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Abstract

Background: Most human cancers originate from epithelial tissues and cell polarity and adhesion defects can lead to
metastasis. The Polycomb-Group of chromatin factors were first characterized in Drosophila as repressors of homeotic genes
during development, while studies in mammals indicate a conserved role in body plan organization, as well as an
implication in other processes such as stem cell maintenance, cell proliferation, and tumorigenesis. We have analyzed the
function of the Drosophila Polycomb-Group gene polyhomeotic in epithelial cells of two different organs, the ovary and the
wing imaginal disc.

Results: Clonal analysis of loss and gain of function of polyhomeotic resulted in segregation between mutant and wild-type
cells in both the follicular and wing imaginal disc epithelia, without excessive cell proliferation. Both basal and apical
expulsion of mutant cells was observed, the former characterized by specific reorganization of cell adhesion and polarity
proteins, the latter by complete cytoplasmic diffusion of these proteins. Among several candidate target genes tested, only
the homeotic gene Abdominal-B was a target of PH in both ovarian and wing disc cells. Although overexpression of
Abdominal-B was sufficient to cause cell segregation in the wing disc, epistatic analysis indicated that the presence of
Abdominal-B is not necessary for expulsion of polyhomeotic mutant epithelial cells suggesting that additional
POLYHOMEOTIC targets are implicated in this phenomenon.

Conclusion: Our results indicate that polyhomeotic mutations have a direct effect on epithelial integrity that can be
uncoupled from overproliferation. We show that cells in an epithelium expressing different levels of POLYHOMEOTIC sort
out indicating differential adhesive properties between the cell populations. Interestingly, we found distinct modalities
between apical and basal expulsion of ph mutant cells and further studies of this phenomenon should allow parallels to be
made with the modified adhesive and polarity properties of different types of epithelial tumors.
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Introduction

The development of multicellular organisms and homeostasis in
the adult require the organization of cells into layers or epithelia.
Epithelium formation and integrity are ensured via cell-cell
adhesion mediated by formation of several specialized junctions
that subdivide and polarize each epithelial cell into an apical and a
basolateral membrane domain [1,2,3]. The molecular mecha-
nisms underlying apico-basal cell polarization and cell-cell
adhesion are evolutionary conserved among animals. The best
characterized junctions are the apical adherens junctions com-
posed of E-cadherin, localized at the cell membrane and able to
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form direct homophilic bonds, and P-catenin, which links the
intercellular domain of E-cadherin to o-catenin, the latter
interacting directly with the actin cytoskeleton [4,5,6,7]. In the
basal domain of epithelial cells, members of the integrin family are
present and allow adhesion between different layers of cells via
their binding to the extracellular matrix [8]. Dynamic intercellular
adhesion is fundamental both for the recognition and assembly of
cells with similar properties and for the segregation of cells into
distinct populations [9,10,11]. However the link between devel-
opmental signals regulating adhesion molecule dynamics for
proper epithelial organization remains poorly understood. Impor-
tantly, most human cancers originate from epithelial tissues and
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cell adhesion and polarity defects participate significantly to tumor
progression and metastasis.

polyhomeotic (ph) 1s a member of the Polycomb group (PcG) genes
[12,13]. PcG proteins were first characterized in Drosophila where
they have been shown to be required for the maintenance of a
repressed state of target gene transcription, via multimeric protein
complexes affecting chromatin structure [14,15]. Although their
best-documented role is the determination of segment identity
along the anterior-posterior axis during embryogenesis via
epigenetic regulation of homeotic genes, it is becoming clear that
PcG proteins in mammals and in Drosophila are involved in many
other processes, including cell proliferation [16,17,18,19], main-
tenance of stem cell and differentiated cell identities [20] and
cancer [21].

Previous analysis of ph gene function carried out in the Drosophila
wing imaginal disc indicated that ph loss of function clones are
expulsed from the epithelial layer, surviving into adulthood where
they form vesicles maintaining epithelial characteristics [22,23,24].
In these studies, many different developmental genes were shown
to be deregulated in ph mutant wing discs, including engrailed,
hedgehog, and decapentaplegic, as well as several homeotic genes such
as Abdominal-B and Ulirabithorax, but no functional connection has
been demonstrated between these targets and the ph expulsion
phenotype. Here, we present results indicating that the expulsion
phenotype associated with pi mutations can be extended to a
second model epithelium in Drosophila, the follicular epithelium of
the ovary. Indeed, in the course of a screen to identify genes with
somatic function in ovarian follicle formation during early
oogenesis we identified polyhomeotic [25]. In the present study, we
show that induction of ph loss of function follicular cell clones leads
to progressive expulsion of mutant cells from the follicular
epithelium as in the wing imaginal disc. We have characterized
more precisely the expulsion phenotype of the p# mutant clones in
both the wing disc and the ovarian follicular epithelia. The
expulsion of ph mutant cells in both model epithelia is associated
with cell polarity defects and, in particular, with specific
modifications of apical adherens junctions. However, different
modalities of expulsion, between tissues and even within a given
tissue, were observed including apical vs. basal expulsions and
reorganization vs. complete diffusion of apical/basal markers.
Interestingly, ph overexpression clones also segregated from the
rest of the epithelium indicating that it is likely the juxtaposition of
cells with different levels of PH that leads to epithelial instability.
In order to identify PH targets common to both the wing and
ovary models, we tested several known targets and found that
Abdominal-B (4bd-B), a homeotic target of PH during embryogen-
esis and wing development [22,26] is also a target of PH in the
ovarian follicular epithelium. Interestingly, ectopic expression of
Abd-B in the wing disc also caused segregation of mutant and wild-
type cells. However, epistatic analysis showed that the p expulsion
phenotype is not rescued upon downregulation of 4bd-B indicating
that other, as yet unidentified, PH targets are implicated in the
epithelial instability provoked by ph mutations.

