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The brinker gradient controls wing growth in  Drosophila
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Summary

The Decapentaplegic (Dpp) morphogen gradient controls concentration dependent: different amounts of Brk

growth and patterning in the Drosophila appendages.

There is recent evidence indicating that the Dpp gradient
is converted into an inverse gradient of activity of the gene
brinker (brk), which encodes a transcriptional repressor
and is negatively regulated by the Dpp pathway. We have
studied how alterations in the Brk gradient affect the

growth of the wing disc. We find that there is a negative
correlation between brk activity and growth of the disc:

high levels ofbrk prevent or reduce growth, whereas loss of
brk activity results in excessive growth. This effect is

produce distinct rates of growth. Furthermore, our results
demonstrate that althoughbrk is able to induce apoptosis
where there is a sharp difference in Brk levels, its role as a
growth repressor is not achieved by inducing apoptosis but
by reducing cell proliferation. Brk appears to downregulate
the activity of genes that control cell proliferation, such as
bantam
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Introduction of pupation, with about 50,000 cells. The proliferation rate

Different species of animals show large variations in size, evefPP€2rs to be uniform in the different regions of the disc, and
within the same systematic group. For example, the size & @bout 9 hours per division cycle (Garcia-Bellido and
Dipteran flies may range between a 1.5 mm Ibngsophila ~ Merriam, 1971a; Johnston and Sanders, 2003).
and a 25 mm lonyolucella Given the general conservation The wing disc contains endogenous factqrs that promote, as
of major biological processes, the overall mechanisnf'ell @s others arrest, growth (Bryant and Simpson, 1984). For
controlling size is likely to be conserved, at least for closelg*@mple, a young disc will continue growing when cultured in
related species, e.QrosophilaandVolucella Yet the final size  Vivo but will not grow beyond the size corresponding to the
may be very different, indicating that the same mechanism mdyature disc, even if it is maintained in in vivo culture for
produce very different outcomes. ;eyeral additional days (Bryant, 19_75; K!rby et gl., 1982). Thls
In normal circumstances, the different parts of an organisi$ in contrast to the behaviour of dissociated disc cells or disc
grow in a coherent manner: each organ reaches a size relafi@gments under similar culture conditions, which can grow
to the overall size. When, after experimental (e.g. malnutritionjndefinitely and often transdetermine (Gehring, 1976). This
or genetic [mutations defective in the Insulin pathway;ndicates the existence of some internal mechanism,
reviewed by Stocker and Hafen (Stocker and Hafen, 2000presumably related with the dimensions and the physical
manipulations, the overall body size Dfosophilais altered, Integrity of the disc, that stops growth at the appropriate
all organs are correspondingly modified, indicating thedevelopmental stage.
existence of a general mechanism that controls growth. The Dpp signalling pathway is a key factor involved in
Superimposed with this overall mechanism there have to fstablishing pattern and growth in the wing disc (Podos and
other local processes controlling growth in individual organg-erguson, 1999; Strigini and Cohen, 1999). Tpe gene is
and tissues. For example, the imaginal discDmfsophila  expressed in a narrow stripe close to the AP compartment
grow by active cell division during most of the larval periodboundary, but the Dpp protein diffuses in anterior and posterior
and stop growing at the beginning of pupation (Garcia-Bellidglirections forming a concentration gradient (Entchev et al., 2000;
and Merriam, 1971a). By contrast, the abdominal histoblastsecuitetal., 1996; Nellen et al., 1996; Teleman and Cohen, 2000,
do not divide during the larval period and start rapidZecca et al., 1995). Through a well-characterised transduction
proliferation at the beginning of pupation (Garcia-Bellido andpathway (reviewed by Raftery and Sutherland, 1999; Tabata,
Merriam, 1971b; Madhavan and Madhavan, 1984). These tw2001), the Dpp signal activates different target genes according to
organs use different modes of growth. its local concentration. The local values of Dpp therefore reflect a
The imaginal discs oDrosophila provide a convenient measure of the distance relative to the AP border, thus providing
model with which to study growth and size control. The winga positional cue. Various Dpp targets already identified, such as
disc begins cell proliferation at the first larval instar when itspalt(sal), optomotor blindlomb, vestigial(vg), are positively
contains ~30-50 cells (Lawrence and Morata, 1977; Morateegulated by Dpp and appear to be involved in the patterning of
and Garcia-Bellido, 1976) and reaches the final size at the onsgtecific regions of the wing (de Celis et al., 1996; Grimm and
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Pflugfelder, 1996; Kim et al., 1996; Lecuit et al., 1996; Podos anilaterials and methods
Ferguson, 1999; Sturtevant et al., 1997). One particular targetgg, strains

the transcriptional repressbrinker (br_k), Wh'Ch is negatively The followingDrosophilalines were used to generate loss-of-function
regulated by Dpp, but, where active, is able to block th@|ones:y w brite8 136 FRT18A/FM6(Jazwinska et al., 1999) arm-
expression of Dpp target genes (Campbell and Tomlinson, 1998;c7 FRT18A/FM6; hsFlp/CyQ w ubi-GFP FRT18A; hsFlp/TM6B
Jazwinska et al., 1999; Minami et al., 1999k behaves as a (Bloomington Stock centery,w hsGFP hsFlp FRT1@loreno et al.,
general antagonist of the Dpp pathway. Recent evidence indicat&®2). Clones were induced by larval heat shock carried out at 37°C
that the Dpp gradient is converted into an inverse gradidmkof for 30 minutes at 48-72 hours after egg laying.

