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Abstract

The Drosophila Cadherin Fat (Ft) has been identified as a crucial regulator of tissue size and Planar Cell Polarity (PCP).
However, the precise mechanism by which Ft regulates these processes remains unclear. In order to advance our
understanding of the action of Ft, we have sought to identify the crucial Ft effector domains. Here we report that a small
region of the Ft cytoplasmic domain (H2 region) is both necessary and sufficient, when membrane localized, to support
viability and prevent tissue overgrowth. Interestingly, the H2 region is dispensable for regulating PCP signaling, whereas the
mutant Ft lacking the H2 region is fully capable of directing PCP. This result suggests that Ft’s roles in PCP signaling and
tissue size control are separable, and each can be carried out independently. Surprisingly, the crucial regions of Ft identified
in our structure-function study do not overlap with the previously reported interaction regions with Atrophin, Dco, or
Lowfat.

Citation: Zhao X, Yang C-h, Simon MA (2013) The Drosophila Cadherin Fat Regulates Tissue Size and Planar Cell Polarity through Different Domains. PLoS
ONE 8(5): e62998. doi:10.1371/journal.pone.0062998

Editor: Madhuri Kango-Singh, University of Dayton, United States of America

Received August 1, 2012; Accepted April 1, 2013; Published May 7, 2013

Copyright: � 2013 Zhao et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

Funding: This study was supported by National Institutes of Health (NIH) grant R01 GM069923 to MAS. The funders had no role in study design, data collection
and analysis, decision to publish, or preparation of the manuscript.

Competing Interests: The authors have declared that no competing interests exist.

* E-mail: msimon@stanford.edu

¤a Current address: Department of Neurobiology, Harvard Medical School, Boston, Massachusetts, United States of America
¤b Current address: Department of Cancer Biology, Dana-Farber Cancer Institute, Boston, Massachusetts, United States of America
¤c Current address: Department of Neurobiology, Duke University Medical School, Durham, North Carolina, United States of America

Introduction

The Drosophila Fat (Ft), a large 34 cadherin domain-containing

transmembrane adhesion molecule, plays a key role in the

establishment of epithelial planar cell polarity (PCP) [1,2,3].

PCP is a form of polarity along an axis within the plane of an

epithelium. It is manifested in many Drosophila tissues, including

the uniform orientation of hairs and bristles on the adult body and

wing, and the precise alignment of ommatidia in the eye. The role

of Ft has been proposed to provide a directional signal for aligning

PCP [1,2]. It has been intensively investigated how Ft and another

group of conserved signaling molecules, core PCP proteins, are

working together to mediate the PCP signaling [4,5,6,7,8,9].

Although considerable insight has been gained into the core PCP

pathway, how Ft tranduces downstream PCP signal remains

unclear.

In addition to regulating PCP, Ft has also been identified as a

negative regulator of tissue growth. Animals lacking Ft function

exhibit massive overgrowth of all imaginal discs, the larval

epithelial tissues which ultimately form much of the adult body.

Mutant animals subsequently die as pupae [10,11]. In addition to

the overall increase in tissue size seen in animals lacking Ft

function, studies of ft mutant cells in mosaic animals have shown

that cells lacking Ft function proliferate much more extensively

than their wild-type neighbors [12]. Each of these observations

suggests that cells lacking Ft are unable to respond to signals that

normally limit their growth and proliferation.

Significant advancements have been made to elucidate the

downstream pathway of Ft in past few years [13,14,15,16]. Several

genetic studies have demonstrated that the Hpo/Wts signaling

pathway is an important target of Ft in tissue growth regulation

[17,18,19,20,21]. The core of the Hpo/Wts signal transduction

system is a protein kinase cascade consisting of the serine/

threonine kinases Hippo (Hpo) [22,23,24,25,26] and Warts (Wts)

[27,28], and their associated scaffolding proteins Salvador (Sav)

[29,30] and Mats (Mob as tumor suppressor) [31]. Upon

activation of the kinases, the transcriptional activator Yorkie

(Yki) is phosphorylated and inactivated, thus leading to reduced

expression of Yki targets [32,33,34]. These targets include

proliferation promoting factors such as Cyclin E and anti-

apoptotic factors such as DIAP1 [25,30]. As a result, activation

of the Hpo/Wts pathway leads to reduced cellular proliferation

and increased cell death [35,36,37]. In contrast, inactivation of the

Hpo/Wts protein kinase cascade in clones leads to elevated

expression of Yki targets and overproliferation in a manner similar

to clones of cells lacking Ft function. The similarity of clonal

phenotypes as well as the induction of Yki targets in ft mutant cells

indicates that Ft regulates Hpo/Wts signaling. Genetic studies also

placed Dachs, an unconventional myosin, Approximated, a

palmitoyltransferase, and Expanded, a tumor suppressor, between

Ft and downstream Hpo/Wts regulation and/or PCP signaling

[17,18,20,38,39]. However, due to lack of biochemical link and

complex nature of Ft signaling, the precise mode of action of Ft is

not understood.

Several binding partners of Ft cytoplasmic domain have been

identified and proposed to carry out some of Ft downstream

activities. Atrophin/Grunge, a transcriptional repressor, which
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binds to the C-terminal fragment of Ft, has been proposed to

mediate downstream PCP signaling [40]. A conserved cytoplamic

protein, Lowfat and its human homologs LIX1 and LIX1-like,

bind to the cytoplasmic domain of Ft and modulate Ft signaling by

influencing the sub-apical membrane localization of Ft [41]. The

Casein Kinase Discs overgrown (Dco) can bind to and phosphor-

ylate the cytoplasmic domain of Ft, and control Ft signaling in

both growth and PCP [42,43]. However, it has not been examined

whether these interaction regions in Ft are crucial for regulating in

PCP and tissue growth in vivo.

In order to further investigate the downstream signaling

pathways regulated by Ft, we sought to identify regions of Ft that

are essential for Ft function. Here, we identify a crucial region (H2

region) in the Ft cytoplasmic domain that, when membrane

localized, is both necessary and sufficient to support viability and

limit tissue size in animals lacking wild-type Ft function.

