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The interplay between morphogens and tissue growth
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Morphogens are conserved, secreted signalling molecules that
regulate the size, shape and patterning of animal tissues and
organs. Recent experimental evidence has emphasized the funda-
mental role of tissue growth in expanding the expression domains
of morphogens and their target genes, in generating morphogen
gradients and in modulating the response of cells to morpho-
gens. Moreover, the classic view of how morphogens, particularly
through their concentration gradient, regulate tissue size during
development has been revisited recently. In this review, we dis-
cuss how morphogens and tissue growth affect each other, and we
attempt to integrate genetic and molecular evidence from vert-
ebrate and invertebrate model systems to put forward the idea
that the interaction between growth and morphogens is a general
feature of highly proliferative tissues.
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Introduction

Secreted signalling proteins of the Wnt, Hh, EGF, FGF and TGF-f
families have been shown to act as morphogens to specify cell
identities within tissues (reviewed in Benazet & Zeller, 2009;
Gallet, 2011; Kutejova et al, 2009; Meinhardt, 2009; Wartlick
et al, 2009). These morphogens are secreted into the extracellular
medium, in which they bind to their receptors, triggering changes
in gene expression. They are produced and released from a local
source and spread to the rest of the tissue, forming a concentration
gradient in which the highest morphogen levels are at the source.
These gradients set the transcriptional state of target genes in dis-
crete domains of gene expression as a function of their distance
from the source according to morphogen-concentration thresholds.
These domains are used to define cell identities and tissue pattern.
The formation of the gradient and its interpretation by the receiving
cells is precisely regulated to ensure proper patterning of the tis-
sue. This regulation can occur at several levels, including the rates
of synthesis, diffusion and degradation, as well as interaction with
extracellular factors that can enhance or inhibit signal transduction
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in the receiving cells (reviewed in Kutejova et al, 2009). Thus, it is
well accepted that morphogen gradients are precisely regulated in
time and space. However, the way in which the expression and dis-
tribution of morphogens and the response of the signal-receiving
cells are influenced by tissue growth is only starting to be under-
stood. The impact of growth on the establishment and function of
morphogen gradients adds a new layer of complexity in highly pro-
liferative tissues. Studies of limb development, in both vertebrates
and invertebrates, have been instrumental in our understanding of
morphogen function, particularly of the way in which morphogens
and tissue growth affect each other. Recent experimental evidence
from Drosophila and vertebrate tissues has shed light on the contri-
bution of tissue growth to the generation of morphogen gradients,
the modulation of cellular responses to these gradients, and the
expansion of the expression domains of morphogens and their tar-
get genes. In this review, we discuss recent findings that support the
idea that the interplay between growth and morphogens is a general
feature of highly proliferative and growing tissues.

Growth expands gene expression domains

In mature vertebrate and invertebrate limb primordia, morphogens
and their targets are expressed in large domains that consist of sev-
eral thousand cells. It is pertinent to ask whether mechanisms exist
that contribute to maintaining the expression domains of morpho-
gens and their targets during the proliferative stages of limb pri-
mordia and, most importantly, whether proliferation per se
contributes to the expansion of these expression domains. Three
illustrative examples in Drosophila demonstrate that this is the case.
Drosophila limb primordia are subdivided into compartments, adja-
cent cell populations that do not mix during the proliferative stages
(Garcia-Bellido et al, 1973). Stable subdivision into anterior and
posterior compartments is a consequence of asymmetrical signalling
by Hh from posterior to anterior cells (Dominguez et al, 1996; Tabata
et al, 1995; Zecca et al, 1995). Only posterior cells express Hh and
only anterior cells respond to it. Dissection of the cis-regulatory ele-
ments of the hh gene has revealed a new mechanism that contrib-
utes to the regulation of its expression in the developing wing (Fig 1;
Pérez et al, 2011). This mechanism is based on the communication
between an enhancer region and a Polycomb responsive element
(PRE), both located upstream from hh. The enhancer region initiates
gene expression in a posterior stripe that corresponds to the dorsal—
ventral compartment boundary in the early wing primordium. The
PRE functions as a memory module (Bejarano & Milan, 2009;
Maurange & Paro, 2002) and contributes to maintaining and expand-
ing the active transcriptional state of hh throughout the posterior
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Fig1 | Growth contributes to expanding the expression domains of morphogens and their target genes. (A) Distinct molecular mechanisms contribute to the