(Muller et al., 2003). As the Dpp targets can be activated in For gain-of-function experiments, the GAL4 lines used weué-
absence of Dpp activity (Marty et al., 2000), it can be argued th&tal4, C765-Gal4, en-Gal4, ap-Gal4, omb-Géalleja et al., 1996)

e ; (M. Calleja and G.M., unpublished) arfdh-Gal4 (a gift from T.
itis the local levels dirk that determine the pattern and growth of abata) The UAS lines werdJAS-GFP(Bloomington Stock Center),

the disc._ln this report, we refer to.the Dpp/Brk glradient as %AS-dp}? UAS-dp§. UAS-dp (Capdevila and Guerrero, 1994)
single biological function, assuming that the intracellular g 4D (Nellen ot al. 1996)UAS-tkPN (Haerry et al. ’1998) '

concentrations of Dpp are converted in the nuclei of the cells in{gas_gaqTsuneizumi et al., 1997YAS-brk(Jazwinska et al., 1999),
the corresponding levels of the transcriptional repressor Brk.  Uas-p35 (Bloomington Stock center) antJAS-puc2A (Martin-

One of the functions of Dpp is to stimulate growth: cellsBlanco et al., 1998). Other strains weaEs® (Martin-Blanco et al.,
deficient for the activity of the Dpp receptbick veins (tkvilo  1998),bantamsensor (Brennecke et al., 2003) and the B40 transgene
not proliferate, even when they are located away from the Dpuller et al., 2003) that reproducdatk expression faithfully. To
source (Burke and Basler, 1996), indicating that it stimulateducebrk™ clones in territories where Dpp pathway is inactivated,
growth at a distance. Conversely, cells with unrestricted activitiprvae ofy w brR?68 55 FRT18A/y w hs-GFP hsFlp FRT18A; nub-
of the Tkv receptor proliferate in excess (Martin-Castellano§al4/UAS-dadwere heat shocked at 37°C for 15 minutes at 48-72
and Edgar, 2002). Other additional evidence for the growtH:°Urs after egg-laying.
pro_moting role of Dpp comes from experjments in which DppHistochemistry
activity is forced outside its normal domain (Burke and Baslefgixation and inmunohistochemistry of imaginal discs were carried
1996; Capdevila and Guerrero, 1994; Haerry et al., 1998; Zecgat as described (Aldaz et al., 2003). The following antibodies and
etal., 1995). The usual outcome is the appearance of outgrowiflikitions were used: rabbit anti-cleaved caspase 3, 1:50 (Cell
associated with local duplications. Signalling Technology); mouse antig, 1:50 (Hybridoma Center);

As Dpp functions may be mediated bk, it follows that  rabbit antig-Gal, 1:2000 (Cappel); and rabbit anti-Phospho-Histone
the latter has a role in growth control. Indeed, there is evidend#3, 1:400 (Cell Signalling Technology). Secondary Antibodies used
that alterations ibrk activity affect growthibrk mutant discs Were purchased from Jackson Inmunoresearch.
ar bigger than wi e Campbelland Tominon, 1999) an, e TdTmedated SUTE ek sne cbein CUNEL) sy s
%r?]ﬁﬁs?)fr?rfgggl-lzgé\?v?#gfalgfgl| Ollj;%gyv'\tﬂr;z;riﬁg%ll)elglggg)((eWang et al., 1999). BrdU staining was carried out as described (Udan

oo ’ " ! " t al., 2003).
In addition, recent work (Moreno et al., 2002) has shown that |mages were taken in confocal microscopes MicroRadiance
in certain circumstancdsk is able to trigger programmed cell (BjoRad) or LSM510 META (Zeiss), and subsequently processed
death (apoptosis) to eliminate slow dividing cells, a propertyising Zeiss LSM Image Browser or MetaMorph and Adobe
that may play a role in regulating growth. Photoshop.

Recent reports (Brennecke et al., 2003; Harvey et al., 2003; _ _

Hipfner et al., 2002; Jia et al., 2003; Kango-Singh et al., 2002;"eparation of adult cuticles S

Pantalacci et al., 2003; Tapon et al., 2002; Udan et al., 200@?‘6 adult flles_were dissected in water and cqt into pieces. They were

Wu et al., 2003) have identified several genes involved in th{@e” treated k‘]""fjh 1%:/0 K?H at 95;(:. forts-S ”ln'n“ées to d;ggs_t 'Etema'l
; : : issues, washed with water, rinsed in ethanol and mounted in Euparal.