Interestingly, this region is dispensable for PCP, indicating that

Ft uses different regions to regulate PCP and tissue size. Moreover,

the crucial regions of Ft identified in our structure-function study

do not overlap with the previously reported interaction regions

with Atrophin, Dco, or Lowfat.

While we are preparing for the manuscript, a similar structure-

function study was published based on analysis in the wing [44]. In

comparison, the conclusion from this report is largely in

agreement with our results with a few exceptions. Both studies

have mapped to the same region in the cytoplasmic domain of Ft

that is required to support viability and tissue size regulation, but

dispensable for PCP. Surprisingly, in our observation, expression

of the H2 region does not have discernible ability to activate Hpo/

Wts signaling in the eye. In addition, the extracellular domain of

Ft is essential for PCP signaling in the eye, but dispensable in the

wing, consistent with previous observations of tissue-specific

difference for regulating Ft PCP signaling [3,45]. Together, our

study in the eye and the recent report in the wing support the idea

that Ft regulates PCP and tissue growth through separated

functional regions.

Materials and Methods

Fly Stocks
The following stocks were used: ftG2rv [10] and ftl(2)fd [11],

E(spl)md0.5 (R4 cell fate marker) [46], fj-lacZ [47]. The Gal4

drivers used were TubP-Gal4 [48], Omb3-Gal4 and Vg1-Gal4

[49], and Flip-out Gal4 (ActP.STOP, y+ .Gal4) [50]. FLP/FRT

[51] was used to generate mutant clones in imaginal discs. All

rescue experiments were performed in ft null mutant combination

ftG2rv/ftl(2)fd. UAS-FtDECD [52].

Expression Constructs
The full-length Ft (Ft-FL) construct was generated as previously

described [3]. Ft-FL, FtDcyt, FL-DH2, FL-DH345 were placed

into the pUASP vector, while all the intracellular mutants were in

the pUAST vector [53,54]. Each mutant construct has a V5 tag at

the C-terminus. The V5 tag does not interfere with function as

full-length Ft with or without the V5 tag provides the same degree

of rescue in lethality, disc size, DIAP1 expression and PCP assays

(data not shown). Each intracellular domain mutant construct has

a myristylation sequence at N-terminus. The myristylation

sequence used was: MGNKCCSKRQ [55]. The mutated version

(Myr-mut) of Ft-intra construct contains a (GA) point mutation in

myristylation sequence, which inactivates the myristylation signal.

FtDECD is described in [52].

Amino Acids (a.a.) numbering is based on the protein sequence

from Swiss-Prot: P33450. Sequences of Ft mutants are: Ft-FL: 1–

5147a.a., FtDcyt: 1–4624a.a., FL-DH2: full length with deletion of

4719–4900a.a., FL-DH345: full length with deletion of 4897–

5147a.a., Ft-intra: 4612–5147a.a., MH1234:4612–5016a.a.,

MH123:4612–4966a.a., MH12:4612–4900a.a., MH1:4612–

4750a.a., MH2:4719–4900a.a., MH45:4967–5147a.a.,

MH345:4897–5147a.a., MH2345:4719–5147a.a., MDH2: intra-

cellular domain sequence with deletion of 4719–4900a.a. Com-

plete sequences of those constructs are available on request.

Sections and Immunohistochemistry
Tangential sectioning of adult eyes was performed as previously

described, except that the osmium steps were omitted [56]. Third

instar eye discs were dissected in cold PBS and fixed in 4%

formaldehyde for 45 min on ice. Antibodies used were as follows:

Mouse anti-DIAP1 (1:200; a gift from B. Hay), Rat anti-CycE

(1:400; a gift from H. Richardson), Mouse anti-b-gal(1:1000;

Promega), Rabbit anti-GFP (1:1000; Molecular Probes), Chicken

anti-GFP (1:1000; Molecular Prob), and Rabbit anti-V5 (1:5000,

Sigma). Cy3, Cy5, and FITC-conjugated secondary antibodies

(Jackson Lab) were used at 1:200 dilution. Fluorescein phalloidin

was used at 1:100 dilution. Confocal pictures were taken with a

Biorad MRC 1024 microscope.

Immunoblotting
Third-instar larval imaginal discs were lysed and boiled in

protein sample buffer. Samples were subjected to SDS-PAGE,

transferred to Hybond-P membrane, and probed with Rabbit anti-

V5 (1:10,000; Sigma), Rabbit anti-DIAP1 (1:5000; a gift from K.

White) or Mouse anti-b-tubulin (1:10,000; DSHB). Secondary

antibodies used were Rabbit and Mouse anti-HRP.

For comparisons of DIAP1 protein levels, 20,30 eye imaginal

discs were collected for each indicated genotype for each

immunoblot analysis. Using NIH ImageJ software, DIAP1 levels

were quantified and normalized to b-tubulin, then normalized to

the value in wt animals. Quantification result represents the mean

of 3 independent experiments. Error bars show 6 S.D. To assess

statistical significance, data was analyzed by one-way ANOVA

with post-hoc Bonferroni correction. Significance was placed at

p,0.05.

Results

Membrane Localized Cytoplasmic Domain of Ft is
Essential to Support Viability and Limit Tissue Size

In order to understand how Ft transduces growth regulatory

signals to downstream pathways, we sought to identify regions of

Ft that are essential for regulating tissue size. A series of deletion

mutants of Ft were constructed, expressed in vivo, and assayed for

their ability to rescue both the pupal lethality and eye imaginal

disc overgrowth phenotypes associated with ft mutant animals

(ftl(2)fd/ftG2rv). For this analysis, ubiquitous expression of the

deleted Ft proteins was driven using the UAS/Gal4 system and

a ubiquitous Tub-Gal4 driver. For each deletion mutant

transgene, 2–3 independent insertions were analyzed. Schematic

structures of Ft mutants and assay results are summarized in

Figure 1. As expected, expression of the full-length wild-type Ft

protein (Ft-FL) fully rescued pupal lethality (Figure 2A). Exami-

nation of late 3rd instar eye discs from the rescued animals further

showed that eye imaginal discs of rescued animals were normal in

size compared to overgrown discs of mutant animals

(Figure 2B&E).