expansion and robust expression of morphogens and their target genes in highly proliferative Drosophila tissues. Transcription factors (TFs) that are active in

restricted domains bind to cis-regulatory elements (enhancers) and activate or repress gene expression (note that the vestigial enhancer is located in an intron).

The Polycomb responsive element (PRE) and maintenance element (ME) act as memory modules and contribute, together with tissue growth, to the expansion of

the expression domain of these genes. (B) The ‘trigger-maintenance’ mechanism contributes to the expression of hedgehog (in red) and vestigial (in green) in the

Drosophila wing, as well as Distalless (grey) in the Drosophila leg. hh and vestigial are initially expressed in a restricted pattern (dark red and dark green, respectively).

As the tissue grows, new cells (light red and light green, respectively) inherit the expression of these genes by an epigenetic mechanism that depends on the activity of

PcG and TrxG. In the case of Distalless, a leg trigger element integrates Wg and Dpp inputs (dark grey). As cells proliferate, Distalless binds to a maintenance element

in an autoregulatory loop that sustains morphogen-independent expression in newly generated cells (light grey). Su(H), TCF and Mad are the nuclear effectors

of the Notch, Wg and Dpp signalling pathways, respectively. d, dorsal; Dpp, Decapentaplegic; hh, hedgehog; PcG, Polycomb group proteins; Su(H), Suppressor of

Hairless; TrxG, Trithorax group proteins; v, ventral; Wg, Wingless.

Glossary

Dpp Decapentaplegic

EGF epidermal growth factor

FGF fibroblast growth factor

Hh Hedgehog

Shh Sonic hedgehog

TGF-B transforming growth factor-p
Wg Wingless

compartment of the primordium. The identification of this mecha-
nism was based on the observation that a large fraction of the cells
that give rise to the mature wing are born at the dorsal-ventral
boundary and displaced out of this domain by growth of the primor-
dium. Once these cells leave the dorsal-ventral boundary they
maintain hh expression, and this maintenance depends on the activ-
ity of Polycomb and Trithorax proteins (Pérez et al, 2011), which
bind to the PREs and maintain the active or repressive transcriptional
state of the adjacent gene. Thus, a ‘trigger-maintenance’ mechanism
contributes to expansion of the expression domain of hh throughout
the posterior compartment by tissue growth (Pérez et al, 2011).

This trigger-maintenance mechanism contributes not only to mor-
phogen expression, but also to the spread of morphogen-regulated
gene expression. At the time the wing primordium consists of about
1,000 cells, Wg (the founding member of the Wnt family) is already
expressed in a stripe corresponding to the dorsal-ventral compartment
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boundary. It spreads to form a gradient and sets the transcriptional
state of target genes such as vestigial in graded domains (Fig 1;
Neumann & Cohen, 1997; Zecca et al, 1996). Unexpectedly, once
the expression of vestigial is initiated, its expression can be main-
tained even in the absence of Wg protein or in cells lacking the Wg
receptor (Piddini & Vincent, 2009). These surprising results support
the idea that vestigial expression is regulated not only by Wg, but also
by other redundant mechanisms. Indeed, enhancer-PRE communi-
cation also seems to contribute to vestigial expression. The well-
known Boundary-Enhancer of vestigial (Williams et al, 1993) initiates
gene expression at the dorsal-ventral boundary, whereas a PRE
located in the vestigial locus contributes to expansion—by means of
tissue growth—of the expression domain of this gene at both sides of
this boundary (Fig 1; Pérez et al, 2011). The first in vivo functional
validation of a PRE was recently provided for a vertebrate gene (Sing
et al, 2009). Thus, the role of enhancer-PRE communication in
expanding the expression domains of morphogens and their target
genes in the developing fly wing might open up new avenues for the
identification of similar mechanisms in vertebrate tissues.

