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A key goal of developmental biology 
is to understand the mechanisms 

that coordinate organ growth. It has long 
been recognized that the genes that con-
trol apico-basal cell polarity also regulate 
tissue growth. How loss of cell polar-
ity contributes to tissue overgrowth has 
been the subject of much speculation. Do 
loss-of-function mutations in cell polar-
ity regulators result in secondary effects 
that globally deregulate cell prolifera-
tion, or do these genes specifically control 
growth pathways? Three recent papers 
have shown that the apico-basal polarity 
determinants Lgl/aPKC and Crb regulate 
tissue growth independently of their roles 
in cell polarity and coordinately regulate 
cell proliferation and cell death via the 
Salvador/Warts/Hippo (SWH) pathway. 
Lgl/aPKC are required for the correct 
localization of Hippo (Hpo)/Ras associ-
ated factor (RASSF), while Crb regulates 
the levels and localization of Expanded 
(Ex), indicating that cell polarity determi-
nants modify SWH pathway activity by 
distinct mechanisms. Here, we review the 
key data that support these conclusions, 
highlight remaining questions and specu-
late on the underlying mechanisms by 
which the cell polarity complexes interact 
with the SWH pathway. Understanding 
the interactions between cell polarity 
regulators and the SWH pathway will 
improve our knowledge of how epithe-
lial organization and tissue growth are 
coordinated during development and 
perturbed in disease states such as cancer.

Introduction

During development the control of 
organ size depends on a delicate balance 
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between cell proliferation, cell death and 
differentiation. These processes are regu-
lated in response to both global (nutrient, 
hormones) and local signals (growth fac-
tor, cell intrinsic programs). In Drosophila, 
adult organs such as eyes, wings and legs 
are derived from epithelial precursor tis-
sues known as imaginal discs that mature 
during larval and pupal development. 
Initially, spontaneous mutations were iso-
lated that regulated imaginal disc growth 
but in recent times specific genetic screens 
have been undertaken to identify genes 
required for growth control (reviewed in 
ref. 1 and 2). These screens have identi-
fied components of growth regulatory net-
works, e.g., insulin receptor or TOR that 
control the rate of cell growth, nutrient 
use, cell size and body size. Other genes 
modulate tissue growth by regulating 
cell proliferation and/or cell death (e.g., 
myc, p53, hpo and sav). Loss-of-function 
mutations in some of these genes cause 
tissue overgrowth, consequently they are 
termed tumor suppressor genes (TSGs). 
Inactivating mutations in Drosophila 
TSG’s broadly fall into two classes, hyper-
plastic or neoplastic. Hyperplastic TSG 
mutations cause increased cell numbers 
but these cells maintain their epithelial 
characteristics and ultimately differenti-
ate into adult structures. Loss-of-function 
mutations in the neoplastic TSGs leads 
to tissue overgrowth, along with a loss 
of apico-basal cell polarity and differen-
tiation resulting in disrupted tissue archi-
tecture. The neoplastic TSGs fall into 
two classes, Lgl, scrib and dlg function 
to establish and/or maintain apico-basal 
cell polarity therebyinfluencing epithe-
lial structure, the second class regulate 
endocytosis e.g., avl and rab5.1
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regulate SWH pathway activity and what 
is the role of aPKC in this?

What Is the Relationship Between 
Cell Polarity and Tissue Growth?

