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Genetic Control of Branching Morphogenesis 
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animal organs haw begun to be elucidated. In both the developing Drosophila trachea 
(respiratory) system and mammalian lung a fibroblast growth factor (FCF) signaling 
pathway is reiteratively used to patten successive rounds of branching. The initial 
pattern of signaling appears to be established by earty, more global embryonic 
patterning systems. The FCF pathway is then modified at each stage of branching by 
genetic feedback controls and other signals to give distinct btanching outcomes. The 
reiterative use of a signaling pathway by both insects and mammals suggests a 
general scheme for patterning branching morphogenesis. 

M any essential organs-the lung, vas- 
cular system, kidneys, and most 
glands-are composed of ramifying 

networks of epithelial tubes that transport 
fluids. The exquisite branching patterns of 
these organs have fascinated biologists and 
mathematicians since Aristotle (I), but the 
mechanisms that generate these complex 
three-dimensional structures during embry- 
onic development have remained a mystery. 
Even with the remarkable progress over the 
past two decades in other areas of develop- 
mental biology such as specification of the 
major body axes, the molecules and mecha- 
nisms that dictate complex organ structures 
have been elusive. Recently, however, key 
genes that direct the elaborate branching pat- 
terns of two organs, the airways of the fruit 
fly Drosophila melanogaster and the mouse 
lung, have been identified and the early steps 
in the genetic branching programs delineated. 
The two programs share several important 
organizational and molecular features, which 
suggests a general biological scheme for pat- 
terning branching morphogenesis. 

Encoding Complex Branching Patterns 
Essentially all branched tubular networks are 
constructed of an epithelial (sheetlike) mono- 
layer of cells wrapped into a tubular structure. 
Most begin development as a simple epithe- 
lial sac or tube from which new branches 
successively bud, giving rise to a treelike 
structure of interconnected tubes (Fig. 1, A, 
C, and D) (2). In some organs, such as the 
lung, additional supporting cell layers devel- 
op around the epithelial tubes, but in other 
organs, like the Drosophila tracheal system, 
the tubes remain unadorned. 

There are hundreds to millions of branch- 
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es in most organs, and the patterns of branch- 
ing, although exceedingly complex, are sel- 
dom random. At least for the early branch 
generations, the patterns are highly stereo- 
typed, implying that they are under fixed 
developmental control. Furthermore, there 
are certain regularities in the structures of the 
branches. For example, in the lung there is a 
consistent relationship between branch gen- 
eration and branch diameter (3), which facil- 
itates flow through the network. 

A tremendous amount of patterning infor- 
mation is required to configure such large 
numbers of branches. For each branch, the 
patterning information must specify (i) where 
the branch buds and the direction it grows, 
(ii) the size and shape of the branch, and (iii) 
when and where along the branch the next 
generation of branches will sprout. New 
branches typically arise as outpouchings of 
the epithelium, either by migration of a local 
region of the epithelium or by local, oriented 
cell divisions, in some cases accompanied by 
formation of a cleft in an existing branch (4). 
Thus, the patterning information must ulti- 
mately control fundamental cellular process- 
es such as migration, proliferation, and 
changes in shape. 

How is this vast amount of patterning 
information encoded in the genome? Mathe- 
maticians and theoretical biologists have for- 
mulated elegant algorithms that can generate 
branching patterns that rival the complexity 
of the natural forms and mimic certain struc- 
tural features such as the regularities in 
branch diameter (Fig. 1B) (3, 5). The appeal 
of these iterative or fractal models is that they 
are simple to encode genetically, because the 
same basic branching mechanism is used re- 
peatedly. However, a major limitation is that 
they do not reproduce the natural branching 
patterns. 

Iterative models assume that all branching 
events are alike and hence under the same 
genetic and molecular controls. Characteriza- 
tion of branching morphogenesis in the Dro- 

sophila tracheal system, and also the mouse 
lung, however, has revealed substantial dif- 
ferences in branching mechanisms: Different 
generations of branches form by different 
cellular mechanisms, express specific mark- 
ers, and require different sets of genes for 
their formation. These contrasting views have 
begun to be reconciled by recent genetic stud- 
ies that show how an iterative process can be 
repeatedly modified during development to 
give rise to different types and patterns of 
branches. 