A similar trigger-maintenance mechanism has been shown to
contribute to expansion of the expression domains of target genes
in the fly leg primordium. Expression of Distalless in the leg pri-
mordium is based on separable cis-regulatory elements that initiate
and maintain transcriptional activity (Fig 1; Estella et a/, 2008). A
leg-trigger element directly integrates Wg and Dpp inputs and is
active only in cells receiving high levels of both signals, whereas
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Fig 2 | Growth modulates the response to morphogens. (A) The developmental decision between wing and body wall is defined by the antagonistic activities of Wg
and Vein, expressed at opposite sides of the wing primordium. Early in development, high levels of Vein block Wg-induced wing-fate specification. An increase in
the size of the tissue pulls the sources of Wg and Vein apart, facilitating the response of the cell to the wing-inducing activity of Wg. Wg- and Vein-expressing cells
are shown in dark purple or dark green, respectively, and the range of diffusion is depicted in light purple or light green. (B) Two signalling centres are found in
the vertebrate limb primordium: FGFs are synthesized in the AER (in red), and Shh is produced in the ZPA. Through a positive feedback, Shh and FGFs maintain
each others’ expression, and the loop is crucial for producing a normal limb structure. Growth of the vertebrate limb-bud along the anterior—posterior axis and
specification of the digits is regulated by Shh. Tissue growth helps to generate the Shh gradient and expands the Shh non-expressing domain. Cells far from

the source, and thus receiving low levels of Shh, generate anterior digits. Cells exposed to higher levels of Shh and for a longer period generate posterior digits.
Specification of cell-fate identities along the proximal—distal axis, in turn, is controlled by the antagonistic activities of retinoic acid and FGFs, which are expressed
at opposite sides of the limb bud. Growth along the proximal—distal axis modulates the response of cells to FGFs and retinoic acid, and helps in generation of the
proximal (stylopod), medial (zeugopod) and distal (autopod) segments of the adult limb. AER, apical ectodermal ridge; FGF, fibroblast growth factor; RA, retinoic

acid; Shh, Sonic hedgehog; Wg, Wingless; ZPA, zone of polarizing activity.

a maintenance element sustains morphogen-independent expres-
sion. In the case of distalless, the maintenance element functions
as an autoregulatory element by directly recruiting the Distalless
protein itself. Thus, distinct molecular mechanisms contribute to
the expansion and robust expression of morphogens and their tar-
get genes in highly proliferative Drosophila tissues. However, it
is also worth noting that morphogen-expression domains do not
always expand during tissue growth. For example, Dpp and Wg in
Drosophila limbs and Shh in vertebrate limbs show an expression
pattern that is restricted to certain domains, indicating the exist-
ence of negative-feedback loops (Chen & Struhl, 1996; Rulifson
et al, 1996) or signalling events between adjacent cell populations
(Niswander et al, 1994) that counteract the effects of tissue growth
on gene expression.

Growth modulates the response to morphogens

Morphogens are produced and secreted from localized sources
within vertebrate and invertebrate limb primordia and they spread to
the rest of the tissue, establishing a concentration gradient. As these
primordia are highly proliferative, it is also relevant to assess whether
the increase in distance from the source caused by tissue growth
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modulates the response to morphogens and, most importantly,
whether this modulation has an important role in driving develop-
mental decisions. Several examples in Drosophila and vertebrate
limbs demonstrate that this is the case. The wing primordium of
Drosophila contains the progenitors of the adult thoracic body wall
(notum) and the adult wing (Bryant, 1975). The developmental deci-
sion between wing and body wall is made early in development,
when the wing primordium consists of a few hundred cells. This
decision is defined by the opposing activities of two secreted signal-
ling molecules, Wg and the EGF-receptor ligand Vein—a homologue
of vertebrate EGF—that are expressed at the most ventral and dorsal
sides of the wing primordium, respectively (Fig 2A; Ng et al, 1996;
Wang et al, 2000; Zecca & Struhl, 2002). The relative concentrations
of Wg and Vein experienced by disc cells direct their fate to become
part of the wing or body wall. Wg induces wing-fate specification
and restricts the expression of Vein to the most dorsal side of the
early wing primordium, whereas Vein antagonizes Wg activity.
Notably, the expression of these two molecules is established long
before the cells are competent to respond to them in the presump-
tive wing primordium (Wu & Cohen, 2002). This observation
raises questions about the nature of the mechanism that underlies