control of cell proliferation, notabljpantam hippo (hpo), The preparations were studied and photographed using a IDZeiss

salvador (say) and warts (wtg). bantam encodes a 21 hotomicroscope

nucleotide microRNA that promotes cell division and preventg '

apoptosis (Hipfner et al., 2002; Brennecke et al., 2003). Gen@&antam sequence analysis

encoding miRNAs are supposed to be post-transcription@y using the Target Explorer tool (Sosinsky et al., 2003), we

regulators, interfering with the function of their target genes bgenerated a weight matrix with a set of sequences that have been

a mechanism similar to RNA-mediated interference (Ruvkunshown to interact physically and functionally with Brk protein (Barrio

2001) Thus,bantamwould be expected to suppress targetand de Celis, 2004; Rushlow et al., 2001; Saller et al., 2002;

genes that repress cell proliferation and promote apoptosigivasankaran et al., 2000). We searched for these hinding sites in a 20
\}m fragment of DNA containing theantamsequence and found two

Indeed, Brennecke et al. (Brennecke et al., 2003) have sho X :
) . . possible sites (GCAGCGCCAC and TCAGCGCQACO00 bp and
thatbantamsuppresses the pro-apoptotic géic: 500 bp upstrearbantam

In this report, we study the role of the Dpp pathway laikd
in the growth of the wing disc. We show that the growth-
promoting activity of the Dpp pathway is achieved by

. . . . “YResults

repression obrk, which functions as a growth repressor in a . ) o
concentration-dependent manner. We also show that althouly#ing size correlates with the activity of the Dpp
brk is able to induce apoptosis, its role in preventing growth ifgradient
the wing disc is not mediated by massive apoptosis, but byrevious work has demonstrated that the activity of the Dpp
arresting cell proliferation. We present evidence thek  pathway is necessary for normal growdipp mutants lacking
downregulate®antam the adult function possess very small discs, and cells unable to
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transduce the Dpp signal fail to proliferate (Burke and Basle(Fig. 1A,B) results in discs in which the wing pouch is bigger
1996). Moreover, overexpression of the Dpp pathway producekan the wild type (Fig. 1C), whereas the inhibition of Dpp
excessive growth in some wing regions (Capdevila andctivity in nub-Gal4>UAS-dadproduces a very small wing
Guerrero, 1994; Martin-Castellanos and Edgar, 2002). pouch (Fig. 1D). The comparison of Fig. 1A,B is of interest
We have tested in detail how the growth of the wing disc ibecause the only difference between the two discs is the
affected by modifications of the Dpp pathway. We have usedmount of Dpp signal; their difference in size illustrates clearly
the Gal4/UAS method (Brand and Perrimon, 1993) to alter ththe dependence of growth on the levels of Dpp activity. The
active levels of the pathway and have examined their effects @iffect observed in the discs can also be visualised in adult
the size of the disc or of the adult wing. Some constructs allowings. In the series of genotypes shown in Fig. 1F-l, the
modification of the amount or the distribution of the Dpp signagradual decrease in the size of the adult wing correlates with
(UAS-dpp, whereas others permit the interference with Dpghe levels of activity of the Dpp pathway.
transductiontAS-tk®P, UAS-tkPN andUAS-dad TkvRP is a A significant finding is that in the cases in which the wing
modified form of the Tkv receptor that causes a constitutivpouch becomes bigger than the wild type (Fig. 1A,B), the
activity of the pathway (Nellen et al., 1996), whereasPTk¢  additional growth appears to be due to excessive cell
a dominant-negative form that causes a reduction of activitgroliferation in the lateral region of the disc: while the
(Haerry et al., 1998yaughters against dpfalad)is a negative incorporation of BrdU in the wild-type disc is homogenous
modulator of the pathway; it encodes a Smad protein thghot shown), in all the discs examined:(1) of genotyp&ub-
interferes with the phosphorylation of the Mad protein, a Dpgsal4>UAS-dppBrdU incorporation is much more intense in
transducer, and with its interaction with the co-factor Medeghe lateral region, although we still observe incorporation in
(Inoue et al., 1998; Tsuneizumi et al., 1997). Raidadlevels  the central region (Fig. 1E). The zone of increased proliferation
produces a debilitation or inactivation of the Dpp pathwaycoincides approximately with the brk domain and suggests that
(Inoue et al., 1998; Muller et al., 2003; Tsuneizumi et al., 1997he size increase corresponds mostly or entirely to expansion
We have used Gal4 lines that permit the discrimination obf thebrk domain.
the major regions of the wing. Tmeib-Gal4and C765 lines The previous result suggests that the Dpp pathway affects
drive expression uniformly in the wing region, so we canwing size by regulatindgprk activity, and is coherent with the
examine the response of all wing cells to alterations of liganthct that it repressdsk expression (Campbell and Tomlinson,
concentration or of other components of the pathway. On&999; Jazwinska et al., 1999; Minami et al., 1999). Then it
advantage of the use of these lines is that, as alterations aveuld be expected that there should be a negative correlation
mostly restricted to the wing blade, nearly all the combinationbetween wing size anlork levels. This is indeed the case, as
are viable or produce pharate adults, so that the effects canibestrated in Fig. 2. This observation suggests that
examined in differentiated wings and in imaginal discs functions as a growth repressor and that the excessive growth
The general result is that the size of the wing correlates withbserved in genotypes with high levels of Dpp activity (Fig.
the activity of the Dpp pathway. Some of the results are showbA,B,F; Fig. 2A,B) is due to suppressionlmk in the wing
in Fig. 1. The increase of Dpp signalnob-Gal4>UAS-dpp pouch.