Genetic Dissection of Drosophila 
Tracheal Development 
The larval tracheal system of Drosophila pro- 
vides a paradigm of branching morphogene- 
sis. The ramifying network of some 10,000 
branches conducts oxygen from the spiracu- 
lar openings to the internal tissues (Fig. 1C). 
The branch pattern is known in detail, and its 
development has been described at cellular 
resolution and analyzed genetically (6). 

The tracheal system arises from segmen- 
tally repeated clusters of ectodermal cells that 
invaginate at mid-embryogenesis and form 
20 e~ithelial sacs of about 80 cells. Each sac 
sprouts successively finer branches to gener- 
ate a treelike structure (Fig. ID). Remark- 
ably, the entire branching process occurs ex- 
clusively by cell migration and changes in 
cell shape, without cell proliferation. The six 
primary branches form when one or two cells 
at six positions in each sac migrate out in 
specific directions. A small number of cells 
follow the lead cells, organizing into multi- 
cellular tubes as they migrate. Several hours 
later, secondary branches sprout from the 
ends of growing primary branches. Second- 
ary branches are formed by individual trache- 
al cells that apparently roll up to form uni- 
cellular tubes. During larval life, secondary 
branches ramify into dozens of terminal 
branches, which arise as long cytoplasmic 
extensions that form fine (<1 p.m in diame- 
ter) tubules that directly contact the internal 
tissues. As each sac generates an array of 
about 500 branches, specific branches fuse 
with branches from neighboring sacs to form 
an interconnected network (7). 

Genetic screens have identified more than 
50 genes required for tracheal development 
(6, 8). Mutations in different genes disrupt 
the process at specific steps (Fig. ID). How- 
ever, some of the genes required for the first 
branching events are used again in the later 
stages of branching. Also, some of the genes 
required for early branching events trigger 
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expression of genes needed in the later cells, stimulating the receptor's tyrosine ki- the secondary branches and throughout larval 
branching events. Thus, although each stage nase activity and downstream signal trans- life. The structure of these fine branches dif- 
of branching is morphologically and geneti- duction cascades involving Ras, Raf, and a fers dramatically from that of previous gen- 
cally distinct, a core set of genes is used cytoplasmic protein encoded by stumps (Dof) erations of branches, and the pattern of 
repeatedly while stage-specific genes are 
called into play at the appropriate times. 

Establishing the Tracheal Sacs 
Before branching begins, trachealess selects 
the tracheal primordia in the embryonic ec- 
toderm and drives the conversion of these 
planar epithelial regions into sacs (9). The 
gene turns on in the tracheal primordia 1 to 2 
hours before sac formation, and the basic 
helix-loop-helix @HLH)-PAS domain tran- 
scription factor forms a complex with Tango 
(lo), a broadly expressed bHLH-PAS protein 

(1 1, 13). This signaling guides the migration 
of the tracheal cells as the primary branches 
bud (Fig. 2B). 

Expression of branchless is highly dy- 
namic. As each primary branch grows toward 
the nearby cluster of branchless-expressing 
cells, expression of the gene turns off and the 
branch stops growing. In some cases, another 
patch of branchless expression turns on at a 
more distant site and the branch continues to 
grow toward the new patCh. Misexpressing 
the gene in novel positions causes ectopic 
branch outgrowth to the new sites. Thus, the 

branching is not rigidly fixed but variable and 
regulated by tissue oxygen need (6,16). Nev- 
ertheless, terminal branching is also con- 
trolled by the Branchless pathway (1 7). New 
genes come into play at this stage that change 
the expression pattern of the FGF ligand (ren- 
dering it oxygen-sensitive) and the tracheal 
cells' response to it. One of these genes is 
blistered (pruned), which encodes the Dro- 
sophila Serum Response Factor (18), a 
MADS domain protein proposed to function 
with a ternary complex factor as part of an 
FGF-activated transcription complex that 

homologous to mammalian ARNT. The Tra- pattern of branchless expression sets the pat- regulates other terminal branch genes. The 
chealess-Tango heterodimer presumably reg- tern of primary branching. blistered gene turns on just before terminal 
ulates target genes encoding cytoskeletal and Several hours after primary branches bud, branching begins, triggered by FGF signaling 
cell surface proteins responsible for sac for: secondary branches begin to sprout. The sec- in the previous round of branching (6, 12). 
mation. It also readies the sacs for the branch- 
ing events that follow by triggering expres- 
sion of genes required for branching (9, 10). 
These targets include breathless, a Drosoph- 
ila homolog of mammalian fibroblast growth 
factor (FGF) receptors that is turned on 
throughout the sacs (11). 