EMBO reports VOL 12 | NO 10 | 2011

1005



reviews

temporal regulation of the competency of the cells in the primor-
dium, to decide between wing and notum fate specification. Studies
in the Drosophila eye-head primordium have shed some light on
this issue (Kenyon et al, 2003). In this developmental context, speci-
fication of eye and head cellular fates also depends on the opposing
activities of two morphogens expressed in the opposite sides of
the primordium. In this case, Dpp specifies the eye field and Wg
specifies head structures. Tissue growth was proposed to pull the
sources of these two counteracting morphogens apart, thus facilitat-
ing the response of the cells to the eye-inducing activity of Dpp.
Experimental evidence from the wing primordium indicates that an
analogous increase in the size of the tissue is also the mechanistic
trigger in specification of the wing field (Rafel & Milan, 2008). In the
early wing primordium, Vein reaches every cell in the primordium,
blocks responsiveness to Wg and represses wing-fate specification
(Fig 2A). An increase in the size of the tissue also increases the dis-
tance between the sources of Wg and Vein. Consequently, ventral
cells do not receive sufficient levels of Vein to block Wg-mediated
wing-fate specification. If tissue growth is experimentally inhibited,
the ability of ventral cells to respond to Wg remains blocked by Vein
and, as a result, the wing is not defined and a duplication of notum
structures can be observed. Therefore, tissue growth controls eye-
and wing-fate specification in an elegant manner by modulating the
exposure of the cells to the activities of signalling molecules.
Interestingly, loss and recovery of wings has occurred during the
course of insect evolution (Whiting et al, 2003), suggesting that the
developmental potential to generate a particular structure is main-
tained and that adaptive changes in animal size might drive some of
these extraordinary, reversible transitions simply by modulating the
cellular response to morphogens.

Growth also modulates the response of the tissue to morphogens
in vertebrate limbs. Two classic signalling centres are found in the
vertebrate limb primordium (Fig 2B; reviewed in Zeller et al, 2009).
The distal outgrowth of the primordium requires the activity of sev-
eral FGFs that are synthesized in the apical ectodermal ridge (AER),
and patterning and growth of the anterior—posterior axis of the limb
relies on the activity of Shh, which is produced by a second signalling
centre, the zone of polarizing activity (ZPA) in the posterior mesen-
chyme (reviewed in Towers & Tickle, 2009). Through a positive-
feedback loop, Shh and FGFs maintain each others expression
(Niswander et al, 1994), and this loop is crucial for producing a nor-
mal limb structure (Fig 2B). An increase in the distance between the
AER and the ZPA cells breaks down the Shh-FGF loop so that its
expression decreases and the limb stops growing (Scherz et al,
2004; Verheyden & Sun, 2008). Thus, growth promoted by the activ-
ity of Shh and FGF modulates the response of the tissue to these
morphogens and contributes to the termination of limb-bud growth.

Growth of the vertebrate limb primordium along the anterior—
posterior axis and specification of the digits is mediated by the
activity of Shh diffusing from the ZPA (Fig 2B). Growth along the
anterior—posterior axis is fundamental to specifying digits, as tissue-
growth inhibition leads to the development of limbs with only pos-
terior digits (Towers et al, 2008). This defect is attributed to the fact
that every cell in the now reduced limb primordium is exposed to
high levels of Shh for a longer period of time (Harfe et al, 2004;
Towers et al, 2008). Growth promoted by Shh induces an expan-
sion of the Shh non-expressing domain. Cells far from the source
and receiving low levels of Shh generate anterior digits, whereas
cells that are exposed to higher levels of Shh for a longer period of
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time generate posterior digits. In summary, tissue growth helps to
generate the Shh gradient, which is fundamental to specifying digit
identities along the anterior—posterior axis.