Results

ph mutant cells are expulsed basally from the ovarian
follicular epithelium

In order to study the function of p# in follicular epithelial cells of
the Drosophila ovary (Figure 1A,B), we used ph’’* which is an
amorphic allele (noted ph%) with at least two mutations that
completely abolish the function of both the ph-p and ph-d units of
the phlocus [13]. To circumvent the embryonic lethality associated
with these ph mutations, we induced clones of ovarian follicular
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cells homozygous for the pi’’? allele using the mosaic Flp/FRT
system [27]. With the Flp/FRT system, mitotic recombination
events produce a clone of GIFP-negative cells homozygous for the
mutation of interest and a corresponding “twin spot” clone
identifiable by the presence of two copies of GIP. We first induced
clones in females at eclosion and dissected ovaries 8 days later. No
ph? follicular cells (marked by the absence of GFP) were observed
under these conditions (Figure 1C’). Nevertheless, the presence of
twin spots (marked by high levels of GFP) (Figure 1D’, encircled)
indicated that mutant clones were induced, but not recovered. In
addition, these ovaries presented phenotypes corresponding to
defects during early oogenesis that we have previously reported as
being associated with homozygosity for the hypomorphic ph™
allele and for ph” mutant cell clones induced in the follicular
epithelium [25]. In particular, we observed follicles with an excess
number of nurse cells enveloped within a common monolayered
follicular epithelium (Figure 1C). These follicles likely result from
the encapsulation of two germline cysts together in the germarium
as evidenced by the presence of twice the normal number of nurse
cells (Figure 1C) and the presence of two oocytes, the latter marked
specifically by anti-Orb antibodies (Figure 1C”, arrows). The fact
that this mutant phenotype was observed despite the absence of
homozygous ph” follicular cells further supports the hypothesis that
ph’ mutant clones were indeed induced, but somehow lost.

We next dissected flies 45 days (instead of 8 days) after heat-
shock induction of p/z() clones. Indeed, under these conditions, we
were able to observe some follicular cells homozygous for ph’
(Figure 1E-E", encircled), however these ph mutant cells were
found exterior to the monolayered epithelium composed exclu-
sively of wild-type cells (Figure 1E-E”, arrow). Finally, when
females were dissected 1 to 2 days after clone induction, some i’
homozygous cells were recovered within the follicular epithelium
(Figure 1F-F", encircled). Therefore, by dissecting ovaries at
different times after clone induction, we observed that clones of
follicular cells mutant for ph are progressively lost because they are
expulsed from the follicular epithelium. Wild-type follicular cells
form a monolayer between the expulsed ph mutant cells and the
germ cells thereby assuring the continuity of the follicular
epithelium.

We also used a transgenic RNAi approach to abolish p4 function
in a restricted number of cells in the ovarian follicular epithelium.
We induced clones of cells that express an RNAi construct
directed against both ph-p and ph-d and presenting no off-targets
(line 50027: Vienna Drosophila RNAi Center) using the Flp-out
technique and the UAS/GAL4 system (see Materials and
Methods). The ph RNAi-expressing clones, visualized by GIFP
expression (Figure 1G',G", arrow), were also found exterior to the
follicular ~ epithelium composed of wild-type GIFP cells
(Figure 1G—G"). Therefore, using two different genetic tools to
knock down ph function, we obtained the same expulsion
phenotype, confirming that it is the specific loss of function of ph
that is responsible for the phenotype. Also, using both approaches,
only ph mutant cells are expulsed, indicating the cell autonomous
nature of the phenotype.

In some cases, we obtained ovarian follicles where the majority
of somatic cells are mutant for pi (Figure 1H', encircled) and the
follicular epithelium seems perfectly normal as evidenced by the
regular organization of the nuclei of the mutant cells
(Figure 1H,H", encircled). These results indicate that cells devoid
of ph function are still able to ensure their role as epithelial cells in
the context of a large clone. Therefore, expulsion of small ph’
mutant clones may be specifically due to the juxtaposition of ph
wild-type and mutant cells, while a large population of p# mutant
cells seems to be able to maintain epithelial stability. For the rest of
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Figure 1. ph mutant cells are progressively expulsed from the follicular epithelium in Drosophila ovaries. (A) Drawing of a wild-type
ovariole (anterior towards left). The stage 2 ovarian follicle buds off from the germarium and matures progressively towards the posterior. Each follicle
is composed of a germline cyst of 16 cells, one oocyte (brown) and 15 nurse cells (tan), enveloped by a monolayered epithelium of follicular cells of
somatic origin (grey). Specialized somatic cells, polar cells (red), terminal follicle cells (dark blue) and interfollicular stalk cells (light blue), are indicated
[61]. (B) Magnified view of the follicular epithelium with the apico-basal orientation indicated. (C-F,H) Follicles in which nuclei are stained with DAPI
(C,E,F,H) or Propidium lodide (PI) (D), ph wild-type cells with anti-GFP antibodies (C’,D’,E’,F',H’) and oocytes with anti-Orb antibodies (C",arrows). ph’
homozygous clones are detected by the absence of GFP staining. (C-C") Follicle dissected 8 days after clone induction does not reveal any ph? cells
(C’) but contains more than 15 nurse cells (C) and 2 oocytes (C",arrows). (D-D") Surface view of a follicle dissected 8 days after clone induction bearing
twin spots (D', brighter green - encircled and D", yellow -encircled). (E-E") ph? clone (encircled) expulsed from the wild-type follicular epithelium
(arrows) of a follicle dissected 5 days after clone induction. (F-F") In a follicle isolated 2 days after clone induction, a ph” clone (encircled) is found
within the follicular epithelium. (G-G") Follicle with a clone expressesing GFP (G’,G",arrow) and an RNAi construct against ph which is expulsed from
the follicular epithelium (G,G",arrow). (H-H") Follicle dissected 5 days after clone induction with a large ph‘J follicular cell clone (encircled), which forms
a normal follicular epithelium (H,H"). (I-I") Follicle dissected 8 days after induction of a clone of cells homozygous for Sce' detected by absence of GFP
(I, encircled) that is correctly integrated in the follicular epithelium (1,I”).

doi:10.1371/journal.pone.0013946.9001

this study, we concentrated on the characterization of the
expulsion phenotype of the small pi mutant clones.

We next considered whether p4” mutant cells are dying in which
case extrusion might reflect a response to cell death. To test this
hypothesis, we used the TUNEL assay, which reveals DNA
fragmentation characteristic of cell death by apoptosis. We did not
see any TUNEL staining in cells mutant for ph (data not shown)
indicating that extrusion is not simply a secondary consequence of
cell death. In addition, DNA staining with DAPI confirms normal
nuclear morphology within the extruded clones (see Figure 1E,
encircled, for an example).

Since ph is a member of the PG genes, we tested whether
mutations in other PcG genes lead to similar phenotypes. Using
clonal analysis of amorphic mutations, no extrusion of follicular
epithelial cells mutant for Asx, Pel, Sce, Sem or doubly mutant for
Psc and Su(z)2, was observed. We recovered mutant clones
correctly integrated within the follicular epithelium and these
were of the same size and frequency as twin spot control clones
(see Sce’ mutant clones as an example in Figure 11-1", encircled
and data not shown). In addition, trans heterozygous genetic
interactions were tested between mutations in ph and other PcG
genes and no effects on oogenesis phenotypes were observed (data
not shown and [25]).