A key finding of both our work and the 
recent Robinson et al. (Moberg group) 
paper is that the polarity protein com-
plexes regulate apico-basal cell polar-
ity and tissue growth independently.5,7 
In the developing eye lgl mutant tissue 
undergoes ectopic cell proliferation and 
shows decreased developmental cell death 
without loss of apico-basal polarity, indi-
cating that Lgl has separable roles in 
polarity versus proliferation and survival. 
The Moberg group also showed that Crb 
regulates tissue growth and polarity inde-
pendently by dissecting the function of 
the Crb intracellular domain (Crbintra). 
Remarkably, a crb transgene encoding the 
transmembrane region and the 37 amino 
acid (aa) intracellular domain is suffi-
cient to rescue crb null mutants,10 (Crb is 
2,189 aa) and when crbintra was expressed 
in wing discs (en>crbintra) it caused tissue 
overgrowth. Further analysis showed that 
this overgrowth was due to the downregu-
lation of Ex protein and the concomitant 
upregulation of SWH targets (ex, diap and 
bantam).5 The Crb intracellular region 
has two functional subdomains conserved 
from worms to humans.11 The first 16 
aa’s are referred to as the juxta-membrane 
domain (JM) or FERM binding motif 
(FBM) as it has been shown to recruit 
the FERM domain containing proteins 
Yurt and DMoesin (DMoe).12,13 The sec-
ond domain is composed of the last four 
C-terminal residues (ERLI) and encodes 
the PBM, which binds Patj/Sdt to form 
the Crb polarity complex. Patj can then 
recruit the aPKC/Bazooka/Par-6 com-
plex allowing aPKC to phosphorylate Crb 
on serine and threonine residues within 
the JM (FBM) domain.9 Overexpression 
of a crb transgene that lacked the PBM 
domain en>crbJM also known as crbΔERLI, 
see Fig.  1E) was sufficient to cause tis-
sue overgrowth and activate the SWH 
pathway (Fig. 1A and C, see overlay 
Fig. 1B). This data demonstrated that the 
apico-basal polarity function of the Crb 
complex is not required to promote cell 
proliferation and survival via the SWH 

sensitive to the levels of Yki. Intriguingly, 
we found that Lgl/aPKC and Crb regulate 
SWH pathway activity by two distinct 
mechanisms; Lgl/aPKC activity regu-
lates the localization of Hpo/RASSF (Ras 
associated factor) while Crb activity regu-
lates the localization of Ex. Below we dis-
cuss the possible molecular mechanisms 
underpinning the interaction between the 
polarity regulators Lgl/aPKC and Crb, 
and the SWH pathway.

Interactions of the Apical-basal 
Polarity Complexes—Lgl, aPKC 

and Crb

The establishment and maintenance of 
cell polarity is coordinated by a conserved 
network of interacting protein complexes. 
A detailed understanding of the regula-
tion of these polarity protein complexes 
has emerged through the sustained efforts 
of several groups working in both flies and 
mammalian systems (reviewed in ref. 8). 
One of these complexes (Lgl, Scrib, Dlg) 
is localized at the septate junctions (baso-
lateral junctions), which are located basal 
to the adherens junctions in epithelial 
cells. This complex antagonizes the activ-
ity of the apically localized aPKC and Crb 
complexes, which act to specify the apical 
membrane domain. aPKC can interact 
with several proteins including a scaf-
folding protein called Par-6. Par-6, via its 
PDZ (PSD-95 Discs large ZO-1) domain 
binds to either Lgl or Par-3 bringing 
them in contact with the kinase domain 
of aPKC to allow phosphorylation. Once 
Lgl is phosphorylated it dissociates from 
the membrane and enters the cytoplasm. 
Thus, Lgl is excluded from the apical 
membrane domain, thereby allowing the 
apical polarity complexes to specify apical 
identity. In the apical region of the mem-
brane aPKC is found in a complex with 
Par-3 and Par-6. This complex, via Par-
6, interacts with the PDZ binding motif 
(PBM) located within the C-terminal 
region of Crb resulting in aPKC-medi-
ated phosphorylation of the intracellular 
domain of Crb.9 Thus, aPKC has a dual 
role in cell polarity; it inactivates the basal 
polarity complex (Lgl, Scrib, Dlg) while 
being required for the activity of the api-
cal Crb complex. How then do the Crb 
and Lgl protein complexes differentially 

