is initiated at

embryonic day (E) 11.5, when epithelial cells form a stratified

placode and invaginate into the underlying mesenchyme

[132]. By E14.5, the primary mammary branch has formed,

with epithelial cells condensed into a single stalk and terminal

bulb [132]. At birth, mice have a rudimentary gland with

approximately ten branches, each containing a multi-cell-layered

TEB [4]. Throughout puberty, the mouse mammary gland pro-

gressively expands into a ductal tree [133] via duct elongation

and non-stereotypic dichotomous and lateral branching [134]

(figure 4). Branching of the mammary ductal tree requires

coordinated morphogenesis by luminal epithelial cells, as

well as the myoepithelial cap cells that encase the TEB [136].

The mechanisms that promote branching morphogenesis in

mammary epithelial cells can be summarized into three major

categories. First, localized proliferation within the TEB drives

directional branch extension [137]. Second, remodelling of the

ECM by either proteolytic turnover or localized expression pro-

motes or constrains epithelial branch extension, respectively

[138]. Last, collective migration within the TEB cohort can

drive extension or bifurcation of the TEB [131].

Growth factors and hormones both stimulate prolifera-

tion and branching in the TEB, as well as the formation of

lateral branches along the subtending duct [136]. Growth fac-

tors including epidermal growth factor (EGF), transforming

growth factor alpha (TGFa) [139,140], TGFb [141,142], FGF
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[137], insulin-like growth factor (IGF) [143,144], hepatocyte

growth factor (HGF) [145,146] and hormones such as oestrogen

[147] have all been found to influence branching morphogen-

esis in the mammary gland. Interestingly, loss-of-function

experiments of all the above growth factors, excluding TGFb,

result in reduced proliferation, as well as abrogated ductal

elongation and lateral branching. These data clearly indicate

the importance of proliferation throughout the ductal network

to promote branching morphogenesis. Loss of TGFb signal-

ling, however, increases lateral branching [141,142]. TGFb is

a known suppressor of growth factors that promote mammary

branching morphogenesis, such as IGF [148] and HGF [149].

When kinase-deficient TGFb receptor is expressed in the

mammary gland stroma, TGFb signalling is lost and lateral

branching of the mammary gland is increased. This change

in branching morphogenesis occurs with the concomitant

upregulation of HGF and IGF [142], indicating that the balance

of growth factors within the mammary gland stroma directs

the density of branches of the mammary epithelium. TGFb
also regulates ECM synthesis in other epithelial branching sys-

tems [150], and aberrant ECM may promote lateral branching

in the mammary gland.

The distribution of ECM around mammary epithelial

branches appears to be differentially regulated [151], and it

is likely that spatio-temporal regulation of ECM remodelling

helps drive branching morphogenesis. To understand the

importance of ECM remodelling in mammary branching,

several mouse models have been generated with dysregu-

lated matrix metalloproteinase (MMP) expression. Mice that

overexpress MMP3 [152] or MMP14 [138] exhibit increased

lateral branching in the mammary gland, indicating that

spatial remodelling of ECM components may facilitate

branch outgrowth. The available data suggest that a partially

degraded ECM is compliant enough to facilitate branch

extension [153], therefore regulating branching density.

Mammary epithelial cells migrate collectively within the

TEB using mechanisms distinct from those described above

[131]. Because luminal epithelial cells are surrounded by
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cap cells, they do not extend filopodia directly into the sur-

rounding mesenchyme, as observed during branching of

the vasculature and Drosophila trachea [154]. Mammary epi-

thelial cells instead constantly rearrange and compete for a

front position in the TEB [131]. As epithelial cells migrate

closer to the TEB, cells increase the migration rate and direc-

tional filopodial extensions towards the elongating front of

the TEB in a pERK/Rac1-dependent manner [135]. Therefore,

regulation of mammary branching morphogenesis probably

couples a coherent migratory pattern within the TEB with

growth factor stimulated-proliferation and regional ECM re-

modelling to fine-tune ductal elongation and lateral

branching (figure 4b,c).
 rans.R.Soc.B
372:20150527
4. Branching driven by non-migratory
mechanisms

Branching morphogenesis can also be directed by mechanisms

other than directed cell migration. For example, branching can

result from localized proliferation within a cohort of cells or

by localized changes in cell shape. Here, we review examples

that demonstrate how branching is driven via mechanisms

independent of collective migration.

(a) Kidney branching
Branching of the ureteric bud in the kidney is largely driven

by localized proliferation in the tips of epithelial branches

[6,155]. The initiation of the Wolffian stalk, which gives rise

to the stalk of the ureteric network, is driven by collective

migration and rearrangement of epithelial cells to the location

of branch extension in a glial cell line-derived neurotrophic

factor (GDNF)/Ret-dependent manner [156]. After formation

of the Wolffian duct, the ureteric bud undergoes rapid and

iterative branching that depends on reciprocal signalling

between the mesenchyme and ureteric branch epithelium

[157–159]. GDNF expressed in the proximal mesenchyme

signals through its receptor, Ret, to specify epithelial branch

tip cells that contribute to new branches [7]. In the presence

of GDNF, Ret-positive epithelial cells proliferate to preferen-

tially exclude Ret-negative cells from the growing branch

tip [7]. In addition to GDNF/Ret signalling, FGF signalling

through FGFR2 is also required for robust branching of the ure-

teric epithelium [160]. Interestingly, loss of FGFR2 expression

in the ureteric bud results in reduced proliferation and signifi-

cantly smaller branched networks within the kidney [160]. The

distribution of these growth factors throughout the metaneph-

ric mesenchyme is probably regulated by ECM sequestering.

Sulfated proteoglycans influence the distribution of active

growth factors in many tissues [161]. Proper O-sulfation

of heparan sulfate proteoglycan (HSPG) is required for

robust ureteric branching [162]; therefore ECM control of the

spatio-temporal distribution of growth factors facilitates

proper ureteric branching. Collectively, these data show that

growth factor-driven proliferation can give rise to stereotyped

branched networks.

(b) Lung branching
Unlike the other branching programmes described here, the

vertebrate lung does not employ collective migration or local-

ized proliferation to generate new branches. Instead, the

airway epithelium uses global proliferation to extend the
epithelial surface, but the branches themselves are generated

by several other contributing mechanisms, including epithelial

shape change and localized smooth muscle cell differentiation.

Starting at E4 in the chick, E9 in the mouse and E26 in

human, the primary bronchi of the lung extend from the gut

primordium [163–166]. Avian lungs undergo monopodial

branching, where secondary branches form laterally from

the primary bronchus [167]. As these secondary branches

elongate, projecting towards the lung mesothelium, monopo-

dial branching generates tertiary bronchi, which give rise to

the parabronchi [168]. The parabronchi from the dorsal second-

ary bronchi extend and approach the elongating tips of

parabronchi derived from ventral secondary bronchi. At this

stage of avian lung development, parabronchial tubes fuse

via anastomosis, which establishes a luminal network that con-

nects the dorso and ventrobronchi. This ultimately gives rise to

a continuous, unidirectional flow of gas from the dorsobronchi

to the ventrobronchi in the avian lung [169].

In mammals, the first set of branches from the primary

bronchus, or domain branches, also form in a monopodial

manner. In the mouse, domain branching from the right pri-

mary bronchus gives rise to the cranial, middle and accessory

lobes of the lung, while the right caudal and left lobes orig-

inate from the primary bronchus itself [170]. As the middle

and accessory lobes elongate, another round of domain

branching generates the secondary branches of these lobes.

Secondary branches of the right caudal and left lobes are

also generated by domain branching. As these branches

elongate, the complexity of the tree is rapidly increased by

recursive dichotomous branching, wherein the tip of the

elongating branch bifurcates into two new daughter branches

[170]. These bifurcation events require a specific spatio-

temporal accumulation of smooth muscle cells at the cleft

of the bifurcation site [9], suggesting that smooth muscle

contractility constrains the growing epithelium (figure 5a).

Extensive work has been devoted to elucidating the

molecular basis of branch generation in vertebrate lungs.

Interactions between the airway epithelium and mesenchyme

direct the branching programme in the lung. For example,

transplanting bronchial mesoderm to the trachea induces

ectopic branching events, whereas tracheal mesoderm pre-

vents bronchial branching [171]. This suggests that local

secretion of growth factors could drive branching in the

lung. FGF10 has been implicated as a critical signal that regu-

lates branching of airway epithelial cells. FGF10 transcript

appears to be localized adjacent to epithelial branches in

both avian [172] and mouse [173] lungs. Moreover, FGF10

increases epithelial proliferation and branch extension in cul-

tured lung explants [173,174] and FGF10-deficient mice fail to

form primary bronchi [175]. These data clearly indicate that

mesenchymal FGF10 is sufficient to drive chemotaxis and

proliferation of lung epithelial cells and is required for

proper lung development. Therefore, FGF10 was hypoth-

esized to promote differential proliferation to specify sites of

branch formation in the lung. To address this hypothesis,

investigators have employed mesenchyme-free cultures of

lung epithelium to test the role of growth factors to induce

differential proliferation as a mechanism to promote branch for-

mation. Interestingly, FGF stimulation of mesenchyme-free

airway epithelium promotes a homogeneous increase in pro-

liferation, with no correlation between branching pattern and

focal epithelial proliferation [176]. In fact, these culture systems

revealed that epithelial branching precedes the establishment
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of differential proliferation patterns, suggesting that local

proliferation is not required for branch initiation.

To further understand the role of proliferation in airway

epithelial branching, embryonic chicken lungs were cultured

in the presence of the cell cycle inhibitor, aphidicolin. Despite

inhibiting cell proliferation, new branches still formed in

these explants, suggesting that proliferation is not required

for branch initiation in the chicken lung [8]. Instead, the

airway epithelial cells were found to constrict their apical sur-

faces, a cell shape change that was sufficient to generate a

branch [8] (figure 5b). As FGF family members can modulate

actomyosin dynamics in several tissues [177,178], FGF may

act to initiate branching in avian lungs by locally inducing

apical constriction of the epithelium. Consistent with this

hypothesis, embryonic chicken lungs cultured in the presence

of the FGFR inhibitor, SU5402, fail to undergo apical constric-

tion or to initiate branching [8]. It remains unclear if domain

branching in the mammalian lung also proceeds via apical con-

striction. Collectively, these data suggest that FGF secreted from

the mesenchyme is critical for branch growth, but does not

initiate branches via differential proliferation. Instead, branches

form through local changes in epithelial cell contractility, which

are probably mediated by FGF signalling.
5. Conclusion
When comparing mechanisms of branching morphogenesis

across multiple tissues, there are several principles that are

conserved in all models. First, branching seems to be

influenced by diffusible factors that are spatio-temporally regu-

lated by populations of cells proximal to branch sites.