Expulsion of ph mutant cells in the ovarian epithelium is
accompanied by a loss in cell polarity

One explanation for the segregation of ph’ and ph" epithelial
follicular cells could be differential cell adhesion between the two cell
populations. We therefore next examined the expression of several
proteins implicated in cell-cell adhesion and/or polarization of
epithelial cells. Several apical markers (F-actin, Bazooka/Par3,
aPKC, Crumbs), a lateral marker (Hu-li tai shao, Hts) and basal
markers (Integrin-BPS and Talin) were tested. In pi” mutant follicular
cells that are still integrated in the follicular epithelium, F-actin
(Figure 2A—-A", dotted lines), Bazooka/Par3 (Figure 2C,C’, dotted
lines), aPKC (Figure 2D-D’, dotted lines) and Crumbs (data not
shown) were expressed at wild-type levels and maintained their apical
subcellular localization. Hts (Figure 2B-B”, dotted line), Integrin-pPS
and Talin (data not shown) were not disturbed in p4” mutant cells that
are still integrated in the follicular epithelium. However, delocaliza-
tion of part of the DE-cadherin pool, one of the components of apical
adherens junctions, towards the basal/lateral membrane was
observed in ph’ mutant cells (Figure 2E,F-I”, dotted line), though
distribution of a second adherens junction component, Armadillo/3-
catenin, was not significantly affected (Figure 2G—-G”, dotted line).
Surface views of mosaic follicles also showed a difference between pi*"
and ph” cells. In these views, when the focal plain was placed at the
apical side of follicular epithelial cells, pi" cells display a regular
hexagonal ring pattern of staining for adherens junction components
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(for Armadillo/B-catenin, Figure H', arrow and data not shown). In
contrast, pho cells were deformed, in particular exhibiting significant
elongation that increased contact between adjacent ph’ cells and
decreased contact between ph’ and ph* cells (Figure 2H-H”,
encircled). At this stage, the ph’ mutant cells are still integrated in
the follicular epithelium, but they have undergone cell shape changes
that indicate segregation from the rest of the pi* epithelial cells. These
modifications in morphology and thus in interaction with neighbor-
ing cells, as well as delocalization of DE-cadherin towards the basal/
lateral membrane, therefore precede expulsion of ph” mutant cells
and likely participate actively to the process.

We performed the same type of analysis on ph’ mutant cell
clones already expulsed from the regular follicular epithelium. In
wild-type cuboidal ovarian follicular cells, F-actin is preferentially
localized apically (Figure 3A’, arrow) and Hts laterally (Figure 3B’,
arrow). When p4” mutant cells were expulsed as a small cell mass
(Figure 3A-A”",B-B", encircled), they adopted a more round,
irregular shape, and F-actin and Hts accumulated at high levels at
the interface between mutant cells. The basal markers Integrin-
BPS and Talin were also localized throughout the membrane in
the expulsed pi” mutant cells (data not shown). We also examined
DE-cadherin and Armadillo/B-catenin, which are normally at
their highest levels apically in wild-type epithelial follicular cells
(Figure 3C',D’, arrows). In ph” cells that are expulsed, DE-
cadherin was present only at the interface between ph’ mutant cells
(Figure 3C'-C", dotted line) and Armadillo/B-catenin  was
localized cortically (Figure 3D'-D”, dotted line). Therefore, ph
mutant follicular cells show loss of apico-basal polarity once they
are expulsed. Importantly, wild-type cells were always able to
organize themselves such that a new monolayered epithelium was
formed beneath the expulsed ph” mutant cells (Figure 3A”,B",
C",D"). Taken together, these results suggest that remodeling of
adherens junction organization between ph mutant cells and wild-
type cells, such that new connections are preferentially formed
between “like” cells, leads to segregation of the pi mutant clones
from the follicular epithelium.

ph mutant cells in the wing imaginal disc epithelium are
extruded basally as a cyst-like structure with modified
apical and basal domains

Our finding that ph’ cells are expulsed from the ovarian
follicular epithelium was intriguing since previous studies indicated
that induction of p” clones in the wing imaginal disc also leads to a
poorly-characterized expulsion phenomenon which is associated
with the presence of cuticular vesicles lodged between the ventral
and the dorsal surfaces of the adult wing (or in the legs) [22,24].
The wing imaginal disc, the wing primordium present in the larva,
i1s another important model system for the study of epithelial
organization in Drosophila (Figure 4A,B). In order to further
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Figure 2. ph mutant cells within the follicular epithelium exhibit morphological and adhesion molecule modifications. Analysis of
mosaic ovarian follicles with ph® mutant follicular cell clones integrated within the follicular epithelium (identified by the absence of GFP), using
immunodetection to assay for distribution of cytoskeletal markers such as F-actin (Act) and Hu-li tai chao (Hts), apical markers such as Bazooka/Par3
(Baz) and aPKC, and adherens junctions components DE-cadherin (DE-cad) and Armadillo/B-catenin (Arm). All nuclei are stained with DAPI.
(A-B) Apical accumulation of F-actin (A’) and lateral distribution of Hts (B’) are normal in the pho mutant clones (dotted lines). (C-D) The proteins Baz
(C) and aPKC (D) are also correctly localized at the apical membrane in cells mutant for ph (dotted lines). (E) The distribution of the apical
transmembrane protein DE-cadherin is affected in pho mutant clones (dotted lines) since significant amounts of basal accumulation are observed
(F-F”, magnification of the clone in E). In F-F”, the asterisk indicates one of the polar cells which also exhibits some basal DE-Cadherin. (G-G") Apical
Armadillo/B-catenin distribution is not significantly disturbed in ph® mutant cells (dotted lines). (H-H") Adherens junction organization between
ph wild-type epithelial cells produces a hexagonal honeycomb pattern of Armadillo/B-catenin staining in a surface view of a follicle (H'-arrow), while
detection of this protein in clones of cells mutant for ph (H-H” GFP negative, encircled) reveals cell morphological modifications including distinct

elongation and apical constriction.
doi:10.1371/journal.pone.0013946.g002

characterize this phenomenon, we induced wild-type and pi’
clones in first instar larvae using a heat-shock inducible source of
flipase and dissected wing imaginal discs of third instar larvae (see
Materials and Methods). Wild-type clones (marked by the absence
of GFP) induced in all regions of the wing disc formed wiggly
borders with their neighboring non-clonal cells (Figure 4C’,C", see
arrow and arrowheads for examples). Wild-type clones formed an
integral part of the epithelial layer as evidenced by the regular
distribution of the nuclei in both X-Y views of the wing disc
(Figure 4C, arrow/arrowheads) and Z optical cross sections
(Figure 4D, D", arrow). In contrast, we found that pi” mutant
clones adopted a round shape and segregated from surrounding
wild-type cells forming smooth borders with their neighboring

cells (Figure 4E-E”, arrows/arrowheads). Indeed, the cells in
/7/10 mutant clones reorganized and formed a sphere of only one
layer of cells as evidenced by the organization of the nuclei
revealed by DAPI staining in cross sections of the clones taken
from both X/Y (Figure 4F-F", arrowheads) and X/Z axes
(Figure 4G—G", arrowhead). Visualized in Z optical cross sections,
cells mutant for the ph gene were not maintained in the
pseudostratified layer of epithelial cells, resulting in their retraction
from the basal epithelial surface and subsequent expulsion
(Figure 4G—G”, arrowhead). We routinely observed expulsion of
ph” clones in the wing pouch, as well as in the presumptive hinge
and notum imaginal tissue (Figure 4E—~E", arrowheads/arrows and
data not shown). In addition, we did not observe any significant