| nub-G4>UAS-tkv"  UAS-dad
wildtype

B
—t

nub-G4>UAS;dpp

Fig. 1.Wing size correlates with Dpp activity. (A-D) Wing discs containing different levels of Dpp activity in the wing pouch. difiabare
doubly stained fowgand GFP. All discs are presented at the same magnification, as indicated by thewzpexpoéssion (red) in the
thoracic region, which is not modified in the genotypes used. The wing pouch is labelled green W& &fePconstruct, which is not
shown in the figure for simplification, with tineib-Gal4driver. (A) The amount of Dpp signal is twice that in B, and results in a larger disc.
(C) nub-Gal4>UAS-GFRlisc contains a normal amount of Dpp. (D) The elevated leveladdntagonise Dpp activity and produce a very
small wing pouch. (E) Wing disc of the same genotype as in B, showing BrdU incorporation concentrated in the lateratiegarit (#ng
size is dependent on the activity levels of the Dpp pathway: the greater the activity, the larger the wing.



4924 Development 131 (20) Research article

Wi B
Vs . e
E;_____-_ 7 \1‘ 'm?.*f;_. \
S ._\ \ ]

-
i

Fig. 3. Extra growth produced Hyrk mutant clones. (A,Bbrk-

clones (Ayellow, B, forked®) in the anterior (A) and posterior (B)
compartments. The clones do not produce pattern duplications but do
produce additional tissue. (C) A disc doubly labelled kcz-

(green) and BrdU (red) withlark= clone (arrow) showing greater

BrdU incorporation than surrounding cells. (D,E) Disc of genotype
nub-Gal4>UAS-dadtained fowg (red) containing twdork— clones
(arrows) marked by the loss of GFP (green). The two clones appear
in the wing pouch (which is delineated by the intemgting in E)

and overgrow, even though they have originated in the wing pouch
where there is virtually no Dpp activity.

WT dpp

-

w0

e
nub-G4>UAS-tkyPN

nub-G4>UAS-dad caused by the formation of ectopic sources of the Dpp signal

(Zecca et al., 1995). The best descriptiobrfmutant clones
Fig. 2.Wing size correlates negatively witik expression. All the is simply that they grow more than surroundirg” cells and
discs are doubly stained for GFP anld (antif3gal). The right therefore tend to make more pattern elements. The clones
panels shovbrk expression in red. For simplification, the labels producing outgrowths are restricted to the lateral region of the

present only a partial notation of the genotype (see Materials and disc, the normabrk expression domain, whereas those in
methods). (A,B) Anub-Gal4>UAS-tk?° UAS-GFPdisc with a large  the central region are of normal size. In accordance with
VGVI'QS pfOUCh th;'ﬂ_has “t(tjle or ftg:(kaCt;\_“F%/- ((Cé?:))nﬁ?'c‘aéblt%s'f this, brk- clones in the lateral region incorporate more BrdU
Of normal size and normark activity. (&=, € reducton o than does the surrounding zone: in a sample of nine discs
Dpplf’at.hway acﬂv'ty '""‘.Jb'Ga'PhU?S'”l@N UAS-GFPresultsina o ntaining 19rk- clones, 15 are more denserl)y labelled than
small wing pouch associated with higk levels. (G,H) Further surrounding cells (Fig. 3C). These observations indicate that

diminution of Dpp pathway activity inub-Gal4>UAS-dad UAS- : . ;
GFP produces a smaller wing pouch associated with an expansion Jpe repressor role dirk is restricted to the lateral region of

brk expression that covers the whole of the wing pouch. g‘.e disc; tf)le central region is regulated independently (see
iscussion).
We have also examined whether the losbrifactivity can