We began our mutant analysis with the generation of Ft proteins

in which either the entire intracellular domain was deleted and

replaced by a V5 epitope tag (FtDcyt) or in which the extracellular

Structure and Function Study of Ft
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and transmembrane domains were replaced by a membrane

targeting Src myristylation motif (Ft-intra) (Figure 1). Consistent

with a previously published report [52], we found that ubiquitous

expression of Ft-intra was sufficient to rescue both the lethality and

disc size overgrowth phenotypes of ft mutant animals (Figure 1F).

We further found that expression of either Ft-FL or Ft-intra under

Eyeless-Gal4 control could restore eye imaginal disc size to

normal, but not that of other tissues (Figure S1). This indicates that

the ability of Ft to regulate tissue size is a tissue-autonomous

function.

In contrast to the ability of Ft-FL and Ft-intra to regulate tissue

size, expression of FtDcyt did not support the viability of ft mutant

animals. Examination of mutant larvae expressing FtDcyt showed

that eye discs appeared to have severe patterning defects and thus

could not easily be evaluated for their overgrowth phenotype

(Figure 2G). To assay the ability of FtDcyt to regulate disc size, the

size of wing discs from ft mutant animals expressing FtDcyt was

examined. While expression of the Ft-FL or Ft-intra in ft mutant

animals restored their wing discs to normal size, the wing discs of ft

mutant animals expressing FtDcyt remained overgrown

(Figures 2I–N). Taken together, these results indicate that the

intracellular domain of Ft contains essential regions necessary for

supporting viability and limiting tissue size.

The ability of membrane targeted Ft-intra to rescue the ft

mutant phenotype raised the question of whether localization to

the plasma membrane is required for Ft function in these rescue

Figure 1. Summary of Ft constructs and their ability to rescue ft mutant phenotype. Schematic structure of Ft mutant constructs is on the
left with their short names. (See Materials and Methods for details.) Summary of rescue results is on the right. Measurement and quantification of
each rescue assay can be found in indicated figures. In the lethality rescue assay, effective rescue (+) was determined by at least 25% recovery of the
expected number of ftG2rv/ftl(2)fd; TubP-Gal4/UAS-transgene adults, whereas no rescue (2) was determined for those transgenes which did not
produce any adult animal (eclosion). In the eye disc size rescue assay, effective rescue (+) was determined by ,20% increase of size compared to wt
disc. In the PCP rescue assay, effective rescue (+) was determined by .85% correct orientation of ommatidia; (2) indicates disorganized polarity that
the equator was unable to be recognized, and ,75% correct orientation can be determined. In the clonal DIAP1 and clone size assays, effective
rescue (+) was determined by .60% of clones with successful rescue of clonal phenotype and DIAP1 expression level. ‘DN’ indicates dominant
negative effect of FL-DH2. N.D.: not determined.
doi:10.1371/journal.pone.0062998.g001
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assays. To address this issue, a mutant form (Myr-mut) of Ft-intra

was generated with a point mutation in the myristylation sequence

that blocks myristylation and thus prevents membrane localiza-

tion. This mutation abolishes Ft function in both the lethality and

imaginal disc size rescue assays (Figures 2H, N), indicating that

membrane localization is crucial for Ft function.

A Small Region of the Intracellular Domain can Provide Ft
Function for Regulating Viability and Tissue Size

To identify crucial regions within the intracellular domain of Ft,

a series of deletion mutations that removed portions of Ft-intra

were constructed and assayed for function. To guide this process,

the cytoplasmic sequence of Drosophila Ft was compared to its

homologs from other species. Sequence alignment reveals several

highly conserved blocks of amino acids, referred to as conserved

blocks 1–5 (Figure 3A). A series of mutant constructs were then

generated in which the regions containing the conserved blocks

were successively deleted from the N- or C-terminus of the Ft-intra

protein (Figure 3B). Since membrane localization is required for

growth control, each mutant protein was directed to the plasma

membrane by a myristylation sequence at its N-terminus. In

addition, the presence of a V5 epitope tag at the C-terminus of

each protein allowed us to demonstrate that the various mutant

proteins were expressed at similar levels (Figure 3C). Truncated

proteins were then tested for their ability to rescue the lethality and

disc overgrowth phenotype. The ability of the different truncated

proteins to rescue ft mutant animals is summarized in Figures 3B,

and examples in 3D–F.

This functional analysis led to the identification of a small region

(H2) that is crucial for supporting viability and limiting tissue size

(Figure 3B). Importantly, each of the truncated proteins lacking

H2 was unable to rescue ft mutant phenotypes. In contrast, every

protein containing the H2 region retained rescuing ability. The

striking correlation between the presence of H2 and rescuing

ability suggested that the H2 region might be both necessary and

sufficient for effective Ft function. In order to test these possibilities

directly, two additional mutant constructs were generated. In one,

only the H2 region was deleted from Ft-intra (MDH2). This

protein failed to provide Ft function. In the second, only the H2

region of Ft was present in the expressed protein (MH2). This

protein provided effective rescuing function. Taken together, these

results indicate that the H2 region is both necessary and sufficient

for Ft function in these assays. Consistent with the importance of

the H2 region, its deletion from the full-length Ft protein (FL-

DH2) effectively abolishes rescuing ability (Figure 3F).