Therefore, communication between different tissues is critical

for proper branch site specification and initiation. Second,
many branching events involve cytoskeletal rearrangement,

which affects cellular behaviours such as migration and con-

traction. Although various models use different signalling

cascades to direct branching, actomyosin dynamics is often at

the core of the morphogenetic action. A third conserved

theme observed across branching models is that as the

number of cells within the tissue undergoing morphogenesis

increases, so must the cooperativity between cells actively con-

tributing to the branching event. This includes mechanisms

such as lateral inhibition in blood vessels and Drosophila
trachea, collective migration in mammary gland TEB, specifica-

tion of highly proliferative Ret-positive cells in ureteric branch

tips and changes in epithelial cell shapes in the branching

airway epithelium. In contrast to the organogenesis of

non-branched tissues, such as skin, tissues undergoing branch-

ing morphogenesis exhibit dynamic changes in geometry. In

addition, these branched structures must integrate into sur-

rounding tissues, a process that is often regulated by factors

secreted by cells in neighbouring tissue layers. This further

illustrates the importance of communication between tissue

layers during the formation of branched networks.

As we further understand the cooperative nature of these

branching mechanisms, additional questions emerge. For

instance, collective migration of mammary epithelial cells is

important for branching, but how these migratory patterns

generate forces required for branch extension is not clear

[131]. It is possible that differential migratory rates could pref-

erentially push slower cells towards the stalk of the branch

[135]; however, the role of this particular characteristic of

migration dynamics within mammary TEB has yet to be inves-

tigated. Additionally, changes in cell geometry via asymmetric

cell contractility can initiate branching, as in the lung branching

programme [8]. It is not clear, however, how regions in the

epithelium are specified to initiate changes in cell shape.
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To address these types of complex questions, future studies

will probably need to consider coordinated and cooperative

mechanisms within cell populations to fully understand how

branch initiation and elongation are regulated.
Competing interests. We declare we have no competing interests.

Funding. Work from the authors’ lab was funded by the NIH, the NSF,
the Burroughs Wellcome Fund, and a Faculty Scholars Award from
the Howard Hughes Medical Institute.
lsocietypubl
References
ishing.org
Phil.Trans.R.Soc.B

372:20150527
1. Kalil K, Dent EW. 2014 Branch management:
mechanisms of axon branching in the developing
vertebrate CNS. Nat. Rev. Neurosci. 15, 7 – 18.
(doi:10.1038/nrn3650)

2. Affolter M, Zeller R, Caussinus E. 2009 Tissue
remodelling through branching morphogenesis.
Nat. Rev. Mol. Cell Biol. 10, 831 – 842. (doi:10.1038/
nrm2797)

3. Fata JE, Werb Z, Bissell MJ. 2004 Regulation of
mammary gland branching morphogenesis by the
extracellular matrix and its remodeling enzymes.
Breast Cancer Res. 6, 1 – 11. (doi:10.1186/bcr634)

4. Sternlicht MD. 2006 Key stages in mammary gland
development: the cues that regulate ductal
branching morphogenesis. Breast Cancer Res. 8,
201. (doi:10.1186/bcr1368)

5. Nagalakshmi VK, Yu J. 2015 The ureteric bud
epithelium: morphogenesis and roles in
metanephric kidney patterning. Mol. Reprod. Dev.
82, 151 – 166. (doi:10.1002/mrd.22462)

6. Nigam SK, Shah MM. 2009 How does the ureteric
bud branch? J. Am. Soc. Nephrol. 20, 1465 – 1469.
(doi:10.1681/ASN.2008020132)

7. Shakya R, Watanabe T, Costantini F. 2005 The role of
GDNF/Ret signaling in ureteric bud cell fate and
branching morphogenesis. Dev. Cell. 8, 65 – 74.
(doi:10.1016/j.devcel.2004.11.008)

8. Kim HY, Varner VD, Nelson CM. 2013 Apical
constriction initiates new bud formation during
monopodial branching of the embryonic chicken
lung. Development 140, 3146 – 3155. (doi:10.1242/
dev.093682)

9. Kim HY, Pang MF, Varner VD, Kojima L, Miller E,
Radisky DC, Nelson CM. 2015 Localized smooth
muscle differentiation is essential for epithelial
bifurcation during branching morphogenesis of the
mammalian lung. Dev. Cell. 34, 719 – 726. (doi:10.
1016/j.devcel.2015.08.012)

10. Carmeliet P, Tessier-Lavigne M. 2005 Common
mechanisms of nerve and blood vessel
wiring. Nature 436, 193 – 200. (doi:10.1038/
nature03875)

11. Dent EW, Gupton SL, Gertler FB. 2011 The growth
cone cytoskeleton in axon outgrowth and guidance.
Cold Spring Harb. Perspect. Biol. 3, pii. a001800.
(doi:10.1101/cshperspect.a001800)

12. Lowery LA, Van Vactor D. 2009 The trip of the tip:
understanding the growth cone machinery. Nat.
Rev. Mol. Cell Biol. 10, 332 – 343. (doi:10.1038/
nrm2679)

13. Kalil K, Dent EW. 2005 Touch and go: guidance cues
signal to the growth cone cytoskeleton. Curr. Opin.
Neurobiol. 15, 521 – 526. (doi:10.1016/j.conb.2005.
08.005)
14. Medeiros NA, Burnette DT, Forscher P. 2006 Myosin
II functions in actin-bundle turnover in neuronal
growth cones. Nat. Cell Biol. 8, 215 – 226. (doi:10.
1038/ncb1367)

15. Kalil K, Li L, Hutchins BI. 2011 Signaling
mechanisms in cortical axon growth, guidance, and
branching. Front. Neuroanat. 5, 62. (doi:10.3389/
fnana.2011.00062)

16. Krause M, Gautreau A. 2014 Steering cell migration:
lamellipodium dynamics and the regulation of
directional persistence. Nat. Rev. Mol. Cell Biol. 15,
577 – 590. (doi:10.1038/nrm3861)

17. Zhou FQ, Waterman-Storer CM, Cohan CS. 2002
Focal loss of actin bundles causes microtubule
redistribution and growth cone turning. J. Cell Biol.
157, 839 – 849. (doi:10.1083/jcb.200112014)

18. Lin CH, Forscher P. 1995 Growth cone advance is
inversely proportional to retrograde F-actin flow.
Neuron 14, 763 – 771. (doi:10.1016/0896-
6273(95)90220-1)

19. Dent EW, Gertler FB. 2003 Cytoskeletal dynamics
and transport in growth cone motility and axon
guidance. Neuron 40, 209 – 227. (doi:10.1016/
S0896-6273(03)00633-0)

20. Gungabissoon RA, Bamburg JR. 2003 Regulation of
growth cone actin dynamics by ADF/cofilin.
J. Histochem. Cytochem. 51, 411 – 420. (doi:10.
1177/002215540305100402)

21. Marsick BM, Flynn KC, Santiago-Medina M,
Bamburg JR, Letourneau PC. 2010 Activation of
ADF/cofilin mediates attractive growth cone turning
toward nerve growth factor and netrin-1. Dev.
Neurobiol. 70, 565 – 588. (doi:10.1002/dneu.20800)

22. San Miguel-Ruiz JE, Letourneau PC. 2014 The role
of Arp2/3 in growth cone actin dynamics and
guidance is substrate dependent. J. Neurosci. 34,
5895 – 5908. (doi:10.1523/JNEUROSCI.0672-14.2014)

23. Kuhn TB, Brown MD, Bamburg JR. 1998 Rac1-
dependent actin filament organization in growth
cones is necessary for beta1-integrin-mediated
advance but not for growth on poly-D-lysine.
J. Neurobiol. 37, 524 – 540. (doi:10.1002/(SICI)1097-
4695(199812)37:4,524::AID-NEU3.3.0.CO;2-H)

24. Mallavarapu A, Mitchison T. 1999 Regulated actin
cytoskeleton assembly at filopodium tips controls
their extension and retraction. J. Cell Biol. 146,
1097 – 1106. (doi:10.1083/jcb.146.5.1097)

25. Jay DG. 2000 The clutch hypothesis revisited:
ascribing the roles of actin-associated proteins in
filopodial protrusion in the nerve growth cone.
J. Neurobiol. 44, 114 – 125. (doi:10.1002/1097-
4695(200008)44:2,114::AID-NEU3.3.0.CO;2-8)

26. Ozdinler PH, Erzurumlu RS. 2001 Regulation of
neurotrophin-induced axonal responses via Rho
GTPases. J. Comp. Neurol. 438, 377 – 387. (doi:10.
1002/cne.1321)

27. Patapoutian A, Reichardt LF. 2001 Trk receptors:
mediators of neurotrophin action. Curr. Opin.
Neurobiol. 11, 272 – 280. (doi:10.1016/S0959-
4388(00)00208-7)

28. Roux PP, Barker PA. 2002 Neurotrophin signaling
through the p75 neurotrophin receptor. Prog.
Neurobiol. 67, 203 – 233. (doi:10.1016/S0301-
0082(02)00016-3)

29. Park H, Poo MM. 2013 Neurotrophin regulation of
neural circuit development and function. Nat. Rev.
Neurosci. 14, 7 – 23. (doi:10.1038/nrn3379)

30. Huang EJ, Reichardt LF. 2001 Neurotrophins: roles in
neuronal development and function. Annu. Rev.
Neurosci. 24, 677 – 736. (doi:10.1146/annurev.
neuro.24.1.677)

31. Turney SG, Ahmed M, Chandrasekar I, Wysolmerski
RB, Goeckeler ZM, Rioux RM, Whitesides GM,
Bridgman PC. 2016 Nerve growth factor stimulates
axon outgrowth through negative regulation of
growth cone actomyosin restraint of microtubule
advance. Mol. Biol. Cell. 27, 500 – 517. (doi:10.
1091/mbc.E15-09-0636)