DE-cad

Figure 3. Adhesion and cytoskeletal protein distribution is modified in ph’ cells expulsed from the follicular epithelium. Mosaic
ovarian follicles with pho mutant clones identified by the absence of GFP (A, B, D) or B-galactosidase (3-Gal) staining (C). Nuclei are marked by DNA
staining with DAPI (A", D") or Propidium lodide (PI) (B"). Using immunodetection, we examined the distribution of the cytoskeletal markers F-actin
(Act) and Hu-li tai chao (Hts), and of the adherens junction components DE-cadherin (DE-cad) and Armadillo/f-catenin (Arm) in cells mutant for
ph that are expulsed from the follicular epithelium (indicated by dotted lines), compared to that in neighboring wild-type cells (white arrows).
(A-B) F-actin (A’) and Hts (B') are localized cortically in the ph® mutant clones, which adopt a round shape and lose their monolayer epithelial
organization. (C) In a clone mutant for ph (C,C"), DE-cadherin is localized at the membranes between ph mutant cells (C’,C"). (D) A ph” mutant clone
extruded from the follicular epithelium (D,D") exhibits cortical staining for Armadillo/B-catenin (D’,D").

doi:10.1371/journal.pone.0013946.g003
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Figure 4. In the wing imaginal disc, ph misexpression clones sort-out from the wild-type epithelium. (A) Drawing of a wing imaginal disc
with compartments and presumptive territories indicated. (B) Drawing of a cross-section of a wing imaginal disc at the level of the wing pouch [47]. (C-
G) Wing discs in which clones of cells have been induced which lack GFP (C-D) or lack both GFP and ph function (E-G). Panels C, E and F are XY confocal
sections (orientation as in A). (C-C") Wild-type clones lacking GFP form clones with wiggly borders evenly integrated in the epithelium (arrow and
arrowheads). (D-D") A XZ cross-section of the wing pouch (orientation as in B) of a wild-type clone (C-C"-arrow) showing GFP-negative cells integrated
normally into the epithelial layer. (E-E”) ph® homozygous clones lacking GFP segregate from surrounding control cells, disrupting the continuity of the
epithelial layer and forming round clones with smooth borders (arrow and arrowheads). A twin clone with wiggly borders, indicated with dotted lines, is
of approximately the same size as what is likely its corresponding ph’ clone. (F-F") Magnified view of two mutant clones (arrowheads) from E
(arrowheads), showing that ph? cells are organized as monolayered spheres which bud off the wing disc. (G-G”) XZ cross-section (orientation as in B) of a
ph? clone (arrowhead) extruded basally as a cyst. (H,1,J) XY confocal views of wing discs in which clones of cells expressing GFP form wiggly borders with
adjacent non-GFP expressing cells and are integrated normally in the disc epithelium (H), whereas clones expressing both GFP and the ph RNAi construct
(1) or GFP and the ph overexpression construct (J) form smooth borders with neighboring wild-type cells and a cyst structure. DAPI marks all nuclei.

doi:10.1371/journal.pone.0013946.g004

difference between the size and frequency of ph” mutant and wild-
type clones induced independently (compare Figure 4C’ and E’
and data not shown) or between ph” mutant and wild-type twin
clones (Figure 4E-E", dotted lines indicate a twin clone, and data
not shown) indicating that under the conditions used, the
expulsion phenotype is not a consequence of proliferation or
growth defects. Using these same conditions, similar results were
obtained for other imaginal discs including that of the eye-antenna
(Figure S1A). If different conditions for heat shock induction of
clones were used, such as conducting heat shocks earlier in
development, then larger clones exhibiting clear segregation from
wild-type tissue were recovered in wing, as well as eye-antennal,
imaginal discs (Figure S1D,E and data not shown). Multiplying the
number of heat shocks and starting these early in development
allowed recovery of rare imaginal discs (eye-antenna, wing and leg)
with overgrowth phenotypes (Figure S1F and data not shown),
resembling those previously reported [16,17]. Since we were
interested in analyzing the effects of ph mutations specifically on
epithelial integrity, we continued the analysis using heat shock
conditions that allow uncoupling of the epithelial instability and
more severe overgrowth phenotypes.

A very similar expulsion phenotype was observed when clones
of cells that express an RNAi construct targeting both ph units
were induced (VDRC 50027 line). As a control, clones of cells
expressing GFP ectopically in the wing disc were induced using the
Flp-out technique and the UAS/GAL4 system (see Materials and
Methods). These GFP' clones formed wiggly borders with
neighboring GFP™ cells (Figure 4H',H") and were integrated
normally in the wing disc (Figure 4H). In contrast, expression of
both GFP and the p& RNAI construct led to production of clones
with smooth borders consisting of a monolayer of cells organized
as a cyst (Figure 41-1"). Similar results were obtained for other
imaginal discs including that of the eye-antenna (Figure S1B,C). In
addition, ph RNAi clones also exhibited derepression of the
homeotic gene Abd-B, like ph’ clones ([22]), further supporting that
the ph RNAI construct specifically reduces ph. Therefore, by two
independent methods, loss of function of ph is specifically
associated with the expulsion phenotype in the wing imaginal
disc. Thus, in two different epithelial models, the ovarian follicle
and the wing imaginal disc, juxtaposition of pi mutant and wild-
type cells leads to epithelial instability.

We also tested whether overexpression of ph had an effect on
epithelial organization in the wing imaginal disc. In contrast to
clones of cells expressing only GFP ectopically (Figure 4H-H"),
clones which in addition overexpressed pk formed smooth borders
with neighboring wild-type cells and in some cases reorganized
Into a cyst structure clearly segregating from the rest of the disc
(Figure 4J-J"). Therefore, induction of clones of cells with either
reduced or increased ph expression both lead to segregation of the
clones from neighboring wild-type cells with normal PH levels.