Regions Crucial for PCP Signaling in the Eye
In addition to regulating viability and tissue size, Ft also plays

a key role in the establishment of epithelial planar cell polarity

(PCP) [1,2,3]. In the eye, planar cell polarity is apparent in the

Figure 2. The intracellular domain of Ft is necessary and sufficient to rescue lethality and tissue size phenotype. (A) Quantification of
the lethality rescue. Rescued adult (eclosed) flies were counted to compare with the expected number of ftG2rv/ftl(2)fd; TubP-Gal4/UAS-transgene
adults. 100% indicates the expected number based on mendalian ratios. (B) Quantification of the eye disc size rescue. Third-instar eye discs from
rescued animals were measured and compared to the size of the wt eye disc. 100% indicates the wt disc size. ft mutant disc is about twice the size of
wt disc. (C–H) Third-instar eye imaginal discs stained with fluorescein phalloidin. Anterior is to the left and dorsal is up for all eye discs. Scale bar:
100 mM (I–N) Third-instar wing imaginal discs. Genotypes are: (C, I) wt, (D, J) ft2/2, (E, K) ft2/2; TubP-Gal4/UAS-Ft-FL, (F, L) ft2/2; TubP-Gal4/UAS-Ft-
intra, (G, M) ft2/2; TubP-Gal4/UAS-FtDcyt, (H, N) ft2/2; TubP-Gal4/UAS-Myr-mut.
doi:10.1371/journal.pone.0062998.g002
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Figure 3. The H2 region is necessary and sufficient for viability and tissue size regulation. (A) Sequence alignment of cytoplasmic domain
of Drosophila Ft (538 a.a.) and human Ft4 (452 a.a.) reveals highly conserved regions (conserved block 1–5) shown in blue boxes. The starting and
ending positions of the deletion mutants are indicated by red bars. (B) Schematic structure of Ft intracellular domain deletion mutants is on the left.
Myristylation sequence is indicated in orange. Conserved homology regions are indicated in blue. V5 tag is indicated in pink. Regions deleted are
shown with black lines. Quantification of the lethality rescue and disc size rescue on the right. (See Fig. 2AB for method details) (C) Expression levels
of intracellular domain deletion mutants are revealed by an immunoblot of imaginal disc extracts from ft mutant animals expressing various
transgenes. Blots were probed with anti-V5 and anti-b-tubulin. (D–F) Deletion of the H2 region in either the intracellular domain (E) or the full-length
Ft protein (F) effectively abolished rescuing ability, whereas the H2 region, when membrane localized (D), is necessary and sufficient to rescue both

Structure and Function Study of Ft
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orientation of the ommatidial units that comprise the compound

eye. In wild type, all of the ommatidia in the dorsal half of the

eye are oriented in the same direction while those in the ventral

region uniformly adopt the opposite chiral form (Figure 4A, A’).

The establishment of this ordered pattern of polarity is

dependent on Ft, whose absence leads to a randomized pattern

of dorsal and ventral type ommatidia throughout the eye

(Figure 4B, B’).

The importance of the intracellular domain (Ft-intra) for

regulating viability and tissue size naturally raised a question as

to whether Ft-intra is also necessary and sufficient for planar cell

polarity signaling. To test this hypothesis, we carried out an eye

PCP rescue experiment with Ft-intra. We have previously shown

that ubiquitous Tub-Gal4 driven expression of Ft can fully re-

establish the wild-type pattern of ommatidia in ft mutant animals

(error rate of ,1%) [3](Figure 4C, C’). This assay allowed us to

examine whether Ft-intra could provide PCP function in ft mutant

animals.

We found that uniform expression of Ft-intra cannot restore the

overall pattern of polarization (Figure 4E, E’). A different version

of the intracellular domain (FtDECD) [52], which has the

endogenous transmembrane and cytoplasmic domains, also fails

to rescue the pattern of polarization (Figure 4F, F’). These findings

indicate that in the eye, the Ft intracellular domain alone is not

sufficient to provide all the function of Ft in PCP, suggesting that

the extracellular domain is essential for receiving and/or directing

the downstream PCP signaling. This is in marked contrast to the

observation in the wing, where the Ft transmembrane and

cytoplasmic domains together are sufficient to mediate PCP

signaling [44,52].

Ft’s Role in PCP is Independent from Viability and Tissue
Size Regulation

Although Ft-intra is not sufficient to rescue the PCP defect, it

may still contain key regions necessary in PCP signaling. This is

particularly interesting for the H2 region, given its key role for

rescuing viability and tissue size. To test this hypothesis, and to

extend it to the other regions of Ft, we tested two full length

mutants, FL-DH2 and FL-DH345, for their ability in PCP

signaling. Since FL-DH2 expression does not rescue ft mutant

animals to adulthood, our analysis was conducted in 3rd instar

eye discs. We found that the overall pattern of PCP is rescued

when either FL-DH2 or FL-DH345 is expressed (Figure 4D, D’,

G, G’). In each case, only a low rate of polarity errors was

observed. This finding indicates that neither the H2 region nor

the H345 region is essential for directing PCP in the eye.

However, the somewhat elevated occurrence of polarity mistakes

may suggest that the strength or quality of information is

slightly reduced when the structure of the cytoplasmic domain is

impaired. These results suggest that Ft regulates PCP through

an effector region that is distinct from that used during growth

control, and more importantly, that Ft’s roles in PCP signaling

and tissue size control are separable and can be carried out

independently. Consistent with this proposal, while MH2

sufficiently rescued ft animals to adulthood without restoring

the normal pattern of planar cell polarity, expression of MH2

along with FL-DH2 can produce rescued adult animals with

normal ommatidial organization (Figure 4H, H’).

The Function of Ft to Regulate Tissue Size and Viability is
Separable from its Ability to Regulate Clone Size and
Hpo/Wts Signaling

The requirement of Ft function in growth control can be seen in

two different settings: the overall tissue size increase in the ft

mutant animal and the clonal overgrowth in the mosaic tissue.