The recently discovered hyperplastic 
tumor suppressor pathway, Salvador/
Warts/Hippo (SWH), controls both cell 
proliferation and cell death (reviewed in 
ref. 3). The SWH pathway comprises 
a kinase cascade: Hippo (Hpo) binds 
Salvador (Sav), a WW domain adaptor 
protein, to phosphorylate Warts (Wts), 
which in turn phosphorylates the tran-
scriptional coactivator Yorkie (Yki), 
excluding it from the nucleus. When 
the SWH pathway is inactivated, Yki 
becomes dephosphorylated and trans-
locates to the nucleus, resulting in the 
upregulation of cell proliferation driv-
ers (cycE and E2F1) and inhibitors of 
cell death (Drosophila inhibitor of apop-
tosis, (Diap1) and bantam microRNA. 
The relationship between the neoplastic 
TSGs (or regulators of cell polarity) and 
cell proliferation or survival was unclear. 
Recently, our studies and two other 
groups have shown a link between the 
neoplastic TSG (lgl), regulators of apico-
basal cell polarity (aPKC and Crb) and 
the SWH pathway.4-6

Lgl, aPKC and Crb Regulate  
the SWH Pathway

We have previously shown that lgl mutant 
clones in the developing eye undergo ecto-
pic cell proliferation and increased sur-
vival.7 We investigated the basis of this 
and observed that lgl mutant tissue showed 
upregulation of SWH pathway target genes 
(cycE and Diap1) as well as pathway feed-
back targets expanded (ex) and four-jointed 
(fj). Consistent with this we also observed 
that the localization of Yki was more cyto-
plasmic/nuclear in lgl mutant clones and 
pYki (inactive Yki) levels were reduced 
in lgl-mRNA depleted (act>lglRNAi) eye 
discs. Importantly, when Yki activity was 
reduced in lgl mutant tissue cell prolifera-
tion, survival and the activation of SWH 
targets was also reduced, demonstrating 
that Yki activity is required for the effect of 
Lgl depletion on ectopic cell proliferation 
and survival.

The overexpression of aPKC or Crb 
mimics lgl loss-of-function (see below for 
details). In a parallel set of experiments, 
we demonstrated that the overexpression 
of aPKC or Crb resulted in the upregu-
lation of SWH targets that were also 
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of lgl can restore mislocalization of Hpo/
RASSF in GMR>aPKC eye discs to 
support the contention that aPKC acts 
downstream of Lgl.

Across mammalian and fly systems 
there are several recognized biological 
functions for aPKC, including regulation 
of NFκB and JNK activation (p62), cell 
migration/membrane dynamics (Cdc42/
Rac1) and endocytosis (Cdc42/Arp2/3) 
(reviewed in ref. 16 and 17). It is possible 
that any of these mechanisms may link 
aPKC activity to Hpo and RASSF localiza-
tion but perhaps the most promising link 
is endocytosis. Georgiou et al. showed that 
aPKC loss-of-function leads to accumula-
tion of endosomes that contain the apical 
adherens junction protein E-cadherin, 
suggesting that aPKC normally plays 
a role in recycling of E-cadherin to the 
adherens junction.18 aPKC appears to be 
acting via the Rho-family GTPase, Cdc42  

needs to be addressed is does mislocalized 
HpoJM1 alter RASSF localization, and 
does overexpression or mislocalization of 
RASSF drive Hpo mislocalization?

We predict that reduced Lgl activity 
leads to elevated levels of aPKC that 
result in the co-mislocalization of Hpo 
and RASSF. Consistent with this we 
demonstrated that expression of domi-
nant negative aPKC in lgl mutant tissue 
was sufficient to restore Hpo and RASSF 
localization. It is possible that aPKC phos-
phorylates a key protein in the SWH 
signaling pathway. However, aPKC is 
unlikely to directly phosphorylate Hpo or 
RASSF as aPKC is not co-localized with 
RASSF and Hpo in lgl mutant tissue. The 
above data suggests that aPKC plays a fun-
damental role in the localization of Hpo/
RASSF and regulation of the SWH path-
way downstream of Lgl. However, it will 
be necessary to determine if expression 