32. Zhou FQ, Zhou J, Dedhar S, Wu YH, Snider WD.
2004 NGF-induced axon growth is mediated by
localized inactivation of GSK-3beta and functions
of the microtubule plus end binding protein
APC. Neuron 42, 897 – 912. (doi:10.1016/j.neuron.
2004.05.011)

33. Gehler S, Shaw AE, Sarmiere PD, Bamburg JR,
Letourneau PC. 2004 Brain-derived neurotrophic
factor regulation of retinal growth cone filopodial
dynamics is mediated through actin depolymerizing
factor/cofilin. J. Neurosci. 24, 10 741 – 10 749.
(doi:10.1523/JNEUROSCI.2836-04.2004)

34. Jiang Q, Yan Z, Feng J. 2006 Neurotrophic
factors stabilize microtubules and protect against
rotenone toxicity on dopaminergic neurons. J. Biol.
Chem. 281, 29 391 – 29 400. (doi:10.1074/jbc.
M602740200)

35. Tuttle R, O’Leary DD. 1998 Neurotrophins rapidly
modulate growth cone response to the axon
guidance molecule, collapsin-1. Mol. Cell Neurosci.
11, 1 – 8. (doi:10.1006/mcne.1998.0671)

36. Aizawa H et al. 2001 Phosphorylation of cofilin by
LIM-kinase is necessary for semaphorin 3A-induced
growth cone collapse. Nat. Neurosci. 4, 367 – 373.
(doi:10.1038/86011)

37. Fournier AE, Nakamura F, Kawamoto S, Goshima Y,
Kalb RG, Strittmatter SM. 2000 Semaphorin3A
enhances endocytosis at sites of receptor-F-actin
colocalization during growth cone collapse. J. Cell
Biol. 149, 411 – 422. (doi:10.1083/jcb.149.2.411)

http://dx.doi.org/10.1038/nrn3650
http://dx.doi.org/10.1038/nrm2797
http://dx.doi.org/10.1038/nrm2797
http://dx.doi.org/10.1186/bcr634
http://dx.doi.org/10.1186/bcr1368
http://dx.doi.org/10.1002/mrd.22462
http://dx.doi.org/10.1681/ASN.2008020132
http://dx.doi.org/10.1016/j.devcel.2004.11.008
http://dx.doi.org/10.1242/dev.093682
http://dx.doi.org/10.1242/dev.093682
http://dx.doi.org/10.1016/j.devcel.2015.08.012
http://dx.doi.org/10.1016/j.devcel.2015.08.012
http://dx.doi.org/10.1038/nature03875
http://dx.doi.org/10.1038/nature03875
http://dx.doi.org/10.1101/cshperspect.a001800
http://dx.doi.org/10.1038/nrm2679
http://dx.doi.org/10.1038/nrm2679
http://dx.doi.org/10.1016/j.conb.2005.08.005
http://dx.doi.org/10.1016/j.conb.2005.08.005
http://dx.doi.org/10.1038/ncb1367
http://dx.doi.org/10.1038/ncb1367
http://dx.doi.org/10.3389/fnana.2011.00062
http://dx.doi.org/10.3389/fnana.2011.00062
http://dx.doi.org/10.1038/nrm3861
http://dx.doi.org/10.1083/jcb.200112014
http://dx.doi.org/10.1016/0896-6273(95)90220-1
http://dx.doi.org/10.1016/0896-6273(95)90220-1
http://dx.doi.org/10.1016/S0896-6273(03)00633-0
http://dx.doi.org/10.1016/S0896-6273(03)00633-0
http://dx.doi.org/10.1177/002215540305100402
http://dx.doi.org/10.1177/002215540305100402
http://dx.doi.org/10.1002/dneu.20800
http://dx.doi.org/10.1523/JNEUROSCI.0672-14.2014
http://dx.doi.org/10.1002/(SICI)1097-4695(199812)37:4%3C524::AID-NEU3%3E3.0.CO;2-H
http://dx.doi.org/10.1002/(SICI)1097-4695(199812)37:4%3C524::AID-NEU3%3E3.0.CO;2-H
http://dx.doi.org/10.1002/(SICI)1097-4695(199812)37:4%3C524::AID-NEU3%3E3.0.CO;2-H
http://dx.doi.org/10.1002/(SICI)1097-4695(199812)37:4%3C524::AID-NEU3%3E3.0.CO;2-H
http://dx.doi.org/10.1002/(SICI)1097-4695(199812)37:4%3C524::AID-NEU3%3E3.0.CO;2-H
http://dx.doi.org/10.1002/(SICI)1097-4695(199812)37:4%3C524::AID-NEU3%3E3.0.CO;2-H
http://dx.doi.org/10.1002/(SICI)1097-4695(199812)37:4%3C524::AID-NEU3%3E3.0.CO;2-H
http://dx.doi.org/10.1083/jcb.146.5.1097
http://dx.doi.org/10.1002/1097-4695(200008)44:2%3C114::AID-NEU3%3E3.0.CO;2-8
http://dx.doi.org/10.1002/1097-4695(200008)44:2%3C114::AID-NEU3%3E3.0.CO;2-8
http://dx.doi.org/10.1002/1097-4695(200008)44:2%3C114::AID-NEU3%3E3.0.CO;2-8
http://dx.doi.org/10.1002/1097-4695(200008)44:2%3C114::AID-NEU3%3E3.0.CO;2-8
http://dx.doi.org/10.1002/1097-4695(200008)44:2%3C114::AID-NEU3%3E3.0.CO;2-8
http://dx.doi.org/10.1002/1097-4695(200008)44:2%3C114::AID-NEU3%3E3.0.CO;2-8
http://dx.doi.org/10.1002/1097-4695(200008)44:2%3C114::AID-NEU3%3E3.0.CO;2-8
http://dx.doi.org/10.1002/cne.1321
http://dx.doi.org/10.1002/cne.1321
http://dx.doi.org/10.1016/S0959-4388(00)00208-7
http://dx.doi.org/10.1016/S0959-4388(00)00208-7
http://dx.doi.org/10.1016/S0301-0082(02)00016-3
http://dx.doi.org/10.1016/S0301-0082(02)00016-3
http://dx.doi.org/10.1038/nrn3379
http://dx.doi.org/10.1146/annurev.neuro.24.1.677
http://dx.doi.org/10.1146/annurev.neuro.24.1.677
http://dx.doi.org/10.1091/mbc.E15-09-0636
http://dx.doi.org/10.1091/mbc.E15-09-0636
http://dx.doi.org/10.1016/j.neuron.2004.05.011
http://dx.doi.org/10.1016/j.neuron.2004.05.011
http://dx.doi.org/10.1523/JNEUROSCI.2836-04.2004
http://dx.doi.org/10.1074/jbc.M602740200
http://dx.doi.org/10.1074/jbc.M602740200
http://dx.doi.org/10.1006/mcne.1998.0671
http://dx.doi.org/10.1038/86011
http://dx.doi.org/10.1083/jcb.149.2.411
http://rstb.royalsocietypublishing.org/


rstb.royalsocietypublishing.org
Phil.Trans.R.Soc.B

372:20150527

12

 on March 31, 2017http://rstb.royalsocietypublishing.org/Downloaded from 
38. Jurney WM, Gallo G, Letourneau PC, McLoon SC.
2002 Rac1-mediated endocytosis during ephrin-A2-
and semaphorin 3A-induced growth cone collapse.
J. Neurosci. 22, 6019 – 6028.

39. Moore SW, Tessier-Lavigne M, Kennedy TE. 2007
Netrins and their receptors. Adv. Exp. Med. Biol.
621, 17 – 31. (doi:10.1007/978-0-387-76715-4_2)

40. Nakashiba T, Ikeda T, Nishimura S, Tashiro K, Honjo
T, Culotti JG, Itohara S. 2000 Netrin-G1: a novel
glycosyl phosphatidylinositol-linked mammalian
netrin that is functionally divergent from classical
netrins. J. Neurosci. 20, 6540 – 6550.

41. Brasch J, Harrison OJ, Ahlsen G, Liu Q, Shapiro L.
2011 Crystal structure of the ligand binding domain
of netrin G2. J. Mol. Biol. 414, 723 – 734. (doi:10.
1016/j.jmb.2011.10.030)

42. Lai Wing SK, Correia JP, Kennedy TE. 2011 Netrins:
versatile extracellular cues with diverse functions.
Development 138, 2153 – 2169. (doi:10.1242/
dev.044529)

43. Ishii N, Wadsworth WG, Stern BD, Culotti JG,
Hedgecock EM. 1992 UNC-6, a laminin-related
protein, guides cell and pioneer axon migrations in
C. elegans. Neuron 9, 873 – 881. (doi:10.1016/0896-
6273(92)90240-E)

44. Serafini T, Kennedy TE, Galko MJ, Mirzayan C, Jessell
TM, Tessier-Lavigne M. 1994 The netrins define a
family of axon outgrowth-promoting proteins
homologous to C. elegans UNC-6. Cell 78, 409 – 424.
(doi:10.1016/0092-8674(94)90420-0)

45. Manitt C, Colicos MA, Thompson KM, Rousselle E,
Peterson AC, Kennedy TE. 2001 Widespread
expression of netrin-1 by neurons and
oligodendrocytes in the adult mammalian spinal
cord. J. Neurosci. 21, 3911 – 3922.