Although expression of MH2 is sufficient to rescue tissue size and

support viability in ft mutant animal, it surprisingly failed to rescue

the clonal phenotype of ft mutant cells in the mosaic tissue

(Figure 5E). In a more quantitative comparison, expression of the

wild-type Ft (Ft-FL) restored the size and shape of ft clones to

normal, ft mutant clones expressing MH2 are still large in size and

round in shape, not significantly different from those lacking Ft

function (Figure S2). These results suggest that the essential

function of Ft for regulating viability and tissue size is separable

from its regulation of clone size.

Several reports have demonstrated that the Hpo/Wts signaling

pathway is a target of Ft regulation in growth control

[17,18,19,20]. This was most clearly shown in the mosaic animal

in which clones of cells lacking Ft function have elevated Hpo/Wts

signaling, resulting in the increase of clone size. The ability of Ft to

regulate the Hpo/Wts pathway and the importance of the Hpo/

Wts pathway for controlling cell proliferation and cell death has

led to the idea that the essential function of Ft in supporting

viability and preventing tissue size overgrowth is to stimulate the

Hpo/Wts pathway and thus limit Yki activity.

Because we have observed that expression of MH2 provides

sufficient Ft function to regulate tissue size and support viability

without rescuing ft clonal overgrowth, this raises a question of

whether expression of MH2 is able to restore Ft-mediated

activation of the Hpo/Wts pathway. We first examined this

question at the whole tissue level. Since it is difficult to compare

the precise level of DIAP1 expression between eye discs by

immunofluorescence, we used western blot to compare DIAP1

protein levels with b-tubulin as an internal control. While we

observed a significant increase of DIAP1 in both ft mutant discs

and MH2 rescued eye discs compared to wt discs, we could not

detect significant difference of DIAP1 between ft mutant and MH2

rescued eye discs (Figure S2G, H).

We then tested this question at the clonal level by examining

whether ubiquitous expression of MH2 prevents the elevated

expression of Yki transcriptional targets, such as DIAP1, fj-lacZ,

and CycE that would otherwise occur in clones of ft mutant cells

(Figure 5). While ubiquitous expression of either Ft-FL or Ft-intra

restored DIAP1 expression levels in ft clones to normal (Figures 5B,

C), expression of MH2 appeared to have no effect on elevated

DIAP1 expression in ft clones (Figure 5E). MH2 similarly failed to

affect elevated CycE and fj-lacZ (Figure S3, S4). These results are

consistent with the failure of MH2 to regulate clonal phenotype of

ft mutant cells, suggesting that MH2 lacks the ability to restore Ft

regulation of Hpo/Wts signaling.

Since the ability to detect MH2 effect on the Hpo/Wts

pathway may be limited by the need to make comparisons

between discs, the possibility remained that MH2 might still

regulate the Hpo/Wts pathway, albeit much more weakly than

Ft-FL. In order to rigorously examine this possibility, we

compared ft mutant clones that expressed MH2 to ones from

the same eye disc that did not express MH2. For this

experiment, ft mutant clones were generated in eye imaginal

lethality and disc size overgrown phenotype. Third-instar eye imaginal discs were stained with fluorescein phalloidin. Genotypes are: (D) ft2/2;TubP-
Gal4/UAS-MH2, (E) ft2/2; TubP-Gal4/UAS-MDH2, (F) ft2/2; TubP-Gal4/UAS-FL-DH2.
doi:10.1371/journal.pone.0062998.g003
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discs in which the flip-out GAL4 system had been used

independently to generate independent clones of cells expressing

MH2 under actin5C promoter control [50]. The resulting discs

contained independent patches of ft mutant cells and MH2

expressing cells, which sometimes overlapped. As shown in

Figure 6B and B’, the elevated DIAP1 level of ft mutant clones

that expressed MH2 was quantitatively indistinguishable to that

from ft mutant clones without expressing MH2. As expected, ft

mutant clones that expressed Ft-FL effectively rescued DIAP1

expression level in this assay (Figure 6A). Together, these results

indicate that the MH2 protein has little, if any, ability to

activate the Hpo/Wts signaling pathway.

Interestingly, the protein lacking H2 region (FL-DH2) not

only failed to suppress elevated DIAP1 expression levels in ft

mutant clones, also induced dominant negative effect on Hpo/

Wts signaling, as evident by the elevated expression of DIAP1

in wt cells overexpressing FL-DH2 (Figure 6C). This dominant

negative effect was also apparent when clones of cells that

overexpressed FL-DH2 were generated in otherwise wild-type

animals (Figure 6E), indicating that FL-DH2 lacks the ability to

provide the Hpo/Wts regulatory function, also dominantly

inhibited the Hpo/Wts signaling ability of the endogenous wild-

type Ft protein.

While the results described above demonstrate that expression

of the H2 region alone is not sufficient to regulate Hpo/Wts

signaling, they neither addressed whether the H2 region is

required for this function nor identified other regions Ft that

contribute to Hpo/Wts regulation. We investigated these issues

by examining clonal size and DIAP1 expression in ft mutant

clones generated in animals ubiquitously expressing various

mutant forms of Ft proteins (Figure 5). Since most Ft mutant

constructs cannot rescue the clonal phenotype and elevated

DIAP1 expression, our interpretation is mainly focused on those

with successful rescue. First, the expression of FL-DH345

effectively rescues Yki target gene expression and the ft clonal

overgrowth phenotype, suggesting that the H345 region is not

essential for this process. Second, the expression of Ft-intra and

MH2345 effectively suppresses the enhanced expression of Yki

targets in ft clones, suggesting the extracellular domain and the

H1 region is not necessary. Third, the comparison between

MH12 and FL-DH345, and the comparison between MH2345

and MH2 suggest that the presence of the extracellar domain

and the H345 region may significantly enhance the signaling

strength of the protein in regulating the Hpo/Wts pathway.

Taken together, these results indicate that the H2 region,

although not sufficient, is necessary for regulating the Hpo/Wts

pathway, whereas H1, H345 and extracellular domain are not

essential, but could potentially provide important supporting

role for Hpo/Wts pathway.