Patterning of Tracheal Branching by 
an FCF Pathway 
A single gene, branchless, is the critical de- 
terminant of the tracheal branching pattern 
(12). Just before primary branching begins, 
branchless turns on in clusters of cells ar- 
rayed around the tracheal sacs, at positions 
where primary branches will bud (Fig. 2A). 
The secreted Branchless FGF binds the 
Breathless FGF receptor on nearby tracheal 

ondary budding pattern is also controlled by 
Branchless and Breathless, but by a different 
molecular mechanism. As primary branches 
extend toward the Branchless FGF signaling 
centers, cells at the growing end are exposed 
to high levels of the signal (Fig. 2B). This 
induces expression of secondary branch 
genes such aspointed (6,12), an ETS domain 
transcription factor (14), which drive forma- 
tion of secondary branches. Paradoxically, 
Branchless also induces a potent inhibitor of 
branching called sprouty in the cells closest 
to the signaling center (15). Sprouty protein 
blocks Branchless signaling to more distant 
tracheal cells, thereby limiting secondary 
branch sprouting to positions closest to the 
FGF signaling sources. 

Terminal branches bud several hours after 

Thus, a core FGF pathway is used repeat- 
edly to pattern each generation of tracheal 
branches. But at each stage, the mechanisms 
controlling expression or activity of the li- 
gand are changed, and the signaling pathways 
downstream of the receptor are altered, re- 
sulting in different branching outcomes. 
Some of the changes are triggered by previ- 
ous FGF signaling events: Thus, the different 
stages of the developmental program are cou- 
pled in a regulatory cascade that ensures that 
branching occurs in the proper sequence and 
generates distinct patterns at each stage. 

Control of the Early Stages of Lung 
Branching by an FCF Pathway 
Development of the mouse lung, although 
less well understood than the Drosophila tra- 

Fig. 1. Structure and 
formation of branch- c 
ing networks. (A) Latex 
cast of a human lung 
(39). There are 20 or . . ' 
more generations of 
branches. (B) Mandel- 
brot's model (5) of a 
branching network gen- 
erated by 10 rounds of -- 
dichotomous branching. ' ' - 
(C) lmmunostain of the 
developing tracheal sys- 
tem in a 15-hour-old 
Drosophila embryo. In 
each segment, 6 prima- 
ry and about 25 sec- 
ondary branches have 
formed, and hundreds 
of terminal (3") branch- 

Sac 
formation 
-b 

es will sProl;t during lar- 
val life. (D) Schematic trachealess 
of Drosoohila tracheal tango 

branchless pointed 
breathless anterior open 

blistered 
TCF 

developkent A portion stumps sprouty cropped 
of an epithelial sac is hypersprouty 
shown sprouting one 
primary, two secondary, and many terminal (3") branches. Mutations indicated steps. TCF, ternary complex factor. Bar is -3 cm in (A) and 
in different genes block or cause misregulation of theprocess at the 15 pm in (C). 
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cheal system, provides an instructive compar- 
ison. Like the Drosophila tracheal system, 
the mammalian lung develops by sequential 
rounds of branching. Beginning on embryon- 
ic day 9 in mouse (about day 25 in humans), 
one or two epithelial buds sprout from the gut 
into the surrounding mesenchyme to form the 
trachea and left and right primary bronchi. 
The primary bronchi grow and sprout second- 
ary bronchi, which sprout tertiary bronchi, 
and so on. Branching continues for a total of 
6 to 8 generations in the mouse and for about 
20 generations in humans, forming the esti- 
mated 17 million branches of the human lung 
(3). Buds appear in a characteristic order and 
branch at characteristic locations (19), indi- 
cating that as in Drosophila, the early stages 
of branching are under fixed developmental 
control. Also, successive branches progres- 
sively diminish in size, and the histological 
structure of the epithelium and surrounding 
support layers change. 