pathway. However, expression of a Crb 
construct that contained an intact PBM 
domain but mutations in two amino acids 
in the JM (FBM) domain (CrbY10AE16A also 
referred to as CrbPBM, see Fig. 1E) failed 
to induce tissue overgrowth or upregulate 
Yki transcriptional targets (en>crbPBM, 
Fig. 1D), suggesting that the 16 aa JM 
(FBM) subdomain of Crb mediates SWH 
signaling. Consistent with the above data, 
expression of a dominant negative aPKC 
construct (aPKCCAAX-DN) does not res-
cue tissue overgrowth induced by Crbintra 
expression, providing further evidence 
that aPKC/Bazooka/Par-6 and the Crb 
polarity complex regulate tissue growth 
and apico-basal polarity separately. In 
contrast, expression of aPKCCAAX-DN res-
cues tissue overgrowth and Hpo/RASSF 
mislocalization in lgl mutant tissue, fur-
ther highlighting that Lgl/aPKC and Crb 
complexes regulate the SWH pathway by 
distinct mechanisms.

How Does Lgl/aPKC Regulate  
the SWH Pathway?

We showed in larval eye discs that Hpo 
and RASSF were co-mislocalized in lgl 
clones, or when aPKC was overexpressed 
(GMR>aPKCCAAX-WT). RASSF competes 
with Sav for Hpo binding and therefore 
functions as an inhibitor of the Hpo 
kinase cascade.14 We predict that mislocal-
ized Hpo/RASSF forms an inactive SWH 
signaling complex and Yki fails to be 
phosphorylated leading to the activation 
of downstream target genes (Fig. 3A).

The question remains, what causes Hpo 
and RASSF to become mislocalized in lgl 
mutant tissue? Based on the mislocaliza-
tion of HpoJM1 mutant protein (which is 
predicted to encode a kinase dead protein), 
it was suggested that Hpo kinase activity 
might be required for correct Hpo local-
ization.15 However, localization of a kinase 
dead Hpo transgene expressed in eye discs 
(GMR>hpoKD) compared with wildtype 
Hpo (GMR>hpoWT) appears normal (Fig. 
2A and B), indicating that kinase activ-
ity is not required for Hpo localization. 
Therefore, we believe that co-mislocaliza-
tion of Hpo/RASSF by Lgl/aPKC is not 
simply due to reduced Hpo kinase activity, 
but mediated by deregulation of a specific 
biological process. A remaining issue that 

Figure 1. The JM domain of Crb is required for SWH pathway signaling. Images and overlay of 
en>crbJM and control en>UASGFP wings (A–C). Note that en>crbJM wings are larger than control 
wings indicating that the PBM is not required for tissue overgrowth. (D) Overexpression of a trans-
gene that encodes a mutated JM domain (en>crbPBM) does not promote tissue overgrowth but 
induces polarity defects resulting in lost tissue. (E) Schematic representation of crb transgenes. 
Signal peptide (SP), transmembrane domain (TM), juxtamembrane FERM-binding motif (JM), PDZ-
binding motif (PBM), and amino acid substitutions are indicated **(reviewed in ref. 5 and 11).
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studies showing that crb loss-of-function 
provides a proliferative advantage in eye 
disc clones without loss of cell polar-
ity.23,24 Robinson et al. also found that Ex 
protein was affected in crb mutant tissue. 
Although Ex protein levels were increased, 
Ex was mislocalized baso—laterally, sug-
gesting that although Ex accumulates in 
crb mutants, since crb mutants is mis-
localized it may be unable to effectively 
repress Yki activity. Furthermore, since a 
mutant allele of crb that lacks the PBM 
binding domain only shows mild defects 
relative to a crb-null mutant, Robinson 
et al. argue that the JM (FBM) domain 
may also be responsible for this effect of 
Crb on Ex accumulation and function. 
Similar to eye tissue, Duojia Pan’s group 
showed that Crb was required to localize 
Ex apically in wing discs.6 Ling et al. also 
used genomic engineering to generate crb 
alleles that contained mutations within 
the JM (FBM) domain known to disrupt 
FERM domain interactions (crbY10AP12AE16A 
analogous to crbPBM) and an allele that 
lacked the PBM domain (crbΔERLI equiva-
lent to crbJM). As expected, Ex was local-
ized normally in crbΔERLI mutant tissue 
but Ex levels were increased and mislocal-
ized basolaterally in crbY10AP12AE16A clones. 
Thus both crb loss-of-function and crb 
overexpression deregulate SWH pathway 
signaling through different effects on Ex.