Although several models have been proposed to explain the
proximal—-distal patterning of vertebrate limbs, recent experimental
evidence in the chicken limb primordium indicates that specifica-
tion of proximal, medial and distal segments of adult limbs relies on
the opposing activities of FGFs—expressed in the AER and acting
as distalizers—and retinoic acid, produced in the body trunk and
acting as a proximalizer (Fig 2B; Cooper et al, 2011; Rosello-Diez
etal, 2011). In this context, growth of the limb primordium is pro-
posed to modulate the response of cells to FGFs and retinoic acid
and to help in generating the proximal, medial and distal segments
of the adult limb. The initial limb primordium is maintained in a
pluripotent state by the combination of distal—FGFs—and proxi-
mal—retinoic acid—signals that it simultaneously receives. As the
primordium grows, the proximal limb is established as the region
closer to the source of retinoic acid, and the developmental pro-
grammes determining the medial and distal segments are initiated
in domains that grow beyond the influence of retinoic acid, but are
still under the influence of FGFs.

Graded morphogen activity is not required for tissue growth
The role of morphogen gradients in specifying cell identities in a
concentration-dependent manner is well established. By contrast,
the contribution of morphogen gradients to the regulation of tissue
growth remains the subject of dispute. In the fly wing primordium,
Dpp and Wg morphogens are expressed in thin stripes correspond-
ing to the compartment boundaries, from where they diffuse to
the rest of the tissue to form a gradient (Fig 3A; Lecuit et al, 1996;
Nellen et al, 1996; Neumann & Cohen, 1997; Zecca et al, 1996).
Several models have been proposed to explain the role of these two
morphogens as growth promoters, including the ‘steepness model’,
by which the juxtaposition of cells sensing disparate levels of the
morphogen promotes proliferative growth (Lawrence & Struhl,
1996; Rogulja & Irvine, 2005). However, recent experimental evi-
dence indicates that the Dpp gradient scales with the size of the
wing primordium and that the slope of the gradient does not change
(Wartlick et al, 2011), thereby challenging the steepness model.
Indeed, uniform expression of Dpp and Wg is sufficient to restore
the tissue undergrowth caused by their depletion (Baena-Lopez
et al, 2009; Schwank et al, 2008), further indicating that graded
activity of Dpp and Wg is not required for tissue growth.

If the graded activity of morphogens is not required for tissue
growth, then how do these signalling molecules regulate this growth?
Is their role in promoting growth instructive or permissive? In the
Drosophila wing primordium, Dpp and Wg morphogens have been
shown to have a permissive rather than an instructive role in promot-
ing growth. The graded distribution of Dpp leads—through inter-
action with its receptor complex Punt-Thickvein—to graded
activation of Mad/Medea, which in turn represses the transcription
of brinker (reviewed in Affolter & Basler, 2007). This creates a gradi-
ent of Brinker expression that is reciprocal to the Dpp activity
gradient (Fig 3B). Brinker is a transcriptional repressor that acts
negatively to establish, in a dose-dependent manner, the precise
expression domain of Dpp target genes such as spalt (Fig 4, Campbell
& Tomlinson, 1999; Jazwinska et al, 1999; Minami et al, 1999).
Therefore, Dpp regulates the expression of target genes by repress-
ing brinker. Interestingly, the reduced size of the wing primordium
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observed in flies that are mutant for hypomorphic alleles of dpp is
restored when combined with brinker mutants (Schwank et al,
2008). This evidence indicates that, as is the case for the expression
of target genes involved in wing pattern formation, Dpp controls
wing growth entirely through repression of brinker, although the
target genes that are responsible remain unknown (Fig 3B).