In order to characterize more precisely the reorganization of ph’
mutant cells during expulsion in the wing disc, we examined the
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expression of markers implicated in the polarization of epithelial
cells. In wild-type wing disc cells, DE-cadherin forms apical cell-
cell junctions with all immediate neighboring cells, thereby
generating an apical ring, close to hexagonal in shape, at the
cellular level and an apical honeycomb-like lattice at the tissular
level (Figure 5A',C’, yellow arrows). In clones of ph’ cells in the
wing disc, DE-cadherin was localized exclusively between ph
mutant cells towards the center (internal face) of the clone
(Figure 5A’,A”, white arrow). Indeed, in all optical cross sections of
the same ph mutant clone, including along the Z axis, DE-cadherin
staining takes the form of a ring present in the center of the clone
(Figure 5B’,B", arrow). Upon visualization of DE-cadherin on the
internal face of the ph” mutant clone with a surface, rather than
transverse view, a honeycomb lattice cage-like spherical structure
was observed (Figure 5C’,C" white arrow) resembling the
organization of adherens junctions between wild-type cells in a
normal epithelium (Figure 5A',C’ yellow arrows). The ph RNAI
clones which are also extruded as a cyst-structure from the wing
disc epithelium (Figure 5G—G”, arrows) exhibited the same
organization of DE-Cadherin between the mutant cells towards
the center of the clone (Figure 5SH-H", arrowhead).

We also examined the accumulation of two other apical
markers, F-actin and Armadillo/B-catenin. F-actin (Figure 5D,
D", arrowhead) and Armadillo/B-catenin (Figure 5E’,E” and
5F"F", white arrows), like DE-cadherin, were localized at the
internal face of ph mutant clones. However, unlike DE-cadherin,
these two proteins were also present at the external face of ph” cell
clones towards the exterior of the disc (Figure 5D’, white arrow
and E’, yellow arrow) or towards phi' cells (Figure 5D’, yellow
arrow). Therefore, ph mutant cells extruded as a cyst establish new
apical contacts with each other composed of adherens junction
components and F-actin, but the opposite pole of these cells may
not fully resemble a normal basal domain since there is some
accumulation of Armadillo/B-catenin and F-Actin.

We therefore next examined the accumulation of the basal
marker Talin in pi mutant clones in the wing imaginal disc. A
much greater amount of Talin was observed in pi mutant cells
compared to adjacent wild-type cells, some present as diffuse
staining in the cytoplasm, but more significantly as large patches of
staining towards the external face of the clones next to ph* cells
(Figure 6A",B’, arrowhead). Taken together, these results indicate
that the expulsed cyst-like structures are comprised of ph” cells that
are repolarized such that a new apical domain faces the center of
the clone and an abnormal basal domain, exhibiting high levels of
Talin accumulation, forms towards the exterior of the clone.

In order to further explore the relationship between Talin
accumulation and the expulsion phenotype associated with ph
mutations, we first tested whether overexpression of ph had any
effect on Talin accumulation. We induced clones of cells
expressing GFP and overexpressing ph in the wing disc using the
Flp-out technique and the UAS/GAL4 system (see Materials and
Methods). Although these clones, marked by GFP expression,
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Figure 5. Redistribution of polarity and adhesion markers in ph° wing imaginal disc clones expulsed basally. (A-F) Mosaic wing discs in
which the cells mutant for ph are identified by the absence of GFP, DAPI marks all the nuclei and antibodies reveal the distribution of DE-cadherin
(DE-cad), F-actin (Act) and Armadillo/B-catenin (Arm). Merged views of the triple stainings are presented in A"-F”. Panels A, C, D and E are standard
confocal XY sections (discs are oriented with ventral towards the top). Panels B and F are XZ optical cross sections of the mutant clones presented in
panels A and E, respectively (discs are oriented as in Figure 4B). (A, B and C) DE-cadherin immunostaining (red) reveals DE-cadherin localized at the
internal face of the ph mutant clones (A’,A",B’,B",C’,C"-white arrows). The yellow arrow in A’ and C’" shows the apical DE-cadherin staining in wild-type
cells. (D) F-actin (red) is localized at the internal (D’,D", white arrowhead) and the external (D’, white and yellow arrows) surface of the cells mutant for
ph. (E and F) The apical protein Armadillo/B-catenin (red) is present at the internal membrane of the ph mutant cells (E',E",F’,F"-white arrows) and also
externally towards the surrounding wild-type cells (E’,F'- yellow arrow). (G) Wing disc (oriented with ventral towards the top) bearing clones of cells
expressing an RNAi construct targeting ph marked by the presence of GFP (G,G"- white and yellow arrows). All nuclei are marked with DAPI (G").
DE-cadherin (DE-cad) is revealed by immunodetection (G’,G"). Panel H is a magnified view of the mutant clone marked by a white arrow in panel G.
Clones of cells that express the ph RNAi construct are organized as a monolayered sphere with smooth borders (G,G",H,H"). DE-cadherin is localized in
the center of the clones as a ring (G',G",H',H", white arrowheads).

doi:10.1371/journal.pone.0013946.9005

exhibited smooth borders with neighboring wild-type cells Talin, encoded by the rkea gene, had any effect on epithelial
(Figure 6C,C"), they did not exhibit altered accumulation of Talin stability. Clones overexpressing Talin, as visualized by Talin-
(Figure 6C',C"). Next, we tested whether direct overexpression of specific antibodies (Figure 6D’) and GFP expression (Figure 6D,

Figure 6. Clonal loss of function and overexpression of ph and rhea in the wing imaginal disc. (A, B) Mosaic wing disc in which cells
mutant for ph are identified by the absence of GFP, DAPI marks all the nuclei and the distribution of the basal marker Talin is revealed by
immunodetection. Merged views of the triple stainings are presented in A"-D". Panel A is a standard confocal XY section (disc is oriented with ventral
towards the top). Panel B is a XZ optical cross section of the ph mutant clone observed in A (disc is oriented as in Figure 4B). In pha mutant clones, an
abnormally high level of Talin (red) accumulates at the surface in contact with the wild-type surrounding cells (A’,A”,B’,B"-white arrowheads).
(C) Mosaic wing disc (oriented with ventral towards the top) bearing clones of cells that express GFP ectopically (C,C") along with an overexpression
ph construct. All nuclei are stained with DAPI (C") and Talin accumulation is revealed with specific antibodies (C’,C"). Clones of cells that overexpress
ph form smooth borders with the wild-type surrounding cells (C,C") but Talin accumulation is similar between the ph overexpressing cells and
surrounding wild-type cells (C’,C"). (D) Mosaic wing disc (oriented with ventral towards the top) bearing clones of cells that express GFP ectopically
(Figure D,D") as well as a rhea overexpression construct. High level Talin accumulation specifically in the clones is revealed with specific antibodies
and exposure settings that do not allow visualization of the lower endogenous level of Talin in non-clonal cells (D’,D"). All nuclei are stained with
DAPI (D"). The cells that accumulate elevated levels of Talin form clones with heterogeneous morphology and wiggly borders which do not sort-out
from the wild-type cells (D,D").

doi:10.1371/journal.pone.0013946.g006
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D"), were indistinguishable from wild-type clones (see Figure 4H")
in that they formed wiggly borders and were normally integrated
in the wing disc epithelium (Figure 6D-D"). These results indicate
that an abnormally high accumulation of Talin is not sufficient to
provoke sorting out of a clonal wing disc cell population.