How can the different effects of crb loss 
or gain-of-function mutations on Ex pro-
tein levels and localization be explained? 
Robinson et al. showed that in en>crbintra 
wing discs genetic reduction of protea-
some activity with a dominant-negative 
allele of the proteasomal subunit Pros2β 
partially restored Ex:GFP levels. When 
crbintra was expressed in S2 cells the pres-
ence of a proteasome inhibitor MG132 
could partially restore Ex levels. In con-
trast, Ex levels remained low in S2 cells 
expressing Crbintra in the presence of the 
lysosomal inhibitor chloroquine. These 
data hint that ubiquitin mediated protea-
some proteolysis but not endocytosis may 
play a role in the regulation of Ex levels. 
However, it should be noted that although 
ubiquitin is best recognized for its role in 
protein degradation, it is now well estab-
lished that it can play nonproteolytic roles 
within the cell, such as membrane traffick-
ing, protein oligomerization and protein 

The McNeill group has previously shown 
that the C-terminal region of Ex directly 
binds Yki. This interaction is proposed to 
sequester Yki in the cytoplasm, thereby 
preventing it from entering the nucleus 
and activating SWH pathway target 
genes.22 As shown in Figure 3B, it is 
tempting to speculate that Crb/Ex/Yki 
form a tripartite complex and that reduced 
levels of Ex/Yki complexes increase the 
available pool of Yki that can enter the 
nucleus and upregulate the expression of 
SWH pathway targets.

As Crb overexpression results in activa-
tion of SWH target genes it would have 
been expected that crb loss-of-function 
would lead to reduced levels of SWH 
target gene expression. Surprisingly, 
Robinson et al. found that crb mutant 
tissue also resulted in overgrowth of 
the wing and a growth advantage of crb 
clones in the developing eye, along with 
increased expression of the SWH target 
gene, Diap1. This is consistent with other 

(which directly binds aPKC) and the 
F-actin regulator WASP, to regulate 
E-cadherin protein localization by endo-
cytosis.18-21 While aPKC has been linked 
to E-cadherin trafficking, it is yet to be 
determined whether aPKC can affect 
the trafficking of other proteins, such as 
RASSF or Hpo. It is likely that SWH 
pathway regulation requires the correct 
localization and turnover of signaling 
complexes and we believe that active Hpo/
Sav or inactive Hpo/RASSF complexes 
maybe regulated by endocytosis.

How does Crb Regulate the SWH 
Pathway?

Robinson et al. showed that overexpres-
sion of crbintra (en>crbintra) resulted in 
reduced levels of Ex protein.5 This data 
has recently been confirmed and extended 
by Duojia Pan’s group, who also demon-
strated that Ex directly binds the CrbJM 
(FBM) sequence via its FERM domain.6 