induce additional growth in the absence (or low levels) of Dpp
Brk as a growth repressor pathway activity. Thus, we inducdatk- clones in discs of
We have examined directly the role bfk on growth by genotypenub-Gal4>UAS-dadn which the high levels aflad
altering its normal function, either eliminating or inducing highimpede normal transduction of the Dpp signal (Tsuneizumi et
levels ofbrk activity. There is evidence that mutamk discs  al., 1997). As shown in Fig. 1D,| there is very little growth in
grow in excess (Campbell and Tomlinson, 1999) and thahe wing pouch of such discs (Fig. 2H). The significant result
clones ofbrk mutant cells produce outgrowths (Campbell and(illustrated in Fig. 3D) is thairk™ clones are able to overgrow
Tomlinson, 1999; Jazwinska et al., 1999; Minami et al., 1999)n the wing pouch. We examined 13 discs of this genotype, that
We have generated a large numbesréf clones and compared contained 2@rk- clones, all of which showed overgrowth in
their size with control clones. A typical feature of these clonesomparison with control clones. In seven cases in which we
is that they produce outgrowths (Fig. 3A,B), which can becould unambiguously identify brk- clone and its twin, the
observed both in discs and in differentiated wings. Theverage size of the former was 5.36 times bigger. This result
develop independently from surrounding wild-type cells; manygemphasises the role &k as a growth repressor and also
form vesicles that sort out from the rest of the disc, while othersidicates that Dpp activitger sedoes not promote growth (see
develop outgrowths that recreate the wing pattern. Unlike thBiscussion).
clones of cells expressimpp ectopically (Zecca et al., 1995), The role ofbrk on growth can also be demonstrated in
brk- clones do not produce mirror-image duplications, asnisexpression experiments. We have fortekl activity in
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various regions of the disc using the Gal4 lines describe
above. In the combination€765-Gal4>UAS-brkor nub-
Gal4>UAS-brk there isbrk expression in the whole of the
wing blade. In all these combinations, it can be observed th
the size of the wing is greatly reduced (Fig. 4). The degree «
the diminution correlates with the amount of Brk, as illustratec
in Fig. 4 for the combinatio€765-Gal4>UAS-brk At 17°C,
the activity of the Gal4 protein is lower than at 25°C or 29°C
(Brand and Perrimon, 1993), and this is reflected in the amou
of Brk protein synthesised. We observe a clear difference ¢
size both in differentiated wings (Fig. 4A,B) and in discs
(Fig. 4C-E) grown at different temperatures. This result is
significant, for it indicates that the Brk protein represses growt
in a concentration-dependent manner.

The repressing role dirk is also demonstrated by the fact
that it can suppress the growthrafb-Gal4>UAS-tk@P (Fig.
5) wings; flies of genotyp@ub-Gal4>UAS-tk?® UAS-brk  Fig. 5.Brk suppresses the excessive growth caused by the
develop vestigial wings that are indistinguishable from thoségonstitutive activity of the Dpp receptor Tkv in wings. @&k
of nub-Gal4>UAS-brk Again, the implication is that the activity in the wing blocks growth, whereas constitutive activity of
excessive growth induced by the constitutive function of Dpp"€ PPP pathway in the wing cells (B) causes excessive growth.
is mediated by inactivation dirk. In fact, nobrk activity is C) The presence of Brk in the wing suppresses the effect 6FTkv

detected in the wing pouch ofib-Gal4>UAS-tk@P discs (Fig.

2A).

) _ and Ready, 1991). However, a certain amount of apoptosis may
Mode of action of brk: apoptosis or growth have passed unnoticed, especially because it has only been
retardation? looked at in mature discs. Moreover, recent experiments

The preceding results demonstrate that Brk protein can blodlhdachi-Yamada et al., 1999; Adachi-Yamada and O’Connor,
growth, but are not informative about its mode of action. Brkk002; Moreno et al., 2002) have shown that upregulatibrkof
may act through two different mechanisms. The first is that ior disruptions in Dpp signalling induce JNK-mediated
triggers apoptosis, which may result in reduced growth. Impoptosis. The other possible mechanism is that Brk represses
principle, this possibility does not appear likely because thergrowth by reducing cell proliferation. We have tested these two
is little apoptosis in normal development of wing discs, evempossibilities.

in lateral regions whererk is active (Milan et al., 1997; Wolff We first checked the occurrence of apoptosis in cases in
which elevated levels dirk cause a large reduction in wing
size. In normal wing discs, the levels of apoptosis markers such
as TUNEL and the cleaved (active) form of caspase 3 is
variable, but low and scattered. In the wing pouch of mature
nub-Gal4>UAS-brkwing discs, we find a slight increase of
caspase 3 (Fig. 6A,B) and TUNEL (Fig. 6C,D), but most of
brk-expressing cells fail to show these markers.

The previous experiments suggested that apoptosis is not a
major factor in the growth repression caused by Brk. However,
as these experiments were carried out in mature discs, there
was the possibility that Brk may have induced apoptosis in
earlier phases of development. If this were the case, it would
be expected that apoptosis inhibitors should rescue partially or
totally the effect of Brk. We used the baculovirus protein P35
(Hay et al., 1994) to prevent the death of cells that contain high
levels of Brk. As shown in Fig. 6E,F the presence of the P35
protein innub-Gal4>UAS-brk UAS-p38iscs suppresses the
basal apoptosis in the wing pouch. The comparisonubf
Gal4>UAS-brkand omb-Gal4>UAS-brkflies with their sibs
nub-Gal4>UAS-brk UAS-p3and omb-Gal4>UAS-brk UAS-
p35, respectively, reveals that P35 does not rescue the effect of
Brk (not shown). To strengthen this observation, we performed

e . .. additional experiments generating flies of similar genotypes
Gal4>UAS-brkgrown at 17°C (A) and 25°C (B). The greater activity .
of Gal4 at 25°C (B) produces more Brk protein, which results in Ies,smJt Coma'”"_‘g two doses &fAS-p35 The extra dose of P35
growth than at 17°C (A). (C-E) Sets of mat@®65-Gal4>UAS-brk  did not modify the phenotype. _ S
UAS-GFPwing, haltere and leg discs dissected from larvae grown at 1he results of the previous experiments were intriguing,
17°C (C), 25°C (D) and 29°C (E). The size of the discs inversely ~ because there is evidence that alterationisrknlevels cause
correlates with temperature. JNK-mediated apoptosis (Adachi-Yamada and O’Connor,