Some ph’ mutant clones in the wing disc are also
expulsed apically with complete loss of cell polarity
During the study of the extrusion of pi mutant cells in the wing
disc, we found that some pho mutant clones (Figure 7A,C,E, white
arrows) were expulsed apically rather than basally and were thus
found wedged between the peripodial membrane and the wing
disc epithelium as evidenced in the Z cross sections of these clones

ph and Epithelial Integrity

(Figure 7B,D,F, arrows). The disc, rather than peripodial
membrane, origin of these clones was demonstrated by the
systematic presence of strongly GFP-positive twin clones in the
disc epithelium as observed in Z cross sections (Figure 7B,D,F,
arrowheads) and the absence of such twin clones in the peripodial
membrane (Figure 7B,D,F). Thesc apically-expulsed p4” mutant
clones, in contrast to the basally-expulsed clones that form a
regular cyst structure, exhibited no specific organization of mutant
cells as evidenced by DAPI nuclear staining (Figure 7A"—F", white
arrows). In addition, the normally apical adherens junction
components, DE-cadherin (Figure 7A’,B’, arrows) and Armadillo
(Figure 7C',D’, arrows), were not polarized, but rather diffuse in
the cytoplasm of these cells giving the impression of somewhat

Figure 7. In the wing imaginal disc, ph cells expulsed apically display complete loss of apico-basal polarity. Mosaic wing discs in which
cells mutant for ph are identified by the absence of GFP, DAPI marks all the nuclei and the distribution of DE-cadherin (DE-cad), Armadillo/B-catenin (Arm)
and Talin is revealed by immunodetection. Panels A, C and E are standard confocal XY sections (discs are oriented with ventral towards the top). Panels B, D
and F are XZ optical cross sections of the mutant clones indicated by white arrows in A, C and E respectively (discs are oriented as in Figure 4B). pho mutant
clones segregate from the wild-type neighboring cells and adopt a round shape, but the cells exhibit no particular organization (A”,C",E”, white arrows, as
revealed by DAPI-marked nuclei in blue). XZ optical cross sections of the ph® mutant clones indicate that they are expulsed apically and are sandwiched
between the peripodial membrane and the wing disc epithelium (B”,D",F", white arrows). DE-cadherin (A’,B), Armadillo/B-catenin (C’,D’) and Talin (E',F’) are
present diffusely in the cytoplasm of ph mutant cells expulsed apically. In B,B”, D,D” and F,F”, white arrowheads indicate the position of twin spots marked
by a double dose of GFP. (E) For comparison, a pho mutant clone expulsed basally accumulates abnormally high levels of Talin (E-E”, yellow arrow).

doi:10.1371/journal.pone.0013946.g007
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reduced accumulation of these proteins. In order to determine
whether ph mutant clones exhibited downregulation of expression
of either the shoigun (encoding DE-Cadherin) or armadillo/ -catenin
genes, lac{ transcription reporter constructs were used and no
significant difference in the expression levels of these reporters was
observed between ph mutant and nearby wild-type cells (data not
shown). It is therefore possible that the low signal observed upon
immunodetection of DE-Cadherin and Armadillo/ -catenin in ph
mutant apically-expulsed clones is merely a consequence of diffuse
localization of these proteins. The normally basal protein, Talin,
also appeared distributed in a diffuse manner in the cytoplasm of
ph mutant cells in apically-expulsed clones (Figure 7E’,F’, white
arrows) in sharp contrast to the high level of Talin accumulation in
basally-expulsed clones present in the same disc (7E’, yellow
arrow). Therefore, expulsion of ph’ mutant cells from the wing
imaginal disc epithelium can proceed via two dramatically
different modes, namely, basal expulsion of a cyst-like structure
with apico-basal organization and apical expulsion of a small mass
of cells with no apico-basal organization.

Abd-B, a known PH target in the embryo and wing
imaginal disc, is also a PH target in the ovarian follicular
epithelia

Abd-B is a homeotic gene, which functions in the specification of
the posterior abdomen and the genitalia of the fly [28]. In the
embryo, Abd-B is expressed in the posterior-most parasegments, 10
through 15, and is repressed by PcG products including PH
outside of this expression domain [26]. In particular, Abd-B is
repressed in the wing imaginal disc throughout larval stages and it
is derepressed upon induction of pi mutant clones in this tissue in a
cell autonomous manner as evidenced by the presence of Abd-B
protein in nuclei of mutant cells undergoing sorting-out [22]
(Figure 8A-A", arrow). Clonal expression of an RNAI construct
targeting ph transcripts also led to cell autonomous derepression of
Abd-B and accumulation of this nuclear protein (Figure 8B-B”,
arrow). These observations further confirm that clones of cells
expressing the pi RNAI construct exhibit the same phenotype as
ph” mutant cell clones (compare Figures 8A-A" and B-B").

We examined Abd-B protein accumulation in the adult ovary
and found that it was not expressed in either somatic (Figure 8C’,
yellow arrowhead) or germline (Figure 8D, white arrowhead)
wild-type cells. In contrast, Abd-B was expressed ectopically in
nuclei of expulsed pi mutant follicular cells using either the p/za
allele (Figure 8C—C", encircled) or the transgenic RNAI construct
targeting ph (Figure 8D-D", yellow arrowhead). We noted however
that when using the p& RNAi construct, small-sized clones did not
exhibit expulsion and did not express Abd-B ectopically
(Figure 8D-D”, white arrowhead). Indeed, similar results corre-
lating ph mutant clone size and 4bd-B derepression were reported
previously in the wing imaginal disc [22]. Therefore, PH represses
Abd-B expression in the wild-type adult somatic ovary(as it does in
the wing imaginal disc.