Figure 2. Localization of Hpo is independent of kinase activity. Planar sections of larval eye discs. 
Posterior is to the left. GMRGal4 was crossed to UAS-hpo (A), UAS-hpoDN (B) and stained for Factin 
(Phallodin) and Hpo (α-Hpo). (A) Control GMR>hpo larval disc stained for Factin and Hpo. Hpo 
localization is cytoplasmic. (B) GMR>hpoDN larval disc stained for Factin and Hpo. Hpo localization 
is cytoplasmic and similar to control discs (A) suggesting that Hpo kinase activity is not required 
for localization.
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head is approximately 1.3X larger than 
wild-type. They showed that crb mutant 
tissue overgrowth was not due to reduced 
apoptosis but increased cell proliferation. 
In stark contrast to the Moberg group, 
these authors were able to fully rescue the 
crb head overgrowth phenotype with a 
crb transgene encoding the extracellular 
domain and transmembrane domain, but 
lacking the intracellular domain, indicat-
ing that in hyper-proliferating tissue the 
Crbextra domain is required to restrict tissue 
growth. Whether this represents a Crb/
Crb interaction, or involves unidentified 
proteins on the cell surface of neighboring 
cells remains to be determined. However, 
these authors provided evidence that Crb 
acts to limit the endocytosis of Notch, 
thus restricting growth by reducing Notch 
activity. This is consistent with previ-
ous studies showing that Crb suppresses 
γ-secretase activity, which is required for 
the activation of Notch.26 Importantly, 
this study provides evidence that Crb may 
have a role in modulating endocytosis 
at the apical membrane. Unfortunately, 

Moe promotes SWH activity and prevents 
SWH target gene expression, whereas 
reduced levels of Ex inactivate the SWH 
pathway and upregulate target gene 
expression. Robinson et al. also showed 
that Ex levels are still reduced in wings 
discs overexpressing Crb and depleted of 
Moe mRNA (en>crbintra; moe-RNAi), sug-
gesting that Moe may act downstream 
of Crb/Ex activity to modulate SWH 
pathway target gene expression. Clearly, 
regulation of the SWH pathway via CrbJM 
(FBM) domain is more complicated than 
initially envisaged and whether or not 
Moe is downstream of Ex or in parallel 
and how this influences Yki activity will 
require further investigation.

It is also interesting to note that 
Pichaud et al. show that Crb activity 
regulates the size of the developing head 
and eye tissue.24 Under circumstances 
where crb mutant clones are generated in 
a background where the wild-type tissue 
dies (as a result of a Minute mutation or 
GMR-hid, cell lethal background), crb 
mutant tissue overgrows so that the adult 

kinase activation (reviewed in ref. 25). 
The precise mechanism of Crb function 
in Ex localization/stability remains to be 
elucidated and it is possible that Ex may be 
regulated by multiple mechanisms includ-
ing ubiquitin, protein degradation and 
membrane trafficking. It is important to 
clarify these issues as the crb mutant data 
suggests crb acts as a tumor suppressor 
while the overexpression data supports crb 
behaving as an oncogene.

Previous studies have shown that the 
CrbJM (FBM) domain indirectly inter-
acts with another FERM domain protein 
DMoesin via βH-spectrin.13 Thus, link-
ing Crb to the actin-spectrin cytoskeleton 
and raising the possibility that Crb may 
also recruit Ex to the cortical actin cyto-
skeleton via a similar mechanism. The 
interaction of Crb with Moe is intrigu-
ing and Robinson et al. provided evidence 
that Moe may also be linked to the SWH 
pathway, since depletion of Moe reduced 
Yki target gene expression and the over-
growth phenotype of Crbintra (en>crbintra; 
moe-RNAi). Thus, downregulation of 

Figure 3. (A) Lgl/aPKC regulates Yki activity by promoting the formation of Hpo/RASSF complexes. Lgl/aPKC regulate the SWH pathway by favoring 
the formation of inactive Hpo/Rassf over active Hpo/Sav protein complexes. Hpo/Rassf are unable to phophorylate Yki. Consequently, pYki levels 
are reduced and dephosphorylated Yki enters the nucleus to form a complex with Scalloped (Sd) and activate SWH pathway targets. Perhaps the 
mislocalization and formation of Hpo/Rassf complexes is due to disruptions in endocytosis. (B). Crb regulates Yki activity by reducing the levels of Ex/
Yki complexes. Crb regulates the SWH pathway through direct interactions with Ex. Crb/Ex/Yki form a tripartite complex and Yki is sequestered in the 
cytoplasm and prevented from entering the nucleus by binding to Expanded (Ex). The overexpression of Crb reduces Ex/Yki complexes, freeing Yki 
to enter the nucleus, interact with Scalloped (Sd) and activate SWH target genes. It is possible that Ex/Yki complexes are regulated by ubiquitination 
and/or proteolysis. crb mutant tissue also shows overgrowth due to deregulation of Notch endocytosis but the influence of Notch signaling on SWH 
pathway targets remains to be determined.
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Self-refinement of Notch activity through the trans-
membrane protein Crumbs: modulation of gamma-
secretase activity. EMBO Rep 2006; 7:297-302.