An isolated lung bud explant in culture 
develops into an extensively branched struc- 
ture of apparently normal pattern (19). All of 
the patterning information is therefore con- 
tained in the several thousand cells of the 
pulmonary epithelium and surrounding mes- 
enchyme that compose the explant. Experi- 
ments in which different portions of epitheli- 
um and mesenchyme were recombined in 
culture demonstrated that the mesenchyme is 
not only required for epithelial branching but 
also plays an important role in the patterning 
process (19,20). This suggested that the mes- 
enchyme might contain spatially restricted 
cues that direct branching of the epithelium. 

FGF 10, one of 18 mammalian FGFs, was 
recently identified as a mesenchyme-derived 
factor that plays a critical role in patterning 
the early branching events. FgflO knockout 
mice show a striking phenotype-the absence 
of lungs with just a blind-ended trachea re- 
maining (21). A dramatic inhibition of bron- 
chial branching is also seen in transgenic 
mice expressing a dominant negative form of 
an FGFlO receptor (Fgfr2-IIIb) in the pul- 
monary epithelium (22), indicating that the 
actions of FGFlO may be mediated through 
this receptor. As in the Drosophila tracheal 
system, the FGF receptor is initially ex- 
pressed throughout the epithelium (23) 
while the ligand turns on in the surrounding 
tissue (24). FgflO is expressed in a com- 
plex and dynamic pattern in the mesen- 
chyme near the positions where primary, 
secondary, and tertiary bronchi bud. The 
buds grow toward areas of FgflO expres- 
sion (Fig. 2C), and when an FGF10-soaked 
bead is implanted, ectopic branches grow 
out and target the bead (24). Thus, FGFlO 
appears to direct early bronchial branching 
much as the Branchless FGF controls the 
initial branching events in Drosophila. 
Also like Drosophila, the FGF appears to 

be used repeatedly to pattern successive growth (26), and Sprouty2 functions like 
rounds of branching. 

In addition to its chemoattractant func- 
tion, FGFlO has another function in lung 
branching that parallels the situation in Dro-  
sophila: It induces later programs of gene 
expression in the growing branches (Fig. 2C). 
Bmp4 expression is induced by FGFlO (25, 
26), and the expression patterns of genes that 
encode Sonic hedgehog (Shh) (27) and 
mouse Sprouty homologs (28, 29) suggest 
that they are induced in the same way. Thus, 
the tips of growing bronchial branches them- 
selves become active signaling centers, with 

Drosophila Sprouty to limit branch formation 
(28). 

Retrograde Signals from Epithelium to 
Mesenchyme 
Another function of the s e c o n m  signa!s, 
one not required in the Drosophila tracheal 
system, is to pattern the surrounding mesen- 
chyme. As the pulmonary epithelium branch- 
es, the mesenchyme grows and differentiates 
into support structures of the airway walls 
(cartilage, smooth muscle) and blood vessels. 
These processes must be coordinated with 

each secondary signal serving a different epithelial branching because the support 
function. Bmp4 inhibits proliferation of the structures ensheath the epithelial tubes, and 
epithelium and hence may limit branch pulmonary blood vessels follow their branch- 

Fig. 2. FCF control of branching morphogenesis. (A) Five domains of branchless FCF mRNA 
expression (blue) surrounding a tracheal sac (trachealess expression, brown) at about 6 hours of 
development. Primary branches bud at these five positions and a sixth position of branchless 
expression deep to  the focal plane. The schematic representation (right) shows the register of 
branchless and trachealess expression domains with the gridlike pattern of positional values set by 
the anterior-posterior (A-P) and dorsal-ventral (D-V) patterning hierarchies. Modified from (72,32). 
[Photomicrograph reproduced with permission from Cell Press] (8) Model of Branchless patterning 
of tracheal branching. Secreted Branchless FCF (blue) guides the migration of tracheal cells as they 
form primary branches. High levels of Branchless induce secondary branch genes such as pointed 
in the cells at the end of the primary branches (green), which reprogram these cells to  form 
secondary branches. Another induced gene, sprouty, encodes an FCF pathway inhibitor that limits 
the range of FCF signaling (green inhibitory arrows) and restricts secondary branch formation to  
cells closest to  the FCF signaling center. (C) Model of FCFlO patterning of mouse lung branching. 
FCFlO (blue) secreted by the mesenchyme guides bronchial branch outgrowth. It also induces new 
gene expression in the cells at the ends of the bronchial branches (green). Shh is proposed t o  
function as a feedback inhibitor of Fgf70 expression (green inhibitory arrows), which splits the 
Fgf70 expression domain and promotes the next round of branching. 
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ing pattein. Signals from the epithelium back 
to the mesenchyme could promote mesenchy- 
ma1 gro\vth and differentiation. Indeed. blood 
vessels and other inesencl~yinally derived el- 
ements fail to form in lungs of transgenic 
mice expressing a dominant negative FGFlO 
receptor in the epithelium. indicating that 
retrograde signals are induced by the FGF 
pathway (30). The expression pattein of Sllh 
and the impainnent of lung mesenchyme pro- 
liferation and differentiation in S h h p '  mu- 
tant mice suggest that Shh is such a retro- 
grade signal (27. 31). 

