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by the absence of talin and DE-cadherin, detected with antibodies (data 
not shown). We found that the double-mutant follicle cells did not cause 
oocyte mislocalization nor did they preferentially contact the oocyte 
(Fig. 4F; n = 17). This contrasts with the 75% oocyte mislocalization 
that was induced by follicle cells that lacked talin alone. Thus, removing 
DE-cadherin prevents the mislocalization of the oocyte that is induced 
by the loss of talin (Fig. 4F). We conclude that talin affects oocyte posi-
tion primarily by causing overexpression of DE-cadherin.

In a wild-type germarium, the follicle cells that contact the oocyte 
express higher amounts of DE-cadherin; however, it is not known 
whether this regulation occurs at the protein and/or the mRNA level. 
We found that these follicle cells express higher amounts of DE-cadherin 
(shg) mRNA (Fig. 5A). This indicates that at least part of the regula-
tion occurs at the mRNA level. Next, to test for post-transcriptional 
regulation, we examined the expression and localization of a green 
fluorescent protein (GFP)-tagged DE-cadherin, driven by ubiquitous 
promoters (tubulin or ubiquitin), which are presumably not sensitive 
to the endogenous transcriptional regulation of DE-cadherin. For both 
transgenes, we found that DE-cadherin–GFP was distributed as a gradi-
ent with the highest levels at the posterior of the egg chamber (Fig. 5B). 
Thus, a second layer of gene regulation was revealed and DE-cadherin 
is also regulated at the protein level.

We then asked at which step in the synthesis of DE-cadherin the talin 
regulation occurs. We analysed the level of DE-cadherin mRNA in fol-
licle cells that lacked talin, identifying mutant clones by the lack of GFP 
(Fig. 5C, a) and DE-cadherin transcript levels by in situ hybridization 
(Fig. 5C, b). We found that mutant cells expressed a much higher level 
of DE-cadherin mRNA than the surrounding wild-type cells. Elevated 

levels of DE-cadherin mRNA were seen early during oocyte position-
ing and were maintained until later stages. We thus conclude that talin 
regulates DE-cadherin expression by modulating the level of DE-cad-
herin transcript. However, these results do not indicate whether talin 
affects DE-cadherin transcription in the nucleus or the stabilization 
of its mRNA in the cytoplasm. To distinguish between these possibili-
ties, we used an enhancer-trap line inserted in the DE-cadherin gene, 
which reproduces the endogenous mRNA distribution (shotgunP34-1; 
data not shown and ref. 19). The lacZ reporter gene is thus under the 
control of the endogenous shotgun promoter and the lacZ mRNA does 
not share any sequence with the shotgun mRNA. We found that cells 
that are mutant for talin show a clear upregulation of lacZ expression 
(Fig. 5D, E). This result demonstrates that talin regulates DE-cadherin 
at the transcriptional level.

Finally, we tested whether talin could also regulate the levels of the 
DE-cadherin protein independently of mRNA levels. To test this we 
examined the expression and localization of a GFP-tagged DE-cadherin, 
driven by a ubiquitous promoter that presumably lacks the ability to be 
transcriptionally regulated by talin. In follicle cell clones that were mutant 
for rhea79 — identified by their lack of talin (Fig. 5F, a) — the expression 
and distribution of the fusion protein was not affected (Fig. 5F, b) even 
though the oocyte was misplaced. Therefore, talin cannot regulate DE-
cadherin protein levels when it is expressed from another promoter.

Our analyses contribute three main findings: first, talin has at least 
one essential function that does not involve integrins; second, talin is 
part of a novel pathway that regulates cadherin transcription; and third, 
overexpression of DE-cadherin, either directly or by eliminating talin 
function, is sufficient to induce delocalization of the oocyte.
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Figure 3 Integrins are not required for oocyte localization. (A) Germline 
clones for integrins, marked by the absence of GFP. The oocyte (asterisk), 
identified by the accumulation of the protein orb (red), is localized at the 
posterior of the egg chamber. (B) Large and small follicle cell clones (outlined 
by dotted line) that are mutant for the two β subunits do not induce a defect 
in oocyte localization. (C) The distribution of talin (red) is not affected in 
follicle cells that are mutant for the two β subunits. (D) Clones in a stage 6 