27.	 Hamaratoglu F, Gajewski K, Sansores-Garcia L, 
Morrison C, Tao C, Halder G. The Hippo tumor-
suppressor pathway regulates apical-domain size in 
parallel to tissue growth. J Cell Sci 2009; 122:2351-9.

28.	 Grusche FA, Richardson HE, Harvey KF. Upstream 
regulation of the Hippo size control pathway. Current 
Biology 2010; 20:R574-82.

29.	 Baena-Lopez LA, Iguez IR, Baonza A. The tumor 
suppressor genes dachsous and fat modulate different 
signalling pathways by regulating dally and dally-
like. Proc Natl Acad Sci USA 2008; 105:9645-50.

Hh and Wg morphogen signaling, were 
recently found to be targets of Yki.29 How 
Lgl/aPKC and Crb are linked to these and 
to the recently discovered Kibra protein, 
a WW domain protein that complexes 
with both Mer and Ex to recruit the 
core SWH pathway proteins to the api-
cal membrane for activation remains to 
be determined (reviewed in ref. 28). The 
next few years should begin to reveal the 
molecular mechanisms underlying inter-
actions between the SWH pathway and 
the apical-basal cell polarity regulators 
in developing tissues undergoing normal 
proliferation, as well as within the context 
of wound healing and tumor growth.
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these authors did not examine SWH tar-
gets, but it is tempting to speculate that 
in addition to regulating Notch signaling, 
Crb mediated regulation of apical endocy-
tosis may also have a role in modulating Ex 
levels and localization. Interestingly, Crb 
is not required for the accumulation of 
Fat or Epidermal Growth Factor receptors 
observed in wts mutant tissue, suggesting 
that Crb is not a general regulator of apical 
endocytosis but may have a specific role 
in trafficking particular membrane pro-
teins.15,27 How Crb regulates Ex localiza-
tion and/or levels remains to be elucidated 
and will require understanding how Crb 
specifically regulates proteolysis or endo-
cytosis in different biological contexts.

Taken together the Moberg, Pan and 
Pichaud studies reveal that Crb regulates 
tissue growth during development via 
multiple mechanisms. In rapidly dividing 
tissues or regenerative contexts the Crb 
extracellular domain may interact with 
key cell/cell proteins to coordinate pro-
liferation and epithelial integrity, while 
the intracellular domain may be required 
to regulate developmental or homeostatic 
growth via the SWH pathway. Further 
studies are necessary to determine how 
the regulation of tissue growth by Crb 
extracellular and intracellular domains 
is integrated, and whether Notch signal-
ing can also be linked to SWH pathway 
regulation.

Concluding Remarks

The link between neoplastic tumor 
suppressor mutants and tissue growth 
has remained elusive. We and two other 
groups have shown that Lgl/aPKC and 
Crb regulate tissue growth via the SWH 
pathway independently of their roles in 
cell polarity. Upstream regulation of the 
core components of the SWH pathway 
is the focus of much enquiry. Our results 
linking apico-basal polarity regulators to 
the SWH pathway adds to the complex-
ity of SWH regulation by upstream com-
ponents such as the atypical cadherins Ft 
and Ds, which also play roles in planar cell 
polarity, and by Dpp signaling (reviewed 
in ref. 28). In addition, further cross-talk 
within the SWH pathways occurs since 
the heparan sulfate proteoglycans, Dally 
and Dally-like, which modulate Dpp, 