Wg seems to control tissue growth in a similar manner to Dpp.
Wsg is expressed along the dorsal-ventral compartment boundary
(Fig 3A) and spreads at both sides of this boundary to form a gradient
(Neumann & Cohen, 1997; Zecca et al, 1996). The bantam micro-
RNA and the dMyc proto-oncogene have a growth-promoting func-
tion in Drosophila tissues and have been shown to mediate the role
of Wg in the growth of the wing primordium (Brennecke et al, 2003;
Herranz et al, 2008). Wg controls the expression of these two genes
through repression of the Notch signalling pathway (Fig 3B; Herranz
etal, 2008). Whereas Notch acts as a repressor of bantam and dMyc,
Wg has a permissive role in alleviating Notch-mediated repres-
sion of these two genes. Analogously to the relationship between
Dpp and Brinker, reduced Notch activity completely rescues the
strong reduction in bantam activity and dMyc mRNA levels caused
by depletion of Wg activity (Herranz et al, 2008). Taken together,
these results indicate that graded activity of Wg and Dpp is not
required to induce tissue growth, and that these two morphogens
have a permissive rather than an instructive role in this process.

In vertebrate limbs, the role of the Shh gradient in specifying
digit identities and the contribution of gradients of retinoic acid and
FGFs in specifying proximal, medial and distal segments is widely
accepted. Shh induces the growth of the developing limb by regu-
lating the expression of several growth and cell-cycle genes includ-
ing N-Myc, cyclin D1 and cyclin D2 (Towers et al, 2008), and FGFs
secreted from the AER exert a mitogenic effect on distal cells (Reiter
& Solursh, 1982). However, the requirement for a morphogen
gradient in this process has not been studied.

An instructive role for morphogens in anisotropic growth?
Growth of Drosophila and vertebrate limb primordia is anisotropic.
Oriented cell divisions contribute to the generation of an elongated
shape in the adult Drosophila wing (Baena-Lopez et al, 2005).
Pointing in the same direction, recent computational and experi-
mental quantifications performed in the vertebrate limb primor-
dium suggest that distal elongation of this structure does not simply
rely on the increased proliferation rates observed in regions close
to the AER (Boehm et al, 2010). Actually, an important contribution
comes from directional cell behaviours such as oriented cell divi-
sions. As graded activity of morphogens is not required to induce tis-
sue growth, at least in Drosophila, it would be interesting to address
whether morphogen gradients have an instructive role in orienting
cell divisions and driving anisotropic growth. Interestingly, ubiqui-
tous expression of Dpp or Wg morphogens in the wing primordium
gives rise to round adult wings (Garcia-Bellido, 2009).

Morphogen-induced subdomains regulate final tissue size
Graded activity of Shh morphogen specifies digit identities along
the anterior—posterior axis of the vertebrate limb, and graded
activity of Wg and Dpp morphogens induces the subdivision of
the Drosophila leg and wing primordia into repetitive patterning
structures such as the segments of the leg or intervein territories
of the wing. These structures seem to be involved in regulating
final tissue size. In Drosophila, clonal depletion of the Dpp target

©2011 EUROPEAN MOLECULAR BIOLOGY ORGANIZATION

reviews

. O Wg
: V %B

(0 [ [ [ | o | o

dpp Hh

A AN A A
[ | | | o [ OOOo0O00O

Brinker —— Dpp ——  Brinker Notch —— Wg — Notch
dMyc/bantam
Growth Growth Growth
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and Wg have a permissive role in promoting tissue growth in the Drosophila
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Dpp inhibits expression of the transcriptional repressor Brinker, which
represses growth by an unknown mechanism, whereas Wg represses Notch
activity, which is known to inhibit the expression of the proto-oncogene dMyc
and the growth-promoting microRNA bantam. A, anterior; D, dorsal; Dpp,
Decapentaplegic; P, posterior; V, ventral; Wg, Wingless.

gene spalt compromises the specification of the longitudinal vein
L2 and leads to smaller adult wings, mostly due to the absence of
an intervein region (Fig 4B; de Celis et al, 1996). Fly legs lacking
Dachshund or Distalless activity—transcription factors involved
in the specification of certain leg segments, the expression of
which is regulated by the combined activities of Wg and Dpp—are
smaller than wild-type legs. This finding is mostly attributed to fail-
ure in the specification of certain leg segments (Cohen & Jiirgens,
1989; Mardon et al, 1994). In both cases, synthesis at the source,
diffusion and activity levels of the morphogens are not affected.
Remarkably, there is no growth compensation from other territo-
ries. This observation supports the idea that wing interveins and leg
segments behave as units of growth control.