46. Serafini T, Colamarino SA, Leonardo ED, Wang H,
Beddington R, Skarnes WC, Tessier-Lavigne M. 1996
Netrin-1 is required for commissural axon guidance
in the developing vertebrate nervous system. Cell
87, 1001 – 1014. (doi:10.1016/S0092-
8674(00)81795-X)

47. Shekarabi M, Moore SW, Tritsch NX, Morris SJ,
Bouchard JF, Kennedy TE. 2005 Deleted in colorectal
cancer binding netrin-1 mediates cell substrate
adhesion and recruits Cdc42, Rac1, Pak1, and
N-WASP into an intracellular signaling complex
that promotes growth cone expansion. J. Neurosci.
25, 3132 – 3141. (doi:10.1523/JNEUROSCI.1920-
04.2005)

48. Rohatgi R, Nollau P, Ho HY, Kirschner MW, Mayer
BJ. 2001 Nck and phosphatidylinositol 4,5-
bisphosphate synergistically activate actin
polymerization through the N-WASP-Arp2/3
pathway. J. Biol. Chem. 276, 26 448 – 26 452.
(doi:10.1074/jbc.M103856200)

49. Li X, Gao X, Liu G, Xiong W, Wu J, Rao Y. 2008
Netrin signal transduction and the guanine
nucleotide exchange factor DOCK180 in attractive
signaling. Nat. Neurosci. 11, 28 – 35. (doi:10.1038/
nn2022)

50. Shekarabi M, Kennedy TE. 2002 The netrin-1
receptor DCC promotes filopodia formation and cell
spreading by activating Cdc42 and Rac1. Mol. Cell
Neurosci. 19, 1 – 17. (doi:10.1006/mcne.2001.1075)

51. Li W et al. 2004 Activation of FAK and Src are
receptor-proximal events required for netrin
signaling. Nat. Neurosci. 7, 1213 – 1221. (doi:10.
1038/nn1329)

52. Liu G et al. 2004 Netrin requires focal adhesion
kinase and Src family kinases for axon outgrowth
and attraction. Nat. Neurosci. 7, 1222 – 1232.
(doi:10.1038/nn1331)

53. Ren XR et al. 2004 Focal adhesion kinase in netrin-1
signaling. Nat. Neurosci. 7, 1204 – 1212. (doi:10.
1038/nn1330)

54. Rajasekharan S, Baker KA, Horn KE, Jarjour AA,
Antel JP, Kennedy TE. 2009 Netrin 1 and Dcc
regulate oligodendrocyte process branching and
membrane extension via Fyn and RhoA.
Development 136, 415 – 426. (doi:10.1242/
dev.018234)

55. Moore SW, Zhang X, Lynch CD, Sheetz MP. 2012
Netrin-1 attracts axons through FAK-dependent
mechanotransduction. J. Neurosci. 32, 11 574 –
11 585. (doi:10.1523/JNEUROSCI.0999-12.2012)

56. Liu G et al. 2007 p130CAS is required for netrin
signaling and commissural axon guidance.
J. Neurosci. 27, 957 – 968. (doi:10.1523/JNEUROSCI.
4616-06.2007)

57. Keleman K, Dickson BJ. 2001 Short- and long-range
repulsion by the Drosophila Unc5 netrin receptor.
Neuron 32, 605 – 617. (doi:10.1016/S0896-
6273(01)00505-0)

58. Hong K, Hinck L, Nishiyama M, Poo MM, Tessier-
Lavigne M, Stein E. 1999 A ligand-gated association
between cytoplasmic domains of UNC5 and DCC
family receptors converts netrin-induced growth
cone attraction to repulsion. Cell 97, 927 – 941.
(doi:10.1016/S0092-8674(00)80804-1)

59. Murray A, Naeem A, Barnes SH, Drescher U, Guthrie
S. 2010 Slit and Netrin-1 guide cranial motor axon
pathfinding via Rho-kinase, myosin light chain
kinase and myosin II. Neural Dev. 5, 16. (doi:10.
1186/1749-8104-5-16)

60. Brose K, Bland KS, Wang KH, Arnott D, Henzel W,
Goodman CS, Tessier-Lavigne M, Kidd T. 1999 Slit
proteins bind Robo receptors and have an
evolutionarily conserved role in repulsive axon
guidance. Cell 96, 795 – 806. (doi:10.1016/S0092-
8674(00)80590-5)

61. Ma L, Tessier-Lavigne M. 2007 Dual branch-
promoting and branch-repelling actions of Slit/Robo
signaling on peripheral and central branches
of developing sensory axons. J. Neurosci. 27,
6843 – 6851. (doi:10.1523/JNEUROSCI.1479-07.2007)

62. Wang KH, Brose K, Arnott D, Kidd T, Goodman CS,
Henzel W, Tessier-Lavigne M. 1999 Biochemical
purification of a mammalian slit protein as a
positive regulator of sensory axon elongation and
branching. Cell 96, 771 – 784. (doi:10.1016/S0092-
8674(00)80588-7)

63. Seeger M, Tear G, Ferres-Marco D, Goodman CS.
1993 Mutations affecting growth cone guidance in
Drosophila: genes necessary for guidance toward or
away from the midline. Neuron 10, 409 – 426.
(doi:10.1016/0896-6273(93)90330-T)

64. Wong K et al. 2001 Signal transduction in neuronal
migration: roles of GTPase activating proteins and
the small GTPase Cdc42 in the Slit-Robo pathway.
Cell 107, 209 – 221. (doi:10.1016/S0092-
8674(01)00530-X)

65. Hu H, Li M, Labrador JP, McEwen J, Lai EC,
Goodman CS, Bashaw GJ. 2005 Cross GTPase-
activating protein (CrossGAP)/Vilse links the
Roundabout receptor to Rac to regulate midline
repulsion. Proc. Natl Acad. Sci. USA 102,
4613 – 4618. (doi:10.1073/pnas.0409325102)

66. Lundstrom A et al. 2004 Vilse, a conserved Rac/
Cdc42 GAP mediating Robo repulsion in tracheal
cells and axons. Genes Dev. 18, 2161 – 2171.
(doi:10.1101/gad.310204)

67. Fan X, Labrador JP, Hing H, Bashaw GJ. 2003 Slit
stimulation recruits Dock and Pak to the roundabout
receptor and increases Rac activity to regulate axon
repulsion at the CNS midline. Neuron 40, 113 – 127.
(doi:10.1016/S0896-6273(03)00591-9)

68. Koncina E, Roth L, Gonthier B, Bagnard D. 2007
Role of semaphorins during axon growth and
guidance. Adv. Exp. Med. Biol. 621, 50 – 64. (doi:10.
1007/978-0-387-76715-4_4)

69. Yazdani U, Terman JR. 2006 The semaphorins.
Genome Biol. 7, 211. (doi:10.1186/gb-2006-7-
3-211)

70. Fujisawa H. 2004 Discovery of semaphorin receptors,
neuropilin and plexin, and their functions in neural
development. J. Neurobiol. 59, 24 – 33. (doi:10.
1002/neu.10337)

71. Janssen BJ, Malinauskas T, Weir GA, Cader MZ,
Siebold C, Jones EY. 2012 Neuropilins lock secreted
semaphorins onto plexins in a ternary signaling
complex. Nat. Struct. Mol. Biol. 19, 1293 – 1299.
(doi:10.1038/nsmb.2416)

72. Vastrik I, Eickholt BJ, Walsh FS, Ridley A, Doherty P.
1999 Sema3A-induced growth-cone collapse is
mediated by Rac1 amino acids 17 – 32. Curr. Biol. 9,
991 – 998. (doi:10.1016/S0960-9822(99)80447-3)

73. Wu KY, Hengst U, Cox LJ, Macosko EZ, Jeromin A,
Urquhart ER, Jaffrey SR. 2005 Local translation of
RhoA regulates growth cone collapse. Nature 436,
1020 – 1024. (doi:10.1038/nature03885)

74. Gallo G. 2006 RhoA-kinase coordinates F-actin
organization and myosin II activity during
semaphorin-3A-induced axon retraction. J. Cell Sci.
119, 3413 – 3423. (doi:10.1242/jcs.03084)

75. Ayoob JC, Terman JR, Kolodkin AL. 2006 Drosophila
Plexin B is a Sema-2a receptor required for axon
guidance. Development 133, 2125 – 2135. (doi:10.
1242/dev.02380)

76. Wang X, Zhang W, Cheever T, Schwarz V,
Opperman K, Hutter H, Koepp D, Chen L. 2008 The
C. elegans L1CAM homologue LAD-2 functions as a
coreceptor in MAB-20/Sema2 mediated axon
guidance. J. Cell Biol. 180, 233 – 246. (doi:10.1083/
jcb.200704178)

77. Cheadle L, Biederer T. 2014 Activity-dependent
regulation of dendritic complexity by semaphorin

http://dx.doi.org/10.1007/978-0-387-76715-4_2
http://dx.doi.org/10.1016/j.jmb.2011.10.030
http://dx.doi.org/10.1016/j.jmb.2011.10.030
http://dx.doi.org/10.1242/dev.044529
http://dx.doi.org/10.1242/dev.044529
http://dx.doi.org/10.1016/0896-6273(92)90240-E
http://dx.doi.org/10.1016/0896-6273(92)90240-E
http://dx.doi.org/10.1016/0092-8674(94)90420-0
http://dx.doi.org/10.1016/S0092-8674(00)81795-X
http://dx.doi.org/10.1016/S0092-8674(00)81795-X
http://dx.doi.org/10.1523/JNEUROSCI.1920-04.2005
http://dx.doi.org/10.1523/JNEUROSCI.1920-04.2005
http://dx.doi.org/10.1074/jbc.M103856200
http://dx.doi.org/10.1038/nn2022
http://dx.doi.org/10.1038/nn2022
http://dx.doi.org/10.1006/mcne.2001.1075
http://dx.doi.org/10.1038/nn1329
http://dx.doi.org/10.1038/nn1329
http://dx.doi.org/10.1038/nn1331
http://dx.doi.org/10.1038/nn1330
http://dx.doi.org/10.1038/nn1330
http://dx.doi.org/10.1242/dev.018234
http://dx.doi.org/10.1242/dev.018234
http://dx.doi.org/10.1523/JNEUROSCI.0999-12.2012
http://dx.doi.org/10.1523/JNEUROSCI.4616-06.2007
http://dx.doi.org/10.1523/JNEUROSCI.4616-06.2007
http://dx.doi.org/10.1016/S0896-6273(01)00505-0
http://dx.doi.org/10.1016/S0896-6273(01)00505-0
http://dx.doi.org/10.1016/S0092-8674(00)80804-1
http://dx.doi.org/10.1186/1749-8104-5-16
http://dx.doi.org/10.1186/1749-8104-5-16
http://dx.doi.org/10.1016/S0092-8674(00)80590-5
http://dx.doi.org/10.1016/S0092-8674(00)80590-5
http://dx.doi.org/10.1523/JNEUROSCI.1479-07.2007
http://dx.doi.org/10.1016/S0092-8674(00)80588-7
http://dx.doi.org/10.1016/S0092-8674(00)80588-7
http://dx.doi.org/10.1016/0896-6273(93)90330-T
http://dx.doi.org/10.1016/S0092-8674(01)00530-X
http://dx.doi.org/10.1016/S0092-8674(01)00530-X
http://dx.doi.org/10.1073/pnas.0409325102
http://dx.doi.org/10.1101/gad.310204
http://dx.doi.org/10.1016/S0896-6273(03)00591-9
http://dx.doi.org/10.1007/978-0-387-76715-4_4
http://dx.doi.org/10.1007/978-0-387-76715-4_4
http://dx.doi.org/10.1186/gb-2006-7-3-211
http://dx.doi.org/10.1186/gb-2006-7-3-211
http://dx.doi.org/10.1002/neu.10337
http://dx.doi.org/10.1002/neu.10337
http://dx.doi.org/10.1038/nsmb.2416
http://dx.doi.org/10.1016/S0960-9822(99)80447-3
http://dx.doi.org/10.1038/nature03885
http://dx.doi.org/10.1242/jcs.03084
http://dx.doi.org/10.1242/dev.02380
http://dx.doi.org/10.1242/dev.02380
http://dx.doi.org/10.1083/jcb.200704178
http://dx.doi.org/10.1083/jcb.200704178
http://rstb.royalsocietypublishing.org/


rstb.royalsocietypublishing.org
Phil.Trans.R.Soc.B

372:20150527

13

 on March 31, 2017http://rstb.royalsocietypublishing.org/Downloaded from 
3A through Farp1. J. Neurosci. 34, 7999 – 8009.
(doi:10.1523/JNEUROSCI.3950-13.2014)