F C765-Gald>UAS-brk 17°C

Fig. 4.Brk represses growth in a concentration-dependent manner.
(A,B) Adult wings and thoraces of the same genotyp65-
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Fig. 7. Discontinuous levels of Brk give rise to JNK-mediated
apoptosis. The activity of the JNK pathway is monitored by the

Fig. 6.Brk induces low levels of apoptosis in the wing disc. (A) A expression of thpuc-lacZinsert. (A,B) Controhh-Gal4>UAS-GFP
wing disc of genotypaub-Gal4>UAS-brk UAS-GFBoubly stained disc showing normal JNK activity, which is restricted to the proximal
for GFP (green) and caspase 3 activity (red). The green fluorescencthoracic regionpucZexpression is shown in red. (C,D) Dischbf

marks wherdrk is expressed. (B) Low level of caspase 3 activity Gal4>UAS-brk UAS-GFPThere ispucexpression (red) at the

(red) inbrk-expressing cells. (C,D) A disc of the same genotype but border of thébrk-expressing cells (green), along the AP compartment
stained for GFP and TUNEL. Only a minoritylwk-expressing cells  boundary (arrows). There appears tpbeexpression at both sides

undergo apoptosis (red in D). (E,F) Wing disc of genotygz of the border, suggesting a non-autonomous effect. (E,F) Clone of
Gald>UAS-brk UAS-p35 UAS-GFRained for GFP and TUNEL brk- cells labelled by the loss of GFP (green) shovngactivity at
(red). The green fluorescence marks the cell contabringndp35 the border (arrows). (G,H) Caspase 3 activity (red, arrows) in the

activity. This disc (F) shows unusually high apoptotic levels, but was border of ebrk- clone (shown by loss of green staining). There are
chosen to illustrate the effectivenesp8dbin suppressing cell death  also some scattered caspase-positive cells in the vicinity oftmttrer
(absence of red staining in area corresponding to green staining in E¢lones.

2002; Moreno et al., 2002). The former authors have proposédcomplete ring of JNK activation in the border, which affects
that this form of apoptosis occurs when there is a disruption icells outside the clones as well as inside (Fig. 7E,F). In some
the normal Dpp signalling gradient (and hence of the Bricases (16 out of a sample of 40) there is also caspase 3 activity
gradient). This apoptosis aims to eliminate cells with disparatie cells in the borders (Fig. 7G,H). The variation®dflevels
Dpp activity levels in order to restore the normal smoothin this experiment are, unlike the high levels often obtained
gradient. The implication is thatk induces JNK activity only  using the Gal4/UAS method, within the physiological range of
where there is a discontinuity of expression. We tested this Byrk activity. Thus, the induction of JNK-mediated apoptosis
inducingbrk activity with thehh-Gal4 en-Gal4andap-Gal4  does not depend on absollek levels, but on the formation
drivers, and have monitored JNK activity with thaec-lacZ  of a sharp interface.
insertion (Martin-Blanco et al., 1998). These experiments We tested the possibility that the JNK-mediated apoptosis
generate a sharp discontinuitylwk at the AP fh-Gal4>UAS-  described above may contribute to the reduction in wing size.
brk, en-Gal4>UAS-brk or the DV @p-Gal4>UAS-brfk  Overexpression opuc has been shown to downregulate the
borders. Some of the results are illustrated in Fig. hhin  activity of the JNK pathway (Martin-Blanco et al., 1998), and
Gal4>UAS-brk puc-lacZhere is a line opucactivity close to  also to reduce apoptosis of cells containing Higk levels
the AP border. Similarly, imp-Gal4>UAS-brk puc-laczhere  (Moreno et al., 2002). We therefore constructed flies of
is puc activity close to the DV boundary, as previously genotypesiub-Gal4>UAS-brk UAS-puandomb-Gal4>UAS-
described by Adachi-Yamada and O’Connor (Adachi-Yamadark UAS-puc and compared them withub-Gal4>UAS-brk
and O’Connor, 2002). The activation pfic in these cases andomb-Gal4>UAS-brkWe failed to observe any difference
appears to be non-autonomous, as it affects cells that do rintwing size.
posses$rk activity (Fig. 7C,D). S o