Discussion

Separation of the Growth Control and PCP Function of Ft
The involvement of Ft in both tissue growth and PCP raises the

question as to whether Ft regulates the two processes through the

same or different regulatory domains. Here we identified two

mutant proteins, and each harbors complementary properties.

The H2 region is essential for tissue growth, but is completely

dispensable for PCP signaling. The FL-DH2 protein lacks

regulatory function for tissue growth but retains full function in

PCP. This strongly indicates that roles of Ft in tissue growth

regulation and PCP signaling are independent, and each can be

carried out by a separate effector region.

There are several reported binding partners of Ft cytoplasmic

domain, which have been reported to mediate some function of

Fat [40,41,42,43,57]. The key interaction regions are indicated in

Figure 1. However, these regions are not essential for Ft function

in tissue size, PCP and Hpo/Wts activity. This is best shown by

one mutant Ft protein, FL-DH345, which lacks the reported

binding regions, but is still sufficient to rescue Ft functions in these

processes. This result indicates that these binding partners are not

likely the primary effectors, but modulators in mediating

downstream signaling.

Different Requirement for Ft Function in PCP Signaling
between the Eye and Wing

In the eye, we showed that the crucial region of Ft for PCP

signaling includes the extracellular domain. In the absence of

the extracellular domain, the eye displays severe PCP defects.

This result is consistent with the model in previous in vivo and

in vitro studies that Ft and Ds can form a heterodimer through

their extracellular domains and this interaction is essential for

the ordered PCP pattern [1,45]. Second, this result draws a

clear distinction between the eye and wing. In the wing, the

transmembrane and cytoplasmic domains of Ft are sufficient to

rescue the PCP defect in the wing, suggesting this protein

contains all the effector regions for PCP signaling [52]. Since

the extracellular domain of Ft is required to interact with Ds to

receive the upstream directional information in the eye, the

dispensability of the extracelluar domain during the polarization

of the wing indicates that this directional information may not

be essential in the wing. This is consistent with the result shown

in a previous study that the Ds and Fj gradients are essential for

the eye, but do not play a major role in directing PCP in the

wing [3]. It is worth pointing out that the dispensability of Ds

and Fj gradients is NOT equivalent to the removal of Ds

function, as Ds has an essential function to stabilize and/or

activate Ft on the plasma membrane in addition to its role of

providing a directional cue. Together, these observations suggest

a model in which Ft needs Ds to activate its PCP function; and

Figure 4. The H2 region is not required for Ft in regulating PCP signaling. Schematic diagrams (A–H) of equatorial sections of adult eyes (A’,
C’, D’, E’, F’, H’), or confocal images of third instar eye imaginal discs (B’, G’). (B’, G’) Ommatidial orientation was determined by examining the
expression of E(spl)md0.5 (R4 marker) in each ommatidium. This marker consists of a portion of the enhancer region of the E(spl) gene, a
transcriptional target of N activation, fused to a b-galactosidase reporter. This marker is strongly expressed in R4 cell (green) [46]. Elav staining (red)
labels all photoreceptor cells in each ommatidial cluster. All images are oriented anterior to the left and dorsal up. The equator is indicated by the
black line. Green arrows indicate ommatidia with dorsal chirality and orientation, whereas red arrows designate ventral type ommatidia. Yellow dots
represent either incorrectly constructed ommatidia, ommatidia exhibiting severe misrotation or ommatidia with undetermined polarity. Relevant
changes from wild type with regard to Ft function or expression are indicated at the bottom of each panel. Genotypes are listed below along with the
fidelity rate (the percentage of ommatidia that are correctly constructed and rotated). Ubiquitous expression of Ft-FL, FL-DH2 or FL-DH345 can
restore the wild-type pattern of ommatidia in ft mutant animals. FL-DH2 and FL-DH345 have a low rate of errors. (A, A’) w1118 (100%) (B, B’) w1118; ft2/
2 (Disorganized, n = 430) (C, C’) w1118; ft2/2; TubP-Gal4/UAS-Ft-FL (99%, n = 788) (D, D’) w1118; ft2/2; TubP-Gal4/UAS-FL-DH345 (91.1%, n = 529) (E, E’)
w1118; ft2/2; TubP-Gal4/UAS-Ft-intra (Disorganized, n = 1592) (F, F’) w1118; ft2/2; TubP-Gal4/UAS-FtDECD (Disorganized, n = 907) (G, G’) w1118; ft2/2;
TubP-Gal4/UAS-FL-DH2 (93.5%, n = 660) (H, H’) w1118; ft2/2; TubP-Gal4/UAS-FL-DH2 & UAS-MH2 (91.5%, n = 471).
doi:10.1371/journal.pone.0062998.g004
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both the activation and its graded fashion across the tissue are

required in the eye to provide a directional cue, whereas in the

wing this activation is not necessary to be graded. Thus, this

study supports the notion that the eye and wing have different

requirement for Ft function, indicating different strategies used

to direct PCP.

Ft’s Role in Tissue Size Regulation is Genetically
Separable from its Function in Clone Size Regulation

Role of Ft in regulating growth can often be revealed in two

different settings. First, animals lacking Ft function exhibit massive

overgrowth of all imaginal discs. Second, in mosaic animals, cells

lacking Ft function proliferate much more extensively than their

wild-type neighbors, resulting in large clones of mutant cells.

While each of these observations suggests that cells lacking Ft are

Figure 5. The H2 region is necessary but not sufficient for regulating the Hpo/Wts pathway. ftG2rv mutant clones, marked by the absence
of GFP expression (green channel), were generated in third-instar eye imaginal discs in which Ft mutant transgenes were expressed by TubP-Gal4.
DIAP1 staining was shown in red. White arrows point to ft mutant clones. (A) ft mutant clones show autonomous increases in DIAP1. Ubiquitous
expression of Ft-FL (B), Ft-intra (C), MH2345 (D), and FL-DH345 (F) rescues the elevated DIAP1 levels in ft clones, whereas MH2 (E) does not rescue (see
result section). (G) Quantification of the rescue of DIAP1 expression in ft clones. The plot shows the percentage of rescued clones observed with the
indicated different Ft mutant transgenes. (H) Quantification of the rescue of clonal overgrowth in ft clones. The plot shows the percentage of rescued
clones observed with the indicated different Ft mutant transgenes.
doi:10.1371/journal.pone.0062998.g005
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unable to respond to signals that normally limit their growth and

proliferation, they may reflect different roles of Ft. The increase of

clone size may result from mutant cells possessing a competitive

advantage over their neighbors, such as an increased rate of

proliferation or resistance to cell death. In contrast, the imaginal

disc overgrowth in animals lacking Ft function may indicate that ft

mutant cells are unable to sense or respond to the signals which

normally restrain tissue growth and thus help specify tissue size.