78. Cheadle L, Biederer T. 2012 The novel synaptogenic
protein Farp1 links postsynaptic cytoskeletal
dynamics and transsynaptic organization.
J. Cell Biol. 199, 985 – 1001. (doi:10.1083/jcb.
201205041)

79. Gallo G. 2011 The cytoskeletal and signaling
mechanisms of axon collateral branching.
Dev. Neurobiol. 71, 201 – 220. (doi:10.1002/dneu.
20852)

80. Spillane M, Ketschek A, Jones SL, Korobova F,
Marsick B, Lanier L, Svitkina T, Gallo G. 2011
The actin nucleating Arp2/3 complex contributes to
the formation of axonal filopodia and branches
through the regulation of actin patch precursors to
filopodia. Dev. Neurobiol. 71, 747 – 758. (doi:10.
1002/dneu.20907)

81. Spillane M, Ketschek A, Donnelly CJ, Pacheco A,
Twiss JL, Gallo G. 2012 Nerve growth factor-induced
formation of axonal filopodia and collateral
branches involves the intra-axonal synthesis of
regulators of the actin-nucleating Arp2/3 complex.
J. Neurosci. 32, 17 671 – 17 689. (doi:10.1523/
JNEUROSCI.1079-12.2012)

82. Ketschek A, Gallo G. 2010 Nerve growth factor
induces axonal filopodia through localized
microdomains of phosphoinositide 3-kinase activity
that drive the formation of cytoskeletal precursors
to filopodia. J. Neurosci. 30, 12 185 – 12 197.
(doi:10.1523/JNEUROSCI.1740-10.2010)

83. Ketschek A, Spillane M, Gallo G. 2011 Mechanism of
NGF-induced formation of axonal filopodia: NGF
turns up the volume, but the song remains the
same? Commun. Integr. Biol. 4, 55 – 58. (doi:10.
4161/cib.13689)

84. Dent EW, Callaway JL, Szebenyi G, Baas PW, Kalil K.
1999 Reorganization and movement of microtubules
in axonal growth cones and developing interstitial
branches. J. Neurosci. 19, 8894 – 8908.

85. Kornack DR, Giger RJ. 2005 Probing microtubule
þTIPs: regulation of axon branching. Curr. Opin.
Neurobiol. 15, 58 – 66. (doi:10.1016/j.conb.2005.
01.009)

86. Homma N, Takei Y, Tanaka Y, Nakata T,
Terada S, Kikkawa M, Noda Y, Hirokawa N.
2003 Kinesin superfamily protein 2A (KIF2A)
functions in suppression of collateral branch
extension. Cell 114, 229 – 239. (doi:10.1016/S0092-
8674(03)00522-1)

87. Eichmann A, Le Noble F, Autiero M, Carmeliet P.
2005 Guidance of vascular and neural network
formation. Curr. Opin. Neurobiol. 15, 108 – 115.
(doi:10.1016/j.conb.2005.01.008)

88. Autiero M, De Smet F, Claes F, Carmeliet P. 2005
Role of neural guidance signals in blood vessel
navigation. Cardiovasc. Res. 65, 629 – 638. (doi:10.
1016/j.cardiores.2004.09.013)

89. McKenna CC, Ojeda AF, Spurlin 3rd J, Kwiatkowski S,
Lwigale PY. 2014 Sema3A maintains corneal
avascularity during development by inhibiting
Vegf induced angioblast migration. Dev. Biol. 391,
241 – 250. (doi:10.1016/j.ydbio.2014.04.017)
90. Risau W, Flamme I. 1995 Vasculogenesis. Annu. Rev.
Cell Dev. Biol. 11, 73 – 91. (doi:10.1146/annurev.cb.
11.110195.000445)

91. Risau W. 1997 Mechanisms of angiogenesis. Nature
386, 671 – 674. (doi:10.1038/386671a0)

92. Carmeliet P et al. 1996 Abnormal blood vessel
development and lethality in embryos lacking a
single VEGF allele. Nature 380, 435 – 439. (doi:10.
1038/380435a0)

93. Giles PB, Candy CL, Fleming PA, Owens RW,
Argraves WS, Drake CJ. 2005 VEGF directs newly
gastrulated mesoderm to the endothelial lineage.
Dev. Biol. 279, 169 – 178. (doi:10.1016/j.ydbio.
2004.12.011)

94. Silva-Junior GDO, Miranda SWDS, Mandarim-de-
Lacerda CA. 2009 Origin and development of the
coronary arteries. Int. J. Morphol. 27, 891 – 898.
(doi:10.4067/S0717-95022009000300040)

95. Drake CJ, Fleming PA. 2000 Vasculogenesis in
the day 6.5 to 9.5 mouse embryo. Blood 95,
1671 – 1679.

96. Drake CJ, Brandt SJ, Trusk TC, Little CD. 1997 TAL1/
SCL is expressed in endothelial progenitor cells/
angioblasts and defines a dorsal-to-ventral gradient
of vasculogenesis. Dev. Biol. 192, 17 – 30. (doi:10.
1006/dbio.1997.8751)

97. Herbert SP, Stainier DY. 2011 Molecular control of
endothelial cell behaviour during blood vessel
morphogenesis. Nat. Rev. Mol. Cell Biol. 12,
551 – 564. (doi:10.1038/nrm3176)

98. Smadja DM, Bieche I, Helley D, Laurendeau I,
Simonin G, Muller L, Aiach M, Gaussem P. 2007
Increased VEGFR2 expression during human late
endothelial progenitor cells expansion enhances
in vitro angiogenesis with up-regulation of integrin
alpha(6). J. Cell Mol. Med. 11, 1149 – 1161. (doi:10.
1111/j.1582-4934.2007.00090.x)

99. Aiello LP, Northrup JM, Keyt BA, Takagi H, Iwamoto
MA. 1995 Hypoxic regulation of vascular endothelial
growth factor in retinal cells. Arch. Ophthalmol.
113, 1538 – 1544. (doi:10.1001/archopht.1995.
01100120068012)

100. Krock BL, Skuli N, Simon MC. 2011 Hypoxia-induced
angiogenesis: good and evil. Genes Cancer 2,
1117 – 1133. (doi:10.1177/1947601911423654)

101. Suzuma K, Takagi H, Otani A, Honda Y. 1998
Hypoxia and vascular endothelial growth factor
stimulate angiogenic integrin expression in bovine
retinal microvascular endothelial cells. Invest.
Ophthalmol. Vis. Sci. 39, 1028 – 1035.

102. Davies PF. 1995 Flow-mediated endothelial
mechanotransduction. Physiol. Rev. 75, 519 – 560.

103. Hernandez Vera R, Genove E, Alvarez L, Borros S,
Kamm R, Lauffenburger D, Semino CE. 2009
Interstitial fluid flow intensity modulates endothelial
sprouting in restricted Src-activated cell clusters
during capillary morphogenesis. Tissue Eng. Part A
15, 175 – 185. (doi:10.1089/ten.tea.2007.0314)

104. Gong C, Stoletov KV, Terman BI. 2004 VEGF
treatment induces signaling pathways that regulate
both actin polymerization and depolymerization.
Angiogenesis 7, 313 – 321. (doi:10.1007/s10456-
004-7960-2)
105. Song JW, Munn LL. 2011 Fluid forces control
endothelial sprouting. Proc. Natl Acad. Sci. USA 108,
15 342 – 15 347. (doi:10.1073/pnas.1105316108)

106. Kobayashi M, Nishita M, Mishima T, Ohashi K,
Mizuno K. 2006 MAPKAPK-2-mediated LIM-kinase
activation is critical for VEGF-induced actin
remodeling and cell migration. EMBO J. 25,
713 – 726. (doi:10.1038/sj.emboj.7600973)

107. Jackson SJ, Singletary KW, Venema RC. 2007
Sulforaphane suppresses angiogenesis and disrupts
endothelial mitotic progression and microtubule
polymerization. Vascul. Pharmacol. 46, 77 – 84.
(doi:10.1016/j.vph.2006.06.015)

108. Lu H, Murtagh J, Schwartz EL. 2006 The
microtubule binding drug laulimalide inhibits
vascular endothelial growth factor-induced human
endothelial cell migration and is synergistic when
combined with docetaxel (taxotere). Mol.
Pharmacol. 69, 1207 – 1215. (doi:10.1124/mol.
105.019075)

109. Stoletov KV, Gong C, Terman BI. 2004 Nck and Crk
mediate distinct VEGF-induced signaling pathways
that serve overlapping functions in focal adhesion
turnover and integrin activation. Exp. Cell Res. 295,
258 – 268. (doi:10.1016/j.yexcr.2004.01.008)

110. Lamalice L, Le Boeuf F, Huot J. 2007 Endothelial
cell migration during angiogenesis. Circ. Res.
100, 782 – 794. (doi:10.1161/01.RES.0000259593.
07661.1e)