In another set of experiments, we examipad expression Brk inhibits cell division and downregulates bantam
in discs containingbrk- clones. These clones generate aAll the preceding results suggest that the growth inhibition
discontinuity in their borders as they confront cells containingnduced bybrk is not mediated by massive apoptosis, but more
high and null levels obrk activity. The clones in thérk likely by reducing the rate of cell proliferation. We have
domain (=27) are associated with a complete (20 cases) athecked the division rate of cells containing high levelsrkf
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using two different markers of cell division: the incorporationgenetic combinations with alteretrk activity. In nub-
of BrdU and the staining with an antibody that recognises th&al4>UAS-tk{®P discs, the levels of the sensor are reduced in
phosphorylated form of Histone 3 (Su et al., 1998). In wildthe lateral region of the disc (Fig. 9A-D), indicating a raise of
type discs, the levels of BrdU and PH3 staining are unifornbantam expression, in correspondence with the increased
over the disc. Innub-Gal4>UAS-brkdiscs (=10), both  proliferation levels observed in this zone. Simildolk-clones
proliferation markers are less expressed in the wing pouch show a diminution of sensor level (Fig. 9E,F), also indicating
comparison with other regions of the disc (Fig. 8). Similara raise inbantam expression. These experiments clearly
results are obtained withh-Gal>UAS-brkdiscs (=27) in indicate thatbantamis downregulated byrk, although the
which brk is expressed at high levels in the posteriorregulation may not be direct. However, using a collection of
compartment (Fig. 8). These results strongly suggest that tipeiblished DNA sequences containing Brk-binding sites we
principal function of brk is to reduce the rate of cell constructed a matrix (see Materials and methods) to identify
proliferation. potential sites in the vicinity of thbantamgene. We have
We tried to identify genes involved in cell proliferation asfound two sites in a 20 kb fragment that includesitam,
possible targets of Brk. A candidate is the gemetam which  suggesting the possibility of direct regulation by Brk.
encodes a small RNA and has been shown to promote
proliferation and to prevent apoptosis (Brennecke et al., 2003),. .
To monitor bantam expression, we have used thantam ISCussion
sensor developed by Brennecke et al. (Brennecke et al., 2008ur experiments deal with the roles of the Dpp signalling
The expression of the sensor can be taken as the negativepathway andork in the control of growth of th®rosophila
the levels of proliferation in the wing disc. We have examinedving disc. As the Dpp gradient is transformed into a
bantamexpression in clones &frk mutant cells, as well as in

nub-Gal4>UAS-brk UAS-GFP

wildtype

hh-Gal4>UAS-brk UAS-GFP

Fig. 9.Brk downregulatebantam (A,B) Wing disc with normabrk
activity stained for PH3 and thmntamsensor: the brighter green
colour corresponds to lobantamexpression (see main text). The
arrow indicates a characteristic zone of lmantamlevels located in

Fig. 8.Brk reduces the rates of cell proliferation. The upper panels thebrk domain. The distribution of the PH3 dots in the disc is

show two discs of genotyprib-Gal4>UAS-brk UAS-GFBoubly uniform, indicating the uniform cell proliferation levels in the disc.
stained for GFP and PH3 (left) and GFP and BrdU (right). In both  (C,D) Disc ofnub-Gal4>UAS-tk@P genotype showing more PH3
cases, there is a marked reduction of both PH3 or BrdU (red) in the staining in the lateral region, which is associated with partial loss of
cells expressingrk. In the lower panels, two discs of genotyje bantam (E,F) Abrk-clone showing greatérantamactivity
Gal4>UAS-brk UAS-GFRhow a similar result. (arrows), as indicated by the reduction in the level of green staining.
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complementary Brk gradient (Muller et al., 2003), the issue ofoncentrations of inducing or repressing factors. This result has
how the Brk gradient regulates wing growth can be addresseihplications in the understanding of these mechanisms;
We will first discuss some aspects of its mode of action andassically, it has been argued that proliferation in the imaginal
then we will deal with its overall function in growth control. discs is a response to confrontation of cells with different
positional values (French et al., 1976; Haynie and Bryant,

Two different functions of  brk 1976). Our results in the wing disc do not support this view, as
We find that alterations obrk expression may have two they suggest that growth is a lineal response to Dpp/Brk
different consequences. activity.

o Our results also indicate that the role of Dpp on growth is
Activation of the JNK pathway mediated byork. The simplest view is that as the Dpp gradient

This occurs when an alteration bfk expression generates is converted into an inverse Brk gradient, the concentration-
a sharp border ofbrk activity. We have observed this dependent stimulus of Dpp on growth should be converted into
phenomenon both in experiments inducing ectbgiactivity a concentration-dependent repression by Brk. Our
and in others in whicliork function is eliminated in clones demonstration (Fig. 4) that the effect of Brk on wing size
of cells (see Fig. 7). The local induction of JNK results independs on the amount of protein supports this view.
apoptosis that can be visualised by the activation of caspase 3There are several arguments that implidatkeas a principal
(Fig. 7G,H). factor controlling growth. First, loss difrk activity leads to
This local apoptosis induced by Brk is probably theincreased proliferation (Fig. 3A-C). This is consistent with
mechanism of cell elimination during cell competition (Morataprevious observations (Campbell and Tomlinson, 1999)
and Ripoll, 1975; Moreno et al., 2002) and suggestshitkat showing thatbrk wing discs are bigger than wild-type discs.
is involved in the elimination of slow dividing cells or of cells Furthermore, this excessive proliferation can occur in absence
that are not able to read or interpret efficiently the Dpmf Dpp activity. Fig. 3D shows two overgrowirigk mutant
pathway. This function may be aimed to keep the generalones originated from the wing pouchrafb-Gal4>UAS-dad
fitness of the cell population (Moreno et al., 2002). Howeverdiscs in which Dpp function is obliterated or much reduced.
it does not appear to be involved in growth control, becaus8econd, increased or ectopi& levels block or reduce growth,
apoptosis inhibition (by means piic or p35 overexpression) even thoughbrk does not altedpp expression (Fig. 4A-E).