Shh signaling to the mesenchyine inay 
also play a role in branch patterning. Expres- 
sion of Fgf70 in the mesenchyme is highly 
dynamic and diminishes as each new branch 
approaches. Shh is proposed to function as a 
negative feedback signal that shuts off FgflO 
expression in mesenchyme near growing tips, 
splitting the initial FgflO expression domains 
into two smaller domains (Fig. 2C) (24). Two 
new buds then sprout, each targeting one of 
the remaining subdomains of FgflO expres- 
sion. Shh would thus arrest bronchial out- 
growth and promote sprouting of the next 
generation of bronchi. 

Feedback signals from the branching epi- 
thelium to the inducing tissue add an impor- 
tant element to branching models. One of the 
conceptual challenges in the field is under- 
standing ho\v the coarse-grained spatial infor- 
mation that patte~ns the major branches 
evolves into the fine-grained information that 
controls the later stages of branching. Signals 
from new branches that feed back and alter 
the expression domains of the inducing cues 
(or turn on new inducing cues) provide an 
appealing mechanism for recursively refining 
the patterning information. 

Patterning the Branch Patterning 
Genes 
Although the Dr.osoplzrln and mouse studies 
demonstrate that FGFs play key roles in 
branch patterning and show how feedback 
signals like Shh and Sproutp can refine the 

pattenling infornlation during development; 
the question remains of how the complex 
initial expression patterns of the FGF genes 
themselves are established. What patterns the 
patterning genes? 

The characteristic segmental positioils of 
the hi-nizclzless expression domains arrayed 
around each tracheal sac suggest that br.nizch- 
less expression is controlled by the earlier- 
acting gene regulatory hierarchies that spec- 
ify positional values along the anterior-pos- 
terior (A-P) and dorsal-ventral (D-V) body 
axes (Fig. 2A) (12. 32). There may be sepa- 
rate transcriptional enhancers for each spatial 
domain of 0i.i~i1chlrss expression. each en- 
hancer responsive to a different set of regu- 
lators differentially distributed along the A-P 
and D-V axes of each segment. Consistent 
with this idea, different domains of Drwr~ch- 
less expression are dependent on different 
genes in the A-P and D-V patteining hierar- 
chies (33). The initial shape and position of 
each tracheal sac appear to be established in a 
similar way by other combinations of A-P 
and D-V patteining genes acting on tr'crcilen- 
less (9 ) .  The initial function of b~aizclzless 
and ti.i~checrless, then, is to integrate the early, 
gridlike patteining information and transform 
it into inore complex patterns that represent 
the initial form of the organ. 

The upstream regulators that set the ex- 
pression patterns of Fgf l0  and Fgfi.2 in the 
lung are less obvious, perhaps because the 
pathways specifying global positional values 
in rnarnrnals are not well defined. However, 
the global pattellling pathway that dictates 
left-right asymmetry in the body regulates the 
lung branching pattem (34 ). Normally. the 
left and right lungs have distinct branching 
pattenls. However, in ir1vp'  mutant mice. 
the pattenls of the left and right lungs are 
reversed. and in other mutants where left- 
right asymmetry is lost, both lungs show the 
patte~n of either the left or right lung. Thus; 
the lung patterning program lies downstream 
of iizl, and other genes in the left-right pat- 
terning pathway. implying that genes in this 

Fig. 3. A general scheme for pat- Global patterning pathways 
terning branching morphogenesis 
by reiterative FGF signaling. Glob- 
al embryonic patterning pathways 
specify the initial positions of the 
organ primordium (and FGF recep- 