111. Xu Y et al. 2010 Induction of SENP1 in endothelial
cells contributes to hypoxia-driven VEGF expression
and angiogenesis. J. Biol. Chem. 285, 36 682 –
36 688. (doi:10.1074/jbc.M110.164236)

112. Guo P, Hu B, Gu W, Xu L, Wang D, Huang HJ,
Cavenee WK, Cheng SY. 2003 Platelet-derived
growth factor-B enhances glioma angiogenesis by
stimulating vascular endothelial growth factor
expression in tumor endothelia and by promoting
pericyte recruitment. Am. J. Pathol. 162, 1083 –
1093. (doi:10.1016/S0002-9440(10)63905-3)

113. Gerwins P, Skoldenberg E, Claesson-Welsh L. 2000
Function of fibroblast growth factors and vascular
endothelial growth factors and their receptors in
angiogenesis. Crit. Rev. Oncol. Hematol. 34,
185 – 194. (doi:10.1016/S1040-8428(00)00062-7)

114. Parsons-Wingerter P, Elliott KE, Clark JI, Farr AG.
2000 Fibroblast growth factor-2 selectively
stimulates angiogenesis of small vessels in
arterial tree. Arterioscler. Thromb. Vasc. Biol. 20,
1250 – 1256. (doi:10.1161/01.ATV.20.5.1250)

115. Gerhardt H et al. 2003 VEGF guides angiogenic
sprouting utilizing endothelial tip cell filopodia.
J. Cell. Biol. 161, 1163 – 1177. (doi:10.1083/jcb.
200302047)

116. Phng LK, Gerhardt H. 2009 Angiogenesis: a team
effort coordinated by Notch. Dev. Cell 16, 196 – 208.
(doi:10.1016/j.devcel.2009.01.015)

117. Lobov IB, Renard RA, Papadopoulos N, Gale NW,
Thurston G, Yancopoulos GD, Wiegand SJ. 2007
Delta-like ligand 4 (Dll4) is induced by VEGF as a
negative regulator of angiogenic sprouting. Proc.
Natl Acad. Sci. USA 104, 3219 – 3224. (doi:10.1073/
pnas.0611206104)

http://dx.doi.org/10.1523/JNEUROSCI.3950-13.2014
http://dx.doi.org/10.1083/jcb.201205041
http://dx.doi.org/10.1083/jcb.201205041
http://dx.doi.org/10.1002/dneu.20852
http://dx.doi.org/10.1002/dneu.20852
http://dx.doi.org/10.1002/dneu.20907
http://dx.doi.org/10.1002/dneu.20907
http://dx.doi.org/10.1523/JNEUROSCI.1079-12.2012
http://dx.doi.org/10.1523/JNEUROSCI.1079-12.2012
http://dx.doi.org/10.1523/JNEUROSCI.1740-10.2010
http://dx.doi.org/10.4161/cib.13689
http://dx.doi.org/10.4161/cib.13689
http://dx.doi.org/10.1016/j.conb.2005.01.009
http://dx.doi.org/10.1016/j.conb.2005.01.009
http://dx.doi.org/10.1016/S0092-8674(03)00522-1
http://dx.doi.org/10.1016/S0092-8674(03)00522-1
http://dx.doi.org/10.1016/j.conb.2005.01.008
http://dx.doi.org/10.1016/j.cardiores.2004.09.013
http://dx.doi.org/10.1016/j.cardiores.2004.09.013
http://dx.doi.org/10.1016/j.ydbio.2014.04.017
http://dx.doi.org/10.1146/annurev.cb.11.110195.000445
http://dx.doi.org/10.1146/annurev.cb.11.110195.000445
http://dx.doi.org/10.1038/386671a0
http://dx.doi.org/10.1038/380435a0
http://dx.doi.org/10.1038/380435a0
http://dx.doi.org/10.1016/j.ydbio.2004.12.011
http://dx.doi.org/10.1016/j.ydbio.2004.12.011
http://dx.doi.org/10.4067/S0717-95022009000300040
http://dx.doi.org/10.1006/dbio.1997.8751
http://dx.doi.org/10.1006/dbio.1997.8751
http://dx.doi.org/10.1038/nrm3176
http://dx.doi.org/10.1111/j.1582-4934.2007.00090.x
http://dx.doi.org/10.1111/j.1582-4934.2007.00090.x
http://dx.doi.org/10.1001/archopht.1995.01100120068012
http://dx.doi.org/10.1001/archopht.1995.01100120068012
http://dx.doi.org/10.1177/1947601911423654
http://dx.doi.org/10.1089/ten.tea.2007.0314
http://dx.doi.org/10.1007/s10456-004-7960-2
http://dx.doi.org/10.1007/s10456-004-7960-2
http://dx.doi.org/10.1073/pnas.1105316108
http://dx.doi.org/10.1038/sj.emboj.7600973
http://dx.doi.org/10.1016/j.vph.2006.06.015
http://dx.doi.org/10.1124/mol.105.019075
http://dx.doi.org/10.1124/mol.105.019075
http://dx.doi.org/10.1016/j.yexcr.2004.01.008
http://dx.doi.org/10.1161/01.RES.0000259593.07661.1e
http://dx.doi.org/10.1161/01.RES.0000259593.07661.1e
http://dx.doi.org/10.1074/jbc.M110.164236
http://dx.doi.org/10.1016/S0002-9440(10)63905-3
http://dx.doi.org/10.1016/S1040-8428(00)00062-7
http://dx.doi.org/10.1161/01.ATV.20.5.1250
http://dx.doi.org/10.1083/jcb.200302047
http://dx.doi.org/10.1083/jcb.200302047
http://dx.doi.org/10.1016/j.devcel.2009.01.015
http://dx.doi.org/10.1073/pnas.0611206104
http://dx.doi.org/10.1073/pnas.0611206104
http://rstb.royalsocietypublishing.org/


rstb.royalsocietypublishing.org
Phil.Trans.R.Soc.B

372:20150527

14

 on March 31, 2017http://rstb.royalsocietypublishing.org/Downloaded from 
118. Blanco R, Gerhardt H. 2013 VEGF and Notch in
tip and stalk cell selection. Cold Spring Harb.
Perspect. Med. 3, a006569. (doi:10.1101/cshpers
pect.a006569)

119. Benedito R, Rocha SF, Woeste M, Zamykal M,
Radtke F, Casanovas O, Duarte A, Pytowski B,
Adams RH. 2012 Notch-dependent VEGFR3
upregulation allows angiogenesis without VEGF-
VEGFR2 signalling. Nature 484, 110 – 114. (doi:10.
1038/nature10908)

120. Salameh A, Galvagni F, Bardelli M, Bussolino F,
Oliviero S. 2005 Direct recruitment of CRK and GRB2
to VEGFR-3 induces proliferation, migration, and
survival of endothelial cells through the activation
of ERK, AKT, and JNK pathways. Blood 106,
3423 – 3431. (doi:10.1182/blood-2005-04-1388)

121. Caussinus E, Colombelli J, Affolter M. 2008 Tip-cell
migration controls stalk-cell intercalation during
Drosophila tracheal tube elongation. Curr. Biol. 18,
1727 – 1734. (doi:10.1016/j.cub.2008.10.062)

122. Samakovlis C, Hacohen N, Manning G, Sutherland
DC, Guillemin K, Krasnow MA. 1996 Development of
the Drosophila tracheal system occurs by a series of
morphologically distinct but genetically coupled
branching events. Development 122, 1395 – 1407.

123. Bate M, Arias AM. 1993 The development of
Drosophila melanogaster, vol. 1. Cold Spring Harbor,
NY: Cold Spring Harbor Laboratory Press.

124. Samakovlis C, Manning G, Steneberg P, Hacohen N,
Cantera R, Krasnow MA. 1996 Genetic control of
epithelial tube fusion during Drosophila tracheal
development. Development 122, 3531 – 3536.

125. Sutherland D, Samakovlis C, Krasnow MA. 1996
Branchless encodes a Drosophila FGF homolog that
controls tracheal cell migration and the pattern of
branching. Cell 87, 1091 – 1101. (doi:10.1016/
S0092-8674(00)81803-6)

126. Steneberg P, Hemphala J, Samakovlis C. 1999
Dpp and Notch specify the fusion cell fate in the
dorsal branches of the Drosophila trachea. Mech.
Dev. 87, 153 – 163. (doi:10.1016/S0925-4773
(99)00157-4)

127. Ribeiro C, Ebner A, Affolter M. 2002 In vivo imaging
reveals different cellular functions for FGF and Dpp
signaling in tracheal branching morphogenesis. Dev.
Cell 2, 677 – 683. (doi:10.1016/S1534-5807(02)
00171-5)

128. Centanin L, Dekanty A, Romero N, Irisarri M, Gorr
TA, Wappner P. 2008 Cell autonomy of HIF effects in
Drosophila: tracheal cells sense hypoxia and induce
terminal branch sprouting. Dev. Cell 14, 547 – 558.
(doi:10.1016/j.devcel.2008.01.020)

129. Jarecki J, Johnson E, Krasnow MA. 1999 Oxygen
regulation of airway branching in Drosophila is
mediated by branchless FGF. Cell 99, 211 – 220.
(doi:10.1016/S0092-8674(00)81652-9)

130. Mortimer NT, Moberg KH. 2009 Regulation of
Drosophila embryonic tracheogenesis by dVHL and
hypoxia. Dev. Biol. 329, 294 – 305. (doi:10.1016/j.
ydbio.2009.03.001)

131. Ewald AJ, Brenot A, Duong M, Chan BS, Werb Z.
2008 Collective epithelial migration and cell
rearrangements drive mammary branching
morphogenesis. Dev. Cell 14, 570 – 581. (doi:10.
1016/j.devcel.2008.03.003)

132. Hens JR, Wysolmerski JJ. 2005 Key stages of
mammary gland development: molecular
mechanisms involved in the formation of the
embryonic mammary gland. Breast Cancer Res. 7,
220 – 224. (doi:10.1186/bcr1306)

133. Coleman S, Silberstein GB, Daniel CW. 1988 Ductal
morphogenesis in the mouse mammary gland:
evidence supporting a role for epidermal growth
factor. Dev. Biol. 127, 304 – 315. (doi:10.1016/0012-
1606(88)90317-X)

134. Wiseman BS, Werb Z. 2002 Stromal effects on
mammary gland development and breast
cancer. Science 296, 1046 – 1049. (doi:10.1126/
science.1067431)

135. Huebner RJ, Neumann NM, Ewald AJ. 2016
Mammary epithelial tubes elongate through MAPK-
dependent coordination of cell migration.
Development 143, 983 – 993. (doi:10.1242/
dev.127944)

136. Gjorevski N, Nelson CM. 2011 Integrated
morphodynamic signalling of the mammary gland.
Nat. Rev. Mol. Cell Biol. 12, 581 – 593. (doi:10.1038/
nrm3168)

137. Lu P, Ewald AJ, Martin GR, Werb Z. 2008 Genetic
mosaic analysis reveals FGF receptor 2 function in
terminal end buds during mammary gland
branching morphogenesis. Dev. Biol. 321, 77 – 87.
(doi:10.1016/j.ydbio.2008.06.005)

138. Gomes AM, Bhat R, Correia AL, Mott JD, Ilan N,
Vlodavsky I, Pavao MS, Bissell M. 2015 Mammary
branching morphogenesis requires reciprocal
signaling by heparanase and MMP-14. J. Cell
Biochem. 116, 1668 – 1679. (doi:10.1002/jcb.25127)

139. Luetteke NC, Qiu TH, Fenton SE, Troyer KL, Riedel
RF, Chang A, Lee DC. 1999 Targeted inactivation of
the EGF and amphiregulin genes reveals distinct
roles for EGF receptor ligands in mouse mammary
gland development. Development 126, 2739 – 2750.