Although these two properties can often be affected by the same

cellular events, they are not always correlated. In this study, we

indeed observed the dissociation of these two aspects of Ft

function. This is most clearly shown by MH2, which is sufficient to

rescue tissue size overgrowth but lacking the ability to rescue

clonal overgrowth defect.

One downstream pathway of Fat is to stimulate the activity of

the Hpo/Wts signaling pathway, thus leading to inhibition of the

transcriptional activator Yki and reduced expression of its targets

[14,36]. These targets include important positive regulators of

growth and negative regulators of apoptosis such as CycE and

DIAP1. The ability of Ft to regulate the Hpo/Wts pathway and

Figure 6. The H2 region has no detectable activity in the Hpo/Wts pathway. ft mutant clones, marked by the absence of GFP expression,
were generated in third-instar eye imaginal discs, in which Ft mutant transgenes (blue): Ft-FL (A) and MH2 (B) were expressed after flip-out of
ActP.STOP, y+. Gal4. Arrowheads point to ft mutant clones with expression of Ft transgenes. Arrows point to ft mutant clones alone. Eye imaginal
discs were stained with GFP (green), DIAP1 (red), and V5 (blue). (A) Expression of Ft-FL suppressed elevated DIAP1 expression levels in ft clones. (B)
Expression of MH2 failed to suppress elevated DIAP1 expression levels in ft clones. (B’) DIAP1 expression level in the ft clone was not significantly
different from that of ft clone expressing MH2 in the same disc. DIAP1 expression level in the center of the clones (indicated in the yellow boxes in 6B)
were quantitatively measured using histogram function of Adobe Photoshop, and normalized. n = 5. Two-tailed Student’s t-test. (C) Expression of FL-
DH2 in ft clones did not suppress elevated DIAP1 expression levels. Cells in FL-DH2 expressing clones exhibited elevated levels of DIAP1 expression
(E), whereas cells in Ft-FL (D) expressing clones did not have a dominant negative effect.
doi:10.1371/journal.pone.0062998.g006
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the similar clonal overgrowth phenotypes of animals lacking either

Ft or Hpo/Wts pathway activity has led to the idea that the

essential function of Ft in supporting viability and preventing tissue

overgrowth is to activate the Hpo/Wts pathway. Indeed, genetic

interactions between ft and the Hpo/Wts pathway are consistent

with this idea. For example, the imaginal disc overgrowth

phenotype of ft mutant animals is partially suppressed and

enhanced by heterozygosity for Yki and Wts mutations, respec-

tively [20].

Given the strength of these arguments, our expectation was that

the minimal region of Ft required for regulating tissue size and

supporting viability would also be capable of regulating the

expression of Yki targets. Surprisingly, our analysis demonstrates

that the ability to regulate tissue size and viability does not

correlate with the ability to repress Yki activity. This is most clearly

seen in the ability of the H2 region, when membrane-tagged, to

rescue viability and tissue size without having any detectable

ability to regulate Yki target expression. Thus, these data argue

that the essential function of Ft in viability and tissue size

regulation is genetically separable from its role in Hpo/Wts

pathway regulation. In agreement with our observation, a previous

study has reported growth defect in ft mutant tissue that cannot be

explained by loss of expanded (ex), an upstream component of the

Hpo/Wts pathway, suggesting that there are other, as-yet-

unidentified, mediators of ft [18].

Previous research has shown that regulation of tissue growth

and proliferation by Ft is complex [17,18,19,20,36,58,59]. The

complex nature of the signaling network may reflect multiple levels

of regulation in tissue growth and proliferation control. It is

possible that multiple mechanisms at different levels regulate

distinct aspects of tissue growth. Indeed, our studies support such a

model. During the control of tissue growth and proliferation,

Hpo/Wts signaling may serve primarily as a local regulatory

mechanism to coordinate cell proliferation and cell death among

neighboring cells, whereas an unidentified pathway mediated by

Ft may play a more crucial role in allowing the tissue as whole to

regulate its size. Although not favored by our data, the possibility

cannot be excluded that dissociation of tissue size control from

clone size regulation is due to quantitative difference in Hpo/Wts

signaling. However, within the sensitivity range of all the in vivo

assays used in this study, we could not detect any activity of MH2

in regulating the Hpo/Wts pathway. Therefore, our results are

more consistent with the model in which an unknown pathway

mediated by Ft regulates tissue size. To completely understand

how Ft fulfills these roles and the underlying biochemical

mechanisms will likely require the identification of key binding

partners for the crucial H2 region.

While this manuscript was under preparation, a similar

structure-function analysis was published based on the analysis

of Ft function in the wing [44]. In agreement with our analysis,

Matakatsu et al. have found a region (termed Hpo-active domain)

required for viability, tissue size regulation and Hpo/Wts signaling

activity, which largely overlaps with the H2 region. The study

from Matakatsu et al. did not report any mutant construct that

can clearly rescue viability but not activate the Hpo/Wts signaling

pathway. However, we have observed such phenomenon that

expression of the H2 region is not sufficient to activate Hpo/Wts

signaling in our assays even though the H2 region is fully capable

to support viability and limit tissue size. Several differences in the

experimental set up between the two studies may contribute to the

difference in observation. Besides the tissue difference between the

wing and eye, the two studies used different version of the

truncation mutants of Ft, different pathway readouts for Hpo/Wts

signaling, different Gal4 drivers, and different tissue locations to

examine the effect on growth and Hpo/Wts signaling. In the

future, it will be interesting to test whether such phenomenon can

be observed across different tissues. Comparing to the required

regions for PCP in the wing, we have demonstrated that the

extracellular domain of Ft is essential for PCP in the eye. This

difference reflects different strategies to organize PCP between eye

and wing [3,45,52]. Finally, both studies support the idea that the

functional region for PCP is distinct from the region for tissue

growth regulation.