egg chamber labelled with rhodamine-phalloidin. Talin-mutant cells show no 
defect in F-actin organization. (E) Clone in a stage 12 egg chamber stained 
with rhodamine-phalloidin. The optical section is focused on the basal 
surface, where bundles of actin are perpendicular to the anterior–posterior 
axis. Follicle cell clones that are mutant for talin (identified by the lack of 
GFP) affect basal actin filament organization (E, b, c). Scale bars, 10 µm 
(A–C) and 20 µm (E).
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Perhaps the key question to arise from this work is how talin is used 
in a pathway that regulates transcription. There are other examples of 
cytoskeletal linker proteins, involved in adhesion, which also have a role 
in transcription (reviewed in ref. 20). A particularly well characterized 
example is β-catenin, which not only contributes to the links between DE-
cadherin and the actin cytoskeleton, but can also associate with LEF/TCF 
transcription factors and directly translocate to the nucleus to regulate the 
transcription of several genes that are implicated in cancer21. Talin does 
not contain any domains that are shared with DNA-binding proteins or 
transcriptional regulators. Furthermore, with the antibody we have used, 
which recognizes the carboxyl terminus, we have not seen any evidence 
of nuclear talin. Talin in mammalian cells has been found to be cleaved 

by calpain into an N-terminal head domain (Mr 50K) and a  C-terminal 
tail domain (Mr 200K)22, so we have not excluded the possibility that the 
head domain enters the nucleus. However, at present it seems more likely 
that talin acts in the cytoplasm to regulate the activity of a transcriptional 
factor rather than by controlling gene expression on its own. The Traffic 
Jam protein is a large Maf factor and would be an attractive candidate 
for talin regulation, because it is specifically required in the somatic cells 
to inhibit the expression of DE-cadherin during oogenesis23. However, 
follicle cells that are mutant for traffic jam (tj) overexpress not only DE-
cadherin but also two other adhesion molecules, Fas3 and Neurotactin. 
Thus, talin would have to regulate only part of Tj activity, because we 
found that Fas3 is not upregulated in cells that lack talin.
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Figure 4 Follicle cells that lack talin overexpress DE-cadherin. (A) Early in 
oogenesis, follicle cells that lack talin express high levels of DE-cadherin (red; 
dotted line) compared with wild-type adjacent follicle cells. (B) Follicle cells 
that lack talin overexpress DE-cadherin (red; dotted line) in a stage 6 egg 
chamber. (C) The DE-cadherin level (red) is not affected in follicle cells that 
are mutant for the two integrin β subunits. (D) The distribution of talin (red) 
is not affected in follicle cell clones (FCCs) that lack DE-cadherin, compared 
with wild-type (wt) follicle cells (D, c). (E) Using the flip-out technique, cells 

that overexpress DE-cadherin are positively identified by the expression of 
GFP (E, b). The oocyte (yellow arrow) is mislocalized on the lateral side, 
instead of the posterior. Moreover, the oocyte (yellow arrow) identified by orb 
(E, c) adheres to cells that overexpress DE-cadherin (white arrow) (E, c). (F) 
Follicle cells that are double mutant for a null allele of shotgun and rhea. The 
double-mutant cells are identified by the complete lack of GFP (dotted line). 
Despite the presence of a lateral clone, the oocyte remains at the posterior 
(orb; red). Scale bars, 10 µm (A, C, D) and 20 µm (B, E, F).
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The existence of a gradient of adhesiveness has been proposed to be 
sufficient to localize the oocyte1. Here, we validated this model and fur-
ther showed that the establishment of the DE-cadherin gradient involves 
regulation at both transcriptional and post-transcriptional levels. We 
propose that the transcriptional level might depend on talin, whereas 
the post-transcriptional level does not. The post-transcriptional level 
of regulation seems sufficient to position the oocyte, because a ubiqui-
tously expressed DE-cadherin–GFP protein reproduces the endogenous 
gradient and is able to rescue a null allele of DE-cadherin (shotgunR69)24,25. 
This post-transcriptional regulation remains to be characterized. It is 