J \ 
Organ primordium Branch inducer 

t ion and signal transduction abili- (FGF-R & signal (FGF) 
ty) and a branching inducer (FGF) transducers 
in localized regions near the organ 
primordium. This patterns the first 
round of branching. FGF signaling 
also triggers expression of feed- 
back signals that alter the expres- New signal Feedback signals I sion or activity of the branching transduction components Successive (Sprouty, Shh) inducer (or turns on new induc- (Pointed, DSRF) 
ers), and expression of new FGF branching 

signal transduction components. The new modulators alter the pattern and structure of branches 
produced by the next round of signaling, and subsequent rounds of FGF signaling and branching are 
modified in  a similar manner by genes induced in the previous round. 

pathway; and presumably other global pat- 
terning pathways too. must ultiillately control 
the expression pattern of lung branching reg- 
ulators such as FgflO and Fgii.2. 

A Common Scheme for Patterning 
Branching Morphogenesis? 
The genetic analyses of DI .OSO~IZ~ILI  and 
mouse respiratoi-y systein development sug- 
gest a general scheine for patterning branch- 
ing morphogenesis (Fig. 3).  The central ele- 
ment is that one basic signaling pathway, an 
FGF pathway in our examples, is used repeat- 
edly to pattein successive rounds of branch- 
ing. Global einbryonic patterning pathways 
specify the initial positions of the inducing 
signal (FGF) as well as the position of the 
organ primordium and its ability to respond 
to the inducing signal. This sets the initial 
structure of the organ and patterns the first 
branching events. The inducing signal directs 
the cellular events of branch fom~ation and 
outgro\vth, and also triggers new gene ex- 
pression in budding branches. Some of the 
induced genes encode do\vnstreain signaling 
components that change the response to the 
inducing signal in the next round of branch- 
ing. Other induced genes encode signaling 
molecules themselves, which function as 
feedback signals that alter the expression or 
activity of the inducing signal. 111 this way; 
the pat te~n of branching and structure of the 
branches are modified at each stage of 
branching according to the specific genetic 
regulatory program. Although not as eco- 
non~ical genetically as the strictly iterative 
schemes envisioned by theorists. these genet- 
ic programs generate reproducible patterns 
tailored to the organ's function. 

Although an outline of the tracheal and lung 
patterning programs has emerged, many impor- 
tant q~~estions remain. For example, in the lung. 
do other factors besides FGFlO contribute to 
patteining early branching events (24); and 
does FGF 10 continue to play a cenual role after 
the first three branch generations? The Fgf'lO 
gene continues to be expressed. but other FGFs 
and a variety of other signaliilg pathways in- 
cluding epithelial growth factor (EGF) and 
Wansforming g o ~ v t h  factor-p (TGF-P) are also 
active during these stages (35). In Dr~osophila, 
other signaling path\vays. again notably EGF 
and TGF-P (Dpp) pathways, have been sholvn 
to function in tracheal branching, helping set 
the sizes of prima~y branches and boundaries 
between them (33, 36). How are these other 
signaling path\vays integrated with the FGF 
pathx~ay'? And how are the patterning signals 
transformed into the epithelial migations and 
tube-assembly events they control'? Once these 
and other genetic branching programs are thor- 
oughly understood, it may be possible to d e s i ~ n  
interventions that can reactivate the programs to 
restore vital organs like the lung that have been 
damaged by disease. 
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The central role of FGF pathways in de­
velopment of the respiratory systems of both 
Drosophila and mouse is surprising because 
although insect tracheal systems and the 
mammalian lung share a common physiolog­
ical function, they have always been believed 
to represent convergent evolutionary solu­
tions to the general problem of oxygen trans­
port. Perhaps they are after all homologous 
structures that evolved from a primitive air­
way present in our last common ancestor. A 
more plausible scenario is that an FGF path­
way served to pattern some ancestral 
branched structure and this pathway was then 
coopted during evolution to pattern other 
branched organs (37). Indeed, FGF pathways 
are implicated in the development of many 
branched organs besides respiratory systems 
(38). If this view is correct, then the scheme 
outlined here may turn out to be a quite 
common means of patterning branching mor­
phogenesis, with the basic genetic program 
embellished in different ways during evolu­
tion to generate the many exquisite biological 
patterns of branching. 
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