In the 1950s, Bretscher & Tschumi reported a series of experiments

demonstrating that localized treatment of amphibian limb primordia
with mitotic inhibitors resulted in limbs with fewer digits (Bretscher &
Tschumi, 1951). Later, in the 1980s, Alberch and colleagues reported
similar observations and concluded that digit number is dependent on
the size of the limb primordium (Alberch & Gale, 1983). More
recently, Zhu and colleagues showed that digit identity is specified by
Shh early in development. Shh acts during subsequent stages of limb
development, mainly to ensure that a sufficient number of cells is gen-
erated to form a normal five-digit limb (Zhu et al, 2008). Removal of
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Shh during development gives rise to adult limbs with a reduced
number of digits (Fig 4B). Similarly to Drosophila legs and wings, there
is no growth compensation from other territories in experimentally
treated amphibian and mouse limbs.

Taken together, these observations indicate that graded activity of
morphogens in Drosophila limbs subdivides the tissue into several
repetitive structures that behave as units of growth control. In vert-
ebrate limbs, morphogen-promoted growth is required to generate a
sufficient number of progenitor cells to produce the normal comple-
ment of digits. Failure in the specification of interveins, leg segments
or digits, reduces the final size of the adult limb. Thus, the size of the
adult limb seems to be regulated in a discrete rather than graded
manner by the activity of morphogens. Consistent with this proposal,
ectopic expression of Shh, Dpp or Wg induces a qualitative effect on
tissue growth, which results in the appearance of ectopic digits in
vertebrate limbs, ectopic veins in Drosophila wings and ectopic
segments in Drosophila legs. Therefore, morphogen-mediated re-
specification of tissue in new subdomains induces a concomitant
discrete effect on final tissue size.

Conclusions

The function of morphogens remains a central topic in develop-
mental biology. We have discussed the way in which morphogens
and tissue growth affect each other. Tissue growth has a fundamental
role in the function of morphogens, by generating their concentration
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Sidebar A | In need of answers
(1)  Does tissue growth contribute to the expansion of the expression
domains of morphogens and their target genes?

Does tissue growth modulate the response to morphogens and,
most importantly, does this modulation have an important role in
driving developmental decisions?

Do morphogens and their gradients have an instructive role in
driving tissue growth?

(i)

(1if)

(iv) Do morphogens and their gradients have an instructive role in
driving anisotropic growth?
(v)  Istheeffect of morphogens on tissue growth quantitative or qualitative?

gradients, modulating the cellular response to them and expanding
their expression domains and those of their target genes. The contri-
bution of morphogens to the regulation of tissue growth has recently
been revisited. The graded activity of morphogens—a central part of
early models of growth control by morphogens—is not an absolute
requirement for tissue growth, and they seem to have a permissive
function in growth by alleviating expression or activity of growth
repressors. Remarkably, the combined loss of morphogens and
morphogen-regulated growth repressors has minor consequences
for tissue growth, suggesting that the tissue is able to grow even
in the absence of morphogens. There is a vast amount of experi-
mental evidence that demonstrates that morphogen gradients have a
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fundamental and direct role in subdividing vertebrate and inverte-
brate limbs into repetitive units—such as digits, interveins and leg
segments—by specifying their differential identity in a concentration-
dependent manner. Here, we propose that the role of morphogens
as ‘growth-promoting’ molecules is probably dependent on
their role in cell-fate specification, through the subdivision of the
tissue into these repetitive units. Tissue growth within these units is
regulated locally and finely controls the final size of the adult
organ. That morphogens contribute to not only growth, but also
organ shape by driving anisotropic growth, is still an attractive
speculation (Sidebar A).
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