thus not possible to simply remove it to test whether the transcriptional 
regulation is also sufficient to localize the oocyte. However, two lines 
of evidence emphasize the importance of the transcriptional regula-
tion: first, it is likely that a transcriptional gradient would contribute to 
the formation of a gradient of the corresponding protein; and second, 
cells that are mutant for talin overexpress DE-cadherin mRNA, which 
translates into a sufficiently high level of protein to override the post-
transcriptional regulation, because the oocyte becomes mislocalized in 
contact with the mutant cells. Both levels of regulation are thus required 
for the correct positioning of the oocyte. 
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Figure 5 Talin regulates DE-cadherin transcription. (A) DE-cadherin mRNA 
expression in a wild-type germarium. Posterior follicle cells that contact the 
oocyte express higher levels of DE-cadherin mRNA (arrows). Regions 2b and 
3 of the germarium are indicated. (B) Expression of a cadherin–GFP fusion 
protein driven by the ubiquitin (ubi) promoter in a wild-type germarium. 
DE-cadherin–GFP is distributed as a gradient with the highest levels at the 
posterior of the egg chamber (arrows). (C) Follicle cell clones that express 
talin are identified by a lack of GFP with an antibody (C, a). The level of DE-
cadherin transcript, detected by an RNA probe using a histochemical method 

(C, b), is overexpressed exactly in the cells that lack talin in an early egg 
chamber. (D) Follicle cells that are mutant for talin in an early egg chamber 
show a clear upregulation of lacZ expression, identified by an antibody 
against β-galactosidase (β-gal; red). (E) Follicle cells that are mutant for talin 
in a late egg chamber show a clear upregulation of lacZ expression, identified 
by an antibody against β-gal (red). (F) Follicle cells that lack talin, identified 
by an antibody against talin (red), and wild-type cells both express the same 
level of cadherin–GFP fusion protein when expressed under the tubulin 
promoter. Scale bars, 10 µm (B–E) and 20 µm (F).
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METHODS
Fly stocks. The following mutants were used: rhea79 (ref. 11), rhea2 (ref. 26), 
rhea17 (ref. 11), shgJH (Z221, Tubingen), shgP34-1 (ref. 19), shgR69 (ref. 1), mysXG43 
(ref. 27), βν1 and βν2 (ref. 16). Rescue experiments were performed by heat-
shocking flies with the following genotype: hs-Flp; ubi-talin; FRT2A-rhea79/
FRT2AGFPnls. To analyse the distribution of a ubiquitously expressed cad-
herin–GFP fusion protein, we used two transgenes: tubulin-cadherin–GFP (a 
gift from A. Pacquelet and P. Rorth) and ubiquitin-cadherin–GFP24. To analyse 
the distribution of cadherin–GFP fusion protein in rhea79 mutant clones, the 
following flies were heat-shocked: y,w,hs-Flp; tub-cadh–GFP, FRT2A-rhea79/
tub-cadh–GFP, FRT2A.

Generation of mutant clones. Mutant clones were generated by the FLP/FRT 
technique28, using either the FRTG13GFPnls chromosome or the FRT2AGFPnls 
chromosome29. Clones were induced by heat-shocking third instar larvae for 
2 h on three consecutive days. Adult flies were dissected 2 or 3 days after 
eclosion. We generated double clones for shotgun and rhea by heat-shocking 
flies of the following genotype: y,w,hs-Flp; FRTG13-shgR69/FRTG13GFPnls; 
FRT2A-rhea79/FRT2AGFPnls.

Overexpression. Somatic overexpression of shg was performed by generating 
Flip-out/Gal4 clones in females y,w,hs-flp/+; act>CD2>Gal4 (ref. 30), UAS–
GFP/+; UAS-DE-cadherin5,9,31. Adult flies were heat-shocked for 2 h at 37 °C, 
and dissected after a further 24 h.