Overexpression of Abd-B induces sorting out of cells, but
Abd-B is not necessary for expulsion of ph mutant cells
We next studied the effects of directly overexpressing Abd-B in
epithelial cells using the Flp-out technique and the UAS/GAL4
system (see Materials and Methods). In the ovarian follicular
epithelium, overepression of A4bd-B lead to several defects in ovary
morphogenesis preventing analysis of epithelial phenotypes (data
not shown). In the wing disc, recovery of clones of cells that
overexpress Abd-B and GFP (Figure 8E-E", arrow) was largely
inefficient compared to that of GFP-expressing wild-type clones
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(data not shown). However, all the 4bd-B overexpression clones
recovered were round clones making smooth borders with
neighboring wild-type cells (Figure 8E-E”, arrow), in contrast to
the wild-type clones that formed wiggly borders with neighboring
tissue (Figure 4H-H"). These results suggest that ectopic 4bd-B
expression, at least in the wing disc epithelium, is sufficient to
induce segregation between Abd-B* and Abd-B™ cells. Therefore,
differential expression of 4bd-B in an epithelial tissue, as for ph, also
leads to its instability.

We next tested if epistatic relations exist between ph and Abd-B
for epithelial instability in the wing disc epithelium. We generated
clones of cells mutant for ph and Abd-B, separately and
simultaneously, by combining Flip-out clone induction and
transgenic RNAI constructs. As presented above, wing disc cell
clones which express GFP and an RNAI1 construct targeting ph
only showed derepression of 4bd-B and were expulsed as a cyst-like
structure (Figure 8B-B", arrow). Wing disc cells that express GFP
and RNAI constructs targeting both ph and Abd-B, sorted-out and
were extruded basally from the wing disc epithelium (Figure 8F—
F’, G-G”- arrows) thus resembling the phenotype when only ph
function is inactivated. The fact that Abd-B was not detected in
the double mutant clones using immunodetection (Figure 8F',G’,
arrows) demonstrated that the Abd-B RNAI construct efficiently
disrupted Abd-B expression as desired. In these images, the
background signal of the Abd-B antibodies was increased so as to
clearly show that there is no difference between the signal in ph
wild-type and mutant cells. This result indicates that loss of 4bd-B
function does not impede the sorting-out of clones mutant for pi
and, therefore, that A4bd-B function is not necessary, or is
redundant with another function, for the segregation and
expulsion of the ph mutant cells. Therefore other targets of PH,
also derepressed in ph mutant cells, must be implicated in the
expulsion of ph mutant clones.

Discussion

Different modalities for apical and basal expulsion of
polyhomeotic mutant epithelial cells in two Drosophila
organs: the ovarian follicle and the wing imaginal disc

Our results establish a link between PH, a member of the PcG
chromatin factors, and epithelial integrity. In two distinct tissues in
Drosophila, the ovarian follicle and the wing imaginal disc, epithelial
cell clones with lowered p/ function (either homozygous for the
ph’"* amorphic allele or expressing a transgenic RNAi construct
targeting ph) are expulsed as a tight cell mass exhibiting important
cell polarity and adhesion modifications. During expulsion, wild-
type cells lose contacts with p4 mutant cells and form new contacts
with each other in order to maintain a normal epithelium.
Significantly, when very large ph mutant somatic clones were
recovered which covered almost an entire ovarian follicle, these
clones were stably maintained in the follicular epithelium. In
addition, we also observed that ph-overexpressing clones make
smooth borders and sort-out as a cyst structure from adjacent wing
imaginal disc cells expressing wild-type levels of ph. Therefore, the
expulsion phenotype is likely due to the juxtaposition of cells with
different levels of PH and consequently with different adhesive
properties. Interestingly, amorphic pk embryos present disintegra-
tion of the ventral epidermis also suggesting a cell-cell adhesion
problem [12,13].

Expulsion of ph mutant cells in these two tissues is not merely a
consequence of cell death since cell death markers are not
expressed in these cells. In addition, the results of our clonal
analysis of ph mutations clearly indicate that expulsion can occur
independently of excessive cell proliferation. In contrast, in two
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Figure 8. Interaction between ph and Abd-B in the ovarian follicle and wing imaginal disc. XY confocal sections of wing imaginal discs
(A,B,E-F - oriented as in 4A) and ovarian follicles (C,D) revealing Abd-B protein accumulation by immunodetection. All nuclei are marked with DAPI.
(A-A") Wing disc in which a ph® homozygous cell clone is identified by the absence of GFP (arrow) and Abd-B, not present in surrounding wild-type
cells, is accumulates ectopically in ph mutant cells (arrow). (B-B") Wing disc bearing a clone of cells expressing GFP (arrow) along with an RNAi
construct targeting ph. The clone exhibits a round shape and ectopic expression of Abd-B. (C-C") Ovarian follicular epithelium in which a ph’ mutant
cell clone is identified by the absence of GFP (encircled), and Abd-B, not present in the surrounding wild-type follicular and nurse cells, is specifically
expressed in the ph® mutant cells. (D-D") Ovarian follicular cell clones expressing GFP ectopically (arrowheads) along with an RNAi construct targeting
ph. A clone of cells expressing the ph RNAi construct accumulates Abd-B and is expulsed (yellow arrowhead), whereas another clone that does not
accumulate Abd-B is correctly integrated in the follicular epithelium (white arrowhead). (E-E”) Wing bearing a clone of cells that expresses both GFP
and Abd-B (arrow) and exhibits smooth borders with neighboring wild-type cells. (F-F") Wing disc bearing a clone of cells that expresses GFP (arrow)
along with RNAI constructs targeting ph and Abd-B. Efficient downregulation of Abd-B is obtained with the RNAi construct as revealed by the absence
of Abd-B accumulation (arrow). The clone presents smooth borders with neighboring wild-type cells and is expulsed basally from the disc epithelium

(G - XZ optical cross section of the clone in F oriented as in Figure 4B).

doi:10.1371/journal.pone.0013946.g008

recent publications, a tumor suppressor function was demonstrated
for ph in the eye imaginal disc [16,17] and overgrowth is also noted
upon induction of ph mutant clones in the wing disc in one of the
studies [16]. The difference with our results is likely due to the
different conditions used to induce mutant clones. Indeed, the the
other studies induced flipase expression was under the control of the
promoter of the eyeless (¢y) gene, which is expressed early and
continuously during eye development. For our study, a heat shock-
inducible source of flipase was used and moderate heat shock
conditions gave similar p# mutant clone sorting out and expulsion in
all the imaginal discs (Figure STA-E). When we conducted multiple
heat shocks starting early in development, we recovered rare
imaginal discs with overgrowth problems (Figure S1F). Therefore
our experimental conditions allow us to uncouple cell adhesion and
overgrowth due to ph mutations and to study cell adhesion and
epithelial instability independently of the severe overgrowth
phenotypes. This is interesting because the loss or the perturbation
of cell adhesion and polarity properties is commonly observed in
advanced stages of tumorigenesis and metastasis [29,30] and links
have been established between PcG function and oncogenesis in
mammals [21]. A recent report shows that mutations in Bmil, a
mouse PcG gene, rescue tumorigenesis involving neural stem cells
by specifically controlling the adhesive capacities of these cells
independently of an effect on cell proliferation [31].