140. Fata JE, Mori H, Ewald AJ, Zhang H, Yao E, Werb Z,
Bissell MJ. 2007 The MAPK(ERK-1,2) pathway
integrates distinct and antagonistic signals from
TGFalpha and FGF7 in morphogenesis of mouse
mammary epithelium. Dev. Biol. 306, 193 – 207.
(doi:10.1016/j.ydbio.2007.03.013)

141. Crowley MR, Bowtell D, Serra R. 2005 TGF-beta,
c-Cbl, and PDGFR-alpha the in mammary
stroma. Dev. Biol. 279, 58 – 72. (doi:10.1016/j.
ydbio.2004.11.034)

142. Joseph H, Gorska AE, Sohn P, Moses HL, Serra R.
1999 Overexpression of a kinase-deficient
transforming growth factor-beta type II receptor in
mouse mammary stroma results in increased
epithelial branching. Mol. Biol. Cell 10, 1221 – 1234.
(doi:10.1091/mbc.10.4.1221)

143. Bonnette SG, Hadsell DL. 2001 Targeted disruption
of the IGF-I receptor gene decreases cellular
proliferation in mammary terminal end buds.
Endocrinology 142, 4937 – 4945. (doi:10.1210/endo.
142.11.8500)

144. Richards RG, Klotz DM, Walker MP, Diaugustine RP.
2004 Mammary gland branching morphogenesis is
diminished in mice with a deficiency of insulin-like
growth factor-I (IGF-I), but not in mice with a
liver-specific deletion of IGF-I. Endocrinology 145,
3106 – 3110. (doi:10.1210/en.2003-1112)

145. Soriano JV, Pepper MS, Nakamura T, Orci L,
Montesano R. 1995 Hepatocyte growth factor
stimulates extensive development of branching
duct-like structures by cloned mammary gland
epithelial cells. J. Cell Sci. 108, 413 – 430.

146. Yang Y, Spitzer E, Meyer D, Sachs M, Niemann C,
Hartmann G, Weidner KM, Birchmeier C, Birchmeier
W. 1995 Sequential requirement of hepatocyte
growth factor and neuregulin in the morphogenesis
and differentiation of the mammary gland. J. Cell
Biol. 131, 215 – 226. (doi:10.1083/jcb.131.1.215)

147. Feng Y, Manka D, Wagner KU, Khan SA. 2007
Estrogen receptor-alpha expression in the mammary
epithelium is required for ductal and alveolar
morphogenesis in mice. Proc. Natl Acad. Sci. USA
104, 14 718 – 14 723. (doi:10.1073/pnas.
0706933104)

148. Ochiai H, Okada S, Saito A, Hoshi K, Yamashita H,
Takato T, Azuma T. 2012 Inhibition of insulin-like
growth factor-1 (IGF-1) expression by prolonged
transforming growth factor-beta1 (TGF-beta1)
administration suppresses osteoblast differentiation.
J. Biol. Chem. 287, 22 654 – 22 661. (doi:10.1074/
jbc.M111.279091)

149. Cheng N, Chytil A, Shyr Y, Joly A, Moses HL. 2008
Transforming growth factor-beta signaling-deficient
fibroblasts enhance hepatocyte growth factor
signaling in mammary carcinoma cells to promote
scattering and invasion. Mol. Cancer Res. 6,
1521 – 1533. (doi:10.1158/1541-7786.MCR-07-2203)

150. Makinde T, Murphy RF, Agrawal DK. 2007 The
regulatory role of TGF-beta in airway remodeling in
asthma. Immunol. Cell Biol. 85, 348 – 356. (doi:10.
1038/sj.icb.7100044)

151. Keely PJ, Wu JE, Santoro SA. 1995 The spatial and
temporal expression of the a2b1 integrin and its
ligands, collagen I, collagen IV, and laminin,
suggest important roles in mouse mammary
morphogenesis. Differentiation 59, 1 – 13. (doi:10.
1046/j.1432-0436.1995.5910001.x)

152. Wiseman BS, Sternlicht MD, Lund LR, Alexander
CM, Mott J, Bissell MJ, Soloway P, Itohara S, Werb
Z. 2003 Site-specific inductive and inhibitory
activities of MMP-2 and MMP-3 orchestrate
mammary gland branching morphogenesis. J. Cell
Biol. 162, 1123 – 1133. (doi:10.1083/jcb.200302090)

153. Alcaraz J, Mori H, Ghajar CM, Brownfield D,
Galgoczy R, Bissell MJ. 2011 Collective epithelial cell
invasion overcomes mechanical barriers of
collagenous extracellular matrix by a narrow tube-
like geometry and MMP14-dependent local
softening. Integr. Biol. (Camb). 3, 1153 – 1166.
(doi:10.1039/c1ib00073j)

154. Friedl P, Gilmour D. 2009 Collective cell
migration in morphogenesis, regeneration and
cancer. Nat. Rev. Mol. Cell Biol. 10, 445 – 457.
(doi:10.1038/nrm2720)

155. Shah MM, Sampogna RV, Sakurai H, Bush KT, Nigam
SK. 2004 Branching morphogenesis and kidney

http://dx.doi.org/10.1101/cshperspect.a006569
http://dx.doi.org/10.1101/cshperspect.a006569
http://dx.doi.org/10.1038/nature10908
http://dx.doi.org/10.1038/nature10908
http://dx.doi.org/10.1182/blood-2005-04-1388
http://dx.doi.org/10.1016/j.cub.2008.10.062
http://dx.doi.org/10.1016/S0092-8674(00)81803-6
http://dx.doi.org/10.1016/S0092-8674(00)81803-6
http://dx.doi.org/10.1016/S0925-4773(99)00157-4
http://dx.doi.org/10.1016/S0925-4773(99)00157-4
http://dx.doi.org/10.1016/S1534-5807(02)00171-5
http://dx.doi.org/10.1016/S1534-5807(02)00171-5
http://dx.doi.org/10.1016/j.devcel.2008.01.020
http://dx.doi.org/10.1016/S0092-8674(00)81652-9
http://dx.doi.org/10.1016/j.ydbio.2009.03.001
http://dx.doi.org/10.1016/j.ydbio.2009.03.001
http://dx.doi.org/10.1016/j.devcel.2008.03.003
http://dx.doi.org/10.1016/j.devcel.2008.03.003
http://dx.doi.org/10.1186/bcr1306
http://dx.doi.org/10.1016/0012-1606(88)90317-X
http://dx.doi.org/10.1016/0012-1606(88)90317-X
http://dx.doi.org/10.1126/science.1067431
http://dx.doi.org/10.1126/science.1067431
http://dx.doi.org/10.1242/dev.127944
http://dx.doi.org/10.1242/dev.127944
http://dx.doi.org/10.1038/nrm3168
http://dx.doi.org/10.1038/nrm3168
http://dx.doi.org/10.1016/j.ydbio.2008.06.005
http://dx.doi.org/10.1002/jcb.25127
http://dx.doi.org/10.1016/j.ydbio.2007.03.013
http://dx.doi.org/10.1016/j.ydbio.2004.11.034
http://dx.doi.org/10.1016/j.ydbio.2004.11.034
http://dx.doi.org/10.1091/mbc.10.4.1221
http://dx.doi.org/10.1210/endo.142.11.8500
http://dx.doi.org/10.1210/endo.142.11.8500
http://dx.doi.org/10.1210/en.2003-1112
http://dx.doi.org/10.1083/jcb.131.1.215
http://dx.doi.org/10.1073/pnas.0706933104
http://dx.doi.org/10.1073/pnas.0706933104
http://dx.doi.org/10.1074/jbc.M111.279091
http://dx.doi.org/10.1074/jbc.M111.279091
http://dx.doi.org/10.1158/1541-7786.MCR-07-2203
http://dx.doi.org/10.1038/sj.icb.7100044
http://dx.doi.org/10.1038/sj.icb.7100044
http://dx.doi.org/10.1046/j.1432-0436.1995.5910001.x
http://dx.doi.org/10.1046/j.1432-0436.1995.5910001.x
http://dx.doi.org/10.1083/jcb.200302090
http://dx.doi.org/10.1039/c1ib00073j
http://dx.doi.org/10.1038/nrm2720
http://rstb.royalsocietypublishing.org/


rstb.royalsocietypublishing.org
Phil.Trans.R.Soc.B

372:20150527

15

 on March 31, 2017http://rstb.royalsocietypublishing.org/Downloaded from 
disease. Development 131, 1449 – 1462. (doi:10.
1242/dev.01089)

156. Chi X et al.2009 Ret-dependent cell rearrangements
in the Wolffian duct epithelium initiate ureteric bud
morphogenesis. Dev. Cell. 17, 199 – 209. (doi:10.
1016/j.devcel.2009.07.013)