Immunostaining and in situ hybridization. Antibody stainings were performed 
according to standard procedures32. Antibodies were used at the following con-
centrations: mouse anti-orb (orb4H8 and orb6H4 DHSB), 1:250; rat anti-DE-cad-
herin (D-CAD2), 1:20; mouse anti-talin (talin C19), 1:20; mouse anti-integrin βPS 
(CF.6G11 DSHB), 1:20; mouse anti-Fasciclin III (7G10 DSHB), 1:10; rabbit anti-
Bazooka33, 1:500; mouse anti-GFP, 1:200 (Roche, Paris, France); rabbit anti-βgal, 
1:1,000 (Cappel, ICN, Aurora, OH). DNA was stained with Hoescht (1:1,000) and 
F-actin was labelled with rhodamine-phalloidin, 1:100 (Molecular probes, Eugene, 
OR). Secondary antibodies conjugated with Cy3 (Jackson Immuno Research 
Europe, Soham, England) were used at 1:200. To combine antibody staining and 
in situ hybridization, we used a standard procedure for antibody staining except 
that we used DEPC water and added 1 µl RNA guard (Pharmacia, Paris, France) 
with the first and second antibody. Then, in situ hybridization was performed 
according to standard protocols (hybridization temperature, 55 °C) using dioxy-
genin-labelled cDNA of shotgun. Primer sequences used to synthesize the probes 
CADH5 and CADH3T7 were: 5′-TCAAGTGC GAGGAATCGTGC-3′ and 5′-
GAATTGTAATAC GACTCACTA TAGGG TGATGTGCTGATGGCGGATG-3′, 
respectively. In situ staining was performed using either an NBT/BCIP kit or the 
TSA-Fluorescein system (NEN, Boston, MA). Samples were examined either with 
a Leica Microsystems AG (Wetzlar, Germany) DMR microscope or by confocal 
microscopy using a Leica SP2 AOBS microscope.

ACKNOWLEDGEMENTS
We are grateful to A. Pacquelet and P. Rorth for the tubulin-cadherin–GFP line, 
U. Tepass for flies, and the DSHB (University of Iowa) for antibodies. We also 
wish to thank A. Guichet for the in situ hybridization. This work was supported 
by a fellowship from the Human Frontier Scientific Programme (G.T.), a Senior 
Fellowship from the Wellcome Trust (N.H.B.), the C.N.R.S and A.R.C. (J.A.L. and 
J.R.H.), the Ministère de la Recherche et de l’Education and A.R.C (I.E.B) and 
EMBO (J.R.H).

COMPETING FINANCIAL INTERESTS
The authors declare that they have no competing financial interests.

Received 9 February 2005; accepted 4 April 2005
Published online at http://www.nature.com/naturecellbiology.

1. Godt, D. & Tepass, U. Drosophila oocyte localization is mediated by differential cad-
herin-based adhesion. Nature 395, 387–391 (1998).

2. Gonzalez-Reyes, A. & St Johnston, D. The Drosophila AP axis is polarised by the cad-
herin-mediated positioning of the oocyte. Development 125, 3635–3644 (1998).

3. Wheelock, M. J. & Johnson, K. R. Cadherins as modulators of cellular phenotype. Annu. 
Rev. Cell Dev. Biol. 19, 207–235 (2003).

4. Bokel, C. & Brown, N. H. Integrins in development: moving on, responding to, and 
sticking to the extracellular matrix. Dev. Cell 3, 311–321 (2002).

5. Hynes, R. O. Integrins: bidirectional, allosteric signaling machines. Cell 110, 673–687 
(2002).

6. Avizienyte, E. et al. Src-induced de-regulation of E-cadherin in colon cancer cells 
requires integrin signalling. Nature Cell Biol. 4, 632–638 (2002).

7. Tepass, U., Godt, D. & Winklbauer, R. Cell sorting in animal development: signalling 
and adhesive mechanisms in the formation of tissue boundaries. Curr. Opin. Genet. 
Dev. 12, 572–582 (2002).

8. Nose, A., Nagafuchi, A. & Takeichi, M. Expressed recombinant cadherins mediate cell 
sorting in model systems. Cell 54, 993–1001 (1988).

9. Steinberg, M. S. & Takeichi, M. Experimental specification of cell sorting, tissue spread-
ing, and specific spatial patterning by quantitative differences in cadherin expression. 
Proc. Natl Acad. Sci. USA 91, 206–209 (1994).

10. Huynh, J. R. & St Johnston, D. The origin of asymmetry: early polarisation of the 
Drosophila germline cyst and oocyte. Curr. Biol. 14, R438–R449 (2004).

11. Brown, N. H. et al. Talin is essential for integrin function in Drosophila. Dev. Cell 3, 
569–579 (2002).

12. Garcia-Alvarez, B. et al. Structural determinants of integrin recognition by talin. Mol. 
Cell 11, 49–58 (2003).

13. Nayal, A., Webb, D. J. & Horwitz, A. F. Talin: an emerging focal point of adhesion 
dynamics. Curr. Opin. Cell Biol. 16, 94–98 (2004).