During the revision of this manuscript, another structure-

function study of Ft was published based on the analysis in the

wing and abdomen [60]. Using a complementary approach - small

deletion or point mutations in ft genomic constructs rather than

UAS-Gal4 system, Pan et al. also reached the same conclusion

that effects of Ft on wing growth versus PCP can be separated at

the level of Ft itself. Interestingly, one unique finding from Pan

et al. indicates a 4 amino acids C-terminal motif that is essential

for Ft-mediated PCP in certain regions of the wing and abdomen.

Intriguingly, we found the mutant Ft without C-terminal region

(FL-DH345) is still capable of directing PCP in the eye with a

fidelity rate of 91.1%. In the future, it would be interesting to exam

how much of the reduced fidelity rate of FL-DH345 in the eye is

because of missing this 4 amino acids motif.

Supporting Information

Figure S1 Ft regulates tissue size through a tissue-
autonomous manner. Expression of either Ft-FL or Ft-intra

under Eyeless-Gal4 control restore eye imaginal disc size to

normal, but not that of other tissues, such as wing discs. (A–D)

Third-instar eye imaginal discs stained with fluorescein phalloidin.

(A’–D’) Third-instar wing imaginal discs. Genotypes are: (A, A’)

wt, (B, B’) ft2/2, (C, C’) ft2/2; Ey-Gal4/UAS-Ft-FL, (D, D’) ft2/

2; Ey-Gal4/UAS-Ft-intra

(PDF)

Figure S2 ft mutant clones expressing MH2 are still
large in size and round in shape, similar to those lacking
Ft function. (A–D) Examples of clone/twin-spot pairs showing

increased size and round shape of ft mutant clone compared to its

twin-spot. This clonal phenotype is fully rescued by the ubiquitous

expression of Ft-FL, but not significantly affected by the expression

of MH2. (A) wt clones (marked by loss of GFP, indicated by white

arrow) are similar in size and shape to their twin spot (GFP/GFP,

indicated by yellow arrow). (B) ft clones (marked by loss of GFP,

indicated by white arrow) are larger than their twin spot (indicated

by yellow arrow) in larval eye discs. (C) Ubiquitous expression of

wild-type Ft (Ft-FL) with TubP-Gal4 restored the size and shape of

ft clones to normal. (D) ft clones expressing MH2 retained the large

size and round shape. (E) Quantification of the ratio of clone size/

twin spot. Clone and twin spot areas were measured using the

histogram function of Adobe photoshop. Black bar represents

average ratio. Average ratio was 0.94 for wt, 6.56 for ft clone, 0.85

for ft clone+Ft-FL and 5.94 for ft clone+H2. (F) Quantification of

the ratio of clone shape index/twin spot. Shape of each individual

clone or twin spot was determined by clone shape index (A/L2) of

roundness (L: circumference of the clone, A: area of the clone).

The rational for using A/L2 formula was as follows: for a given

number of cells in a clone, the stronger the tendency of these cells

to avoid mixing with cells located outside of the clone, the smaller

the circumference (L) would be relative to the area (A) [61], and

the larger the clone shape index (A/L2). The area (A) and the

circumference (L) of a clone or twin spot were measured using the

histogram function of Adobe photoshop. Black bar represents

average ratio. Average ratio was 1.12 for wt, 2.89 for ft clone, 1.04
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for ft clone+Ft-FL and 2.40 for ft clone+H2. (GH) Immunoblot

analysis of DIAP1 expression in eye imaginal disc extracts from wt,

ft mutant, and ft mutant animals expressing Ft-FL or MH2

transgenes. Blots were probed with anti-DIAP1 and anti-b-tubulin.

DIAP1 expression levels in the ft mutant and MH2 rescued discs

are significantly increased compared to the wt and Ft-FL rescued

discs (p,0.05). No significant difference can be detected between

the ft mutant and MH2 rescued discs. DIAP1 levels were

quantified and normalized to the value in wt animals. An example

of immunoblot is shown in (G). Quantification result in (H)

represents the mean of three independent experiments and error

bars show S.D. Statistical significance was analyzed by one-way

ANOVA with post-hoc bonferroni correction.

(PDF)

Figure S3 The H2 region is not sufficient to rescue
elevated Cyclin E expression in ft clones. ftG2rv mutant

clones, marked by the absence of GFP expression (green channel),

were generated in third-instar eye imaginal discs in which Ft

mutant transgenes were expressed by TubP-Gal4. Cyclin E staining

was shown in red. (A) ft mutant clones show autonomous increases

in Cyclin E. Ubiquitous expression of Ft-FL (B), and Ft-intra (C)

rescues the elevated Cyclin E levels in ft clones, whereas MH2 (D)

and MDH2 (E) do not rescue (see result section).

(PDF)

Figure S4 The H2 region is not sufficient to rescue
elevated fj-lacZ expression in ft clones. ftG2rv mutant clones,

marked by the absence of GFP expression (green channel), were

generated in third-instar eye imaginal discs in which Ft mutant

transgenes were expressed by TubP-Gal4. b-gal staining was shown

in red. (A) ft mutant clones show autonomous increases in fj-lacZ.

Ubiquitous expression of Ft-FL (B), and Ft-intra (C) rescues the

elevated fj-lacZ levels in ft clones, whereas MH2 (D) and MDH2 (E)

do not rescue (see result section).

(PDF)
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