157. Meyer TN, Schwesinger C, Bush KT, Stuart RO, Rose
DW, Shah MM, Vaughn DA, Steer DL, Nigam SK.
2004 Spatiotemporal regulation of morphogenetic
molecules during in vitro branching of the isolated
ureteric bud: toward a model of branching through
budding in the developing kidney. Dev. Biol. 275,
44 – 67. (doi:10.1016/j.ydbio.2004.07.022)

158. Michael L, Davies JA. 2004 Pattern and regulation of
cell proliferation during murine ureteric bud
development. J. Anat. 204, 241 – 255. (doi:10.1111/
j.0021-8782.2004.00285.x)

159. Shah MM et al. 2009 The instructive role of
metanephric mesenchyme in ureteric bud
patterning, sculpting, and maturation and its
potential ability to buffer ureteric bud branching
defects. Am. J. Physiol. Renal Physiol. 297,
F1330 – F1341. (doi:10.1152/ajprenal.00125.2009)

160. Zhao H, Kegg H, Grady S, Truong HT, Robinson ML,
Baum M, Bates CM. 2004 Role of fibroblast
growth factor receptors 1 and 2 in the ureteric bud.
Dev. Biol. 276, 403 – 415. (doi:10.1016/j.ydbio.
2004.09.002)

161. Matsuo I, Kimura-Yoshida C. 2014 Extracellular
distribution of diffusible growth factors controlled
by heparan sulfate proteoglycans during
mammalian embryogenesis. Phil. Trans. R. Soc. B
369, 20130545. (doi:10.1098/rstb.2013.0545)

162. Shah MM, Sakurai H, Gallegos TF, Sweeney DE, Bush
KT, Esko JD, Nigam SK. 2011 Growth factor-
dependent branching of the ureteric bud is
modulated by selective 6-O sulfation of heparan
sulfate. Dev. Biol. 356, 19 – 27. (doi:10.1016/j.
ydbio.2011.05.004)

163. Ishii Y, Rex M, Scotting PJ, Yasugi S. 1998
Region-specific expression of chicken Sox2 in
the developing gut and lung epithelium:
regulation by epithelial-mesenchymal
interactions. Dev. Dyn. 213, 464 – 475. (doi:10.
1002/(SICI)1097-0177(199812) 213:4,464::AID-
AJA11.3.0.CO;2-Z)

164. Spooner BS, Wessells NK. 1970 Mammalian lung
development: interactions in primordium formation
and bronchial morphogenesis. J. Exp. Zool. 175,
445 – 454. (doi:10.1002/jez.1401750404)

165. Gasser RF. 1975 Atlas of human embryos. New York,
NY: Harper and Row.

166. Burri PH. 1984 Fetal and postnatal development of
the lung. Annu. Rev. Physiol. 46, 617 – 628. (doi:10.
1146/annurev.ph.46.030184.003153)

167. Locy WA, Larsell O. 1916 The embryology of the
bird’s lung—based on observations of the domestic
fowl. Am. J. Anat. 20, 1 – 44. (doi:10.1002/aja.
1000200102)

168. Maina JN. 2006 Development, structure, and
function of a novel respiratory organ, the lung-air
sac system of birds: to go where no other vertebrate
has gone. Biol. Rev. 81, 545 – 579. (doi:10.1017/
S1464793106007111)

169. Duncker HR. 1971 The lung air sac system of birds.
A contribution to the functional anatomy of the
respiratory apparatus. Ergeb Anat. Entwicklungsgesch
45, 7 – 171.

170. Metzger RJ, Klein OD, Martin GR, Krasnow MA. 2008
The branching programme of mouse lung
development. Nature 453, 745 – 750. (doi:10.1038/
nature07005)

171. Wessells NK. 1970 Mammalian lung development:
interactions in formation and morphogenesis of
tracheal buds. J. Exp. Zool. 175, 455 – 466. (doi:10.
1002/jez.1401750405)

172. Moura RS, Coutinho-Borges JP, Pacheco AP, Damota
PO, Correia-Pinto J. 2011 FGF signaling pathway in
the developing chick lung: expression and inhibition
studies. PLoS ONE 6, e17660. (doi:10.1371/journal.
pone.0017660)

173. Bellusci S, Grindley J, Emoto H, Itoh N, Hogan BL.
1997 Fibroblast growth factor 10 (FGF10) and
branching morphogenesis in the embryonic mouse
lung. Development 124, 4867 – 4878.

174. Park WY, Miranda B, Lebeche D, Hashimoto G,
Cardoso WV. 1998 FGF-10 is a chemotactic factor for
distal epithelial buds during lung development.
Dev. Biol. 201, 125 – 134. (doi:10.1006/dbio.
1998.8994)

175. Min H, Danilenko DM, Scully SA, Bolon B, Ring BD,
Tarpley JE, DeRose M, Simonet WS. 1998 Fgf-10 is
required for both limb and lung development and
exhibits striking functional similarity to Drosophila
branchless. Genes Dev. 12, 3156 – 3161. (doi:10.
1101/gad.12.20.3156)

176. Nogawa H, Morita K, Cardoso WV. 1998 Bud
formation precedes the appearance of differential
cell proliferation during branching morphogenesis of
mouse lung epithelium in vitro. Dev. Dyn. 213,
228 – 235. (doi:10.1002/(SICI)1097-0177(199810)
213:2,228::AID-AJA8.3.0.CO;2-I)

177. Sai X, Ladher RK. 2008 FGF signaling regulates
cytoskeletal remodeling during epithelial
morphogenesis. Curr. Biol. 18, 976 – 981. (doi:10.
1016/j.cub.2008.05.049)

178. Harding MJ, Nechiporuk AV. 2012 Fgfr-Ras-MAPK
signaling is required for apical constriction via apical
positioning of Rho-associated kinase during
mechanosensory organ formation. Development
139, 3130 – 3135. (doi:10.1242/dev.082271)

http://dx.doi.org/10.1242/dev.01089
http://dx.doi.org/10.1242/dev.01089
http://dx.doi.org/10.1016/j.devcel.2009.07.013
http://dx.doi.org/10.1016/j.devcel.2009.07.013
http://dx.doi.org/10.1016/j.ydbio.2004.07.022
http://dx.doi.org/10.1111/j.0021-8782.2004.00285.x
http://dx.doi.org/10.1111/j.0021-8782.2004.00285.x
http://dx.doi.org/10.1152/ajprenal.00125.2009
http://dx.doi.org/10.1016/j.ydbio.2004.09.002
http://dx.doi.org/10.1016/j.ydbio.2004.09.002
http://dx.doi.org/10.1098/rstb.2013.0545
http://dx.doi.org/10.1016/j.ydbio.2011.05.004
http://dx.doi.org/10.1016/j.ydbio.2011.05.004
http://dx.doi.org/10.1002/(SICI)1097-0177(199812)213:4%3C464::AID-AJA11%3E3.0.CO;2-Z
http://dx.doi.org/10.1002/(SICI)1097-0177(199812)213:4%3C464::AID-AJA11%3E3.0.CO;2-Z
http://dx.doi.org/10.1002/(SICI)1097-0177(199812)213:4%3C464::AID-AJA11%3E3.0.CO;2-Z
http://dx.doi.org/10.1002/(SICI)1097-0177(199812)213:4%3C464::AID-AJA11%3E3.0.CO;2-Z
http://dx.doi.org/10.1002/(SICI)1097-0177(199812)213:4%3C464::AID-AJA11%3E3.0.CO;2-Z
http://dx.doi.org/10.1002/(SICI)1097-0177(199812)213:4%3C464::AID-AJA11%3E3.0.CO;2-Z
http://dx.doi.org/10.1002/(SICI)1097-0177(199812)213:4%3C464::AID-AJA11%3E3.0.CO;2-Z
http://dx.doi.org/10.1002/(SICI)1097-0177(199812)213:4%3C464::AID-AJA11%3E3.0.CO;2-Z
http://dx.doi.org/10.1002/jez.1401750404
http://dx.doi.org/10.1146/annurev.ph.46.030184.003153
http://dx.doi.org/10.1146/annurev.ph.46.030184.003153
http://dx.doi.org/10.1002/aja.1000200102
http://dx.doi.org/10.1002/aja.1000200102
http://dx.doi.org/10.1017/S1464793106007111
http://dx.doi.org/10.1017/S1464793106007111
http://dx.doi.org/10.1038/nature07005
http://dx.doi.org/10.1038/nature07005
http://dx.doi.org/10.1002/jez.1401750405
http://dx.doi.org/10.1002/jez.1401750405
http://dx.doi.org/10.1371/journal.pone.0017660
http://dx.doi.org/10.1371/journal.pone.0017660
http://dx.doi.org/10.1006/dbio.1998.8994
http://dx.doi.org/10.1006/dbio.1998.8994
http://dx.doi.org/10.1101/gad.12.20.3156
http://dx.doi.org/10.1101/gad.12.20.3156
http://dx.doi.org/10.1002/(SICI)1097-0177(199810)213:2%3C228::AID-AJA8%3E3.0.CO;2-I
http://dx.doi.org/10.1002/(SICI)1097-0177(199810)213:2%3C228::AID-AJA8%3E3.0.CO;2-I
http://dx.doi.org/10.1002/(SICI)1097-0177(199810)213:2%3C228::AID-AJA8%3E3.0.CO;2-I
http://dx.doi.org/10.1002/(SICI)1097-0177(199810)213:2%3C228::AID-AJA8%3E3.0.CO;2-I
http://dx.doi.org/10.1002/(SICI)1097-0177(199810)213:2%3C228::AID-AJA8%3E3.0.CO;2-I
http://dx.doi.org/10.1002/(SICI)1097-0177(199810)213:2%3C228::AID-AJA8%3E3.0.CO;2-I
http://dx.doi.org/10.1002/(SICI)1097-0177(199810)213:2%3C228::AID-AJA8%3E3.0.CO;2-I
http://dx.doi.org/10.1016/j.cub.2008.05.049
http://dx.doi.org/10.1016/j.cub.2008.05.049
http://dx.doi.org/10.1242/dev.082271
http://rstb.royalsocietypublishing.org/

	Building branched tissue structures: from single cell guidance to coordinated construction
	Introduction
	Branching driven by single cell extension
	Nerve branching

	Branching driven by collective migration
	Blood vessel branching
	Drosophila tracheal branching
	Mammary gland branching

	Branching driven by non-migratory mechanisms
	Kidney branching
	Lung branching

	Conclusion
	Competing interests
	Funding
	References