Our results show that ph mutant clones are expulsed with very
different modalities of apical versus basal expulsion. In both the
wing disc and follicular epithelia, p2 mutant cell clones can be
expulsed basally and this basal expulsion involves re-organization
of cell adhesion molecules and cell polarity. During progressive
expulsion of ph mutant follicular cell clones, components of the
adherens junctions, in particular DE-cadherin, delocalize from the
apical to the baso-lateral domain before expulsion, in mutant cells
that are still integrated within the epithelium. In the ph mutant
cells comprising the expulsed mass, polarity and adhesion
molecules are cortically relocated.

During basal expulsion in the wing imaginal disc, ph mutant
cells reorganize in a cyst-like structure composed of a single layer
of cells, which are polarized with an apical domain facing the
center of the cyst and an external basal domain. The basal marker
Talin accumulates at abnormally high levels as basal globs in the
extruding ph mutant cells. Although Talin misregulation is very
apparent in these clones, it does not likely provide the driving force
behind expulsion since direct overexpression of Talin does not
provoke any signs of cell sorting or epithelial instability.

In contrast, apical expulsion of pi mutant cell clones occurs in
the wing imaginal disc, such that the cells find themselves lodged
between the disc and peripodial membrane, and differs signifi-
cantly from basal expulsion. In the case of apical expulsion, ph
mutant cells also form a compact round cell mass, but these cells
exhibit complete loss of apico-basal polarity, as evidenced by
the diffuse, cytoplasmic accumulation of both apical and basal
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proteins. In this case, adherens junctions are disassembled between pk
mutant and wild-type cells, but new ones do not seem to be formed
between ph mutant cells although the cells remain in close contact. It
is not possible to say at this point whether the different cell polarity
defects observed are the cause or the consequence of apical vs. basal
expulsion in the wing imaginal disc. Interestingly these two events,
apical and basal expulsion, can occur side by side in the same region
of a given disc. The cellular environment may play a role since
apically-expulsed cells will find themselves closer in proximity to the
peripodial membrane and will thereby be under the influence of
signaling molecules like Dpp expressed by this tissue [32,33].

It is intriguing that apical expulsion was not observed in the
ovarian follicular epithelium. It is possible that adhesion between
adjacent germline cells may represent a barrier to apical expulsion.
Indeed, mutations in Duses-Large (Dlg), a baso-lateral marker, lead to
dramatic follicle invasion by somatic cells which 1s aggravated if both
the follicle cells and germline cells are mutant for Dig [34,35,36]. Also,
m wild-type stage 9 follicles, border cell delamination from the
follicular epithelium and migration between nurse cells likely requires
reduced adhesion between nurse cells [37,38].

PH targets and epithelial instability

PH has numerous potential target genes, as yet largely
uncharacterized functionally. In polytene chromosomes of
Drosophila salivary glands, for example, there are at least 300
different PH binding sites [39]. Several recent studies, using
genome wide profiling techniques to map PcG complexes which
contain PH show that in both mammals and D. melanogaster a large
number of genes are potential PcG targets [40,41,42]. A high
proportion of these genes encode transcriptional regulators, as well
as morphogens, receptors and signaling proteins that are involved
in the main developmental pathways.

Since PH is a transcriptional repressor, we were interested in
identifying target genes that are derepressed in pi mutant cells in
both the wing imaginal disc and ovary. Using immunodetection to
characterize the accumulation of several adhesion and polarity
molecules in ph mutant follicular and wing imaginal disc epithelial
cells, we found that most were not affected quantitatively, but only
with regards to their subcellular localization. Only the level of the
basal protein Talin, was significantly increased in p4 mutant cell
clones expulsed basally from wing discs. However, since overex-
pression of rhea, the Talin-encoding gene, alone did not induce
expulsion of epithelial cell clones, then excessive Talin accumulation
1s not likely the cause of expulsion of p2 mutant cells in this tissue. In
addition, overexpression of pi did not affect Talin accumulation,
suggesting that 7%ea is not likely a direct target of PH.

In the wing disc, PH has been shown to repress a number of
genes encoding members of known signaling pathways including
engrailed, hedgehog, decapentaplegic [23,43]. However, a functional link
between ph-induced misregulation of these genes and pi clone
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expulsion in the wing disc has not been reported. In the wild-type
ovary, there is no expression of engrailed or hedgehog in follicle cells
[44,45] and we found that no derepression occurs in these cells for
either gene in a pk mutant context (data not shown). Therefore, the
engrailed and hedgehog genes are PH targets in the wing disc but not
in ovarian follicular cells.

Interestingly, induction of clones mutant for thickveins, encoding
the Dpp receptor, has been shown to result in cell autonomous
expulsion of the clones in both anterior and posterior wing disc
compartments [46,47,48]. This expulsion phenotype resembles
closely that associated with induction of ph mutant clones.
However, the effect of p2 mutations on Dpp signaling in the wing
disc is non cell-autonomous upregulation of Dpp transcription, and
this only in the anterior compartment [23], while the p& expulsion
phenotype is cell autonomous and compartment-independent.
Therefore, ph and Dpp signal transduction mutations likely
destabilize the wing disc epithelium via different mechanisms.

In contrast, our results show that the homeotic gene 4bd-B, a PH
target in the embryo and wing imaginal disc, is also a target of PH in
ovarian follicular cells [22]. We found that 4bd-B is not expressed in
any of the different somatic cell types or in the germline in the adult
Drosophila ovary. Interestingly, in the embryo, among the mesoder-
mal somatic cells that coalesce with germ cells to form the primitive
gonad, the anterior-most do not express Abd-B, while the posterior-
most do [49]. However, among these precursors, which will give rise
to the follicular cells in the adult ovary is not known. We show that
lowering ph function in ovarian follicular cells (by inducing clones
either with the amorphic pi’%* allele or an RNA transgene targeting
ph) leads to ectopic expression of 4bd-B in these cells indicating that
ph wild-type function represses Abd-B expression in these adult
ovarian somatic cells