does not eliminate the effect on size caused by Brk. And, third, the stimulation caused by the Dpp pathway on
) ) ) growth requires repression lofk. This is demonstrated by our
Alterations of cell proliferation rate finding that the presence of Brk protein suppresses the

Previous work has already shown that lossbdf activity — excessive growth caused by Dpp hyperactivity (Fig. 5).

results in increased growth: in mutamk discs there is an Together, these observations indicate that growth does not
enlargement of the lateral region (Campbell and Tomlinsorrequire direct input from Dpp, but simply its repressiobrsf
1999), and cells mutant fork produce outgrowths (Campbell However, the repression dirk by Dpp is an important
and Tomlinson, 1999; Jazwinska et al., 1999; Minami et aldevelopmental phenomenon because in the absence of such
1999) (this work). We show that the cause for the additionatontrolbrk would become constitutively active, thus repressing
growth associated with the loss or reductiorbidf activity is  all or the majority of Dpp targets. Recent work (Muller et al.,
due to an increase in the cell proliferation rdiek- clones  2003) has identified two control elements in lthieregulatory
incorporate BrdU more actively than surrounding cells (Figregion: a Dpp-regulated silencer that contains binding sites for
3C). Conversely, the repression of growth caused by elevat¢de Mad/Medea complex; and a constitutive enhancer. This
levels of Brk is associated with reduced mitotic activity andenhancer is probably responsible of the generalisdd
BrdU incorporation (Fig. 8). expression in the absence of Dpp activity.

Given the nature of the Brk protein, it would be expected What is the role obrk in normal development? Our results
that its role in growth be mediated by transcriptional repressiodemonstrate that Brk has the properties of a growth repressor
of genes involved in cell division and proliferation. Our resultsand can perform this function all over the wing. However, in
indicate that it acts as a repressobafitam(Fig. 9), although  wild-type wing discsbrkis expressed only in the lateral region
this control may not be direct. Given that Bantam protein isnd therefore its repressing role is limited to this region. This
itself a post-transcriptional regulator of cell division geness agreement with the observation thak- clones overgrow
(Brennecke et al., 2003), this observation suggests that Bdaly on the sides of the disc (Campbell and Tomlinson, 1999;
occupies a high position in the genetic hierarchy controllinglazwinska et al., 1999; Minami et al., 1999) (this work).
cell proliferation. Its activity links Dpp signalling and cell  The restriction of the role drk to the lateral region is

proliferation. intriguing, because if it were the only repressor it would be
] expected that the central region, where there isrkactivity,
Control of growth by the Brk gradient would grow more than the lateral one. The overall growth of

Our results, and those of others (Burke and Basler, 199&)e different wing regions is uniform; not only does clone size
Martin-Castellanos and Edgar, 2002), have established that tfeél to change in the different wing regions (Garcia-Bellido and
Dpp pathway is involved in the control of growth of the wingMerriam, 1971a) but BrdU incorporation and PH3 staining are
(and of other appendages; data not shown). The activity of tleso uniform (Milan et al., 1996; Johnston and Sanders, 2003).
Dpp pathway has a positive effect on growth, and, furthermord&his suggests that there another factor located in the centre of
we find that the growth response of the disc correlates with ithe disc should exist that represses growth in the absence of
levels of activity. This graded response is of interest, as lirk. This hypothetical gene would fulfil in the centre of the
suggests that growth control mechanisms recognise differemting the role thabrk performs in the lateral region.
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In principle, a candidate could laughters against dpp blind in Drosophila wing development by dacapentaplegic and wingless.
(dad), a Dpp target that is expressed at high levels in the centreScience271, 1601-1604.
of the disc. We have observed thiati overexpression reduces Haem: T. E., Khalsa, O., O'Connor, M. B. and Wharton, K. A. (1998).

. . . ., Synergistic signaling by two BMP ligands through the SAX and TKV
growth. However, this appears to be achieved by allowing high receptors controls wing growth and patterning in Drosopbiéelopment

brk levels (Fig. 2G,H) subsequent to slackening of Dpp activity 125 3977-3987.
(Tsuneizumi et al., 1997), indicating that the effectadl is Harvey, K. F., Pfleger, C. M. and Hariharan, |. K. (2003). The Drosophila
mediated bybrk. Thus,dad appears to be a Dpp modulator Mst ortholog, hippo, restricts growth and cell proliferation and promotes

. . . . apoptosisCell 114, 457-467.
with no direct role in growth. Our finding thatk™ clones Hay, B. A., Wolff, T. and Rubin, G. M. (1994). Expression of baculovirus

containing high levels aflad activity can overgrow (Fig. 3D) P35 prevents cell death in Drosophievelopment 20, 2121-2129.
also supports this view. Haynie, J. L. and Bryant, P. J.(1976). Intercalary regeneration in imaginal
wing disk of Drosophila melanogast8lature 259, 659-662.
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