14. Cram, E. J. & Schwarzbauer, J. E. The talin wags the dog: new insights into integrin 
activation. Trends Cell Biol. 14, 55–57 (2004).

15. Cram, E. J., Clark, S. G. & Schwarzbauer, J. E. Talin loss-of-function uncovers roles in 
cell contractility and migration in C. elegans. J. Cell Sci. 116, 3871–3878 (2003).

16. Devenport, D. & Brown, N. H. Morphogenesis in the absence of integrins: mutation of both 
Drosophila β subunits prevents midgut migration. Development 131, 5405–5415 (2004).

17. Bateman, J., Reddy, R. S., Saito, H. & Van Vactor, D. The receptor tyrosine phosphatase 
Dlar and integrins organize actin filaments in the Drosophila follicular epithelium. Curr. 
Biol. 11, 1317–1327 (2001).

18. Struhl, G. & Basler, K. Organizing activity of wingless protein in Drosophila. Cell 72, 
527–540 (1993).

19. Tepass, U. et al. shotgun encodes Drosophila E-cadherin and is preferentially required 
during cell rearrangement in the neurectoderm and other morphogenetically active 
epithelia. Genes Dev. 10, 672–685 (1996).

20. Balda, M. S. & Matter, K. Epithelial cell adhesion and the regulation of gene expression. 
Trends Cell Biol. 13, 310–318 (2003).

21. Gottardi, C. J. & Gumbiner, B. M. Adhesion signaling: how β-catenin interacts with its 
partners. Curr. Biol. 11, R792–R794 (2001).

22. Beckerle, M. C., Burridge, K., DeMartino, G. N. & Croall, D. E. Colocalization of cal-
cium-dependent protease II and one of its substrates at sites of cell adhesion. Cell 51, 
569–577 (1987).

23. Li, M. A., Alls, J. D., Avancini, R. M., Koo, K. & Godt, D. The large Maf factor Traffic Jam 
controls gonad morphogenesis in Drosophila. Nature Cell Biol. 5, 994–1000 (2003).

24. Oda, H. & Tsukita, S. Real-time imaging of cell-cell adherens junctions reveals that 
Drosophila mesoderm invagination begins with two phases of apical constriction of 
cells. J. Cell Sci. 114, 493–501 (2001).

25. Pacquelet, A., Lin, L. & Rorth, P. Binding site for p120/β-catenin is not required for 
Drosophila E-cadherin function in vivo. J. Cell Biol. 160, 313–319 (2003).

26. Prout, M., Damania, Z., Soong, J., Fristrom, D. & Fristrom, J. W. Autosomal mutations 
affecting adhesion between wing surfaces in Drosophila melanogaster. Genetics 146, 
275–285 (1997).

27. Bunch, T. A. et al. Characterization of mutant alleles of myospheroid, the gene encoding 
the β subunit of the Drosophila PS integrins. Genetics 132, 519–528 (1992).

28. Chou, T. & Perrimon, N. Use of a yeast site-specific recombinase to produce female 
germline chimeras in Drosophila. Genetics 131, 643–653 (1992).

29. Luschnig, S., Krauss, J., Bohmann, K., Desjeux, I. & Nusslein-Volhard, C. The Drosophila 
SHC adaptor protein is required for signaling by a subset of receptor tyrosine kinases. 
Mol. Cell 5, 231–241 (2000).

30. Pignoni, F. & Zipursky, S. L. Induction of Drosophila eye development by decapenta-
plegic. Development 124, 271–278 (1997).

31. Sanson, B., White, P. & Vincent, J. P. Uncoupling cadherin-based adhesion from wing-
less signalling in Drosophila. Nature 383, 627–630 (1996).

32. Gonzalez-Reyes, A. & St Johnston, D. Role of oocyte position in establishment of 
anterior-posterior polarity in Drosophila. Science 266, 639–642 (1994).

33. Wodarz, A., Ramrath, A., Grimm, A. & Knust, E. Drosophila atypical protein kinase C 
associates with Bazooka and controls polarity of epithelia and neuroblasts. J. Cell Biol. 
150, 1361–1374 (2000).

print ncb1253.indd   516print ncb1253.indd   516 14/4/05   11:15:33 am14/4/05   11:15:33 am

Nature  Publishing Group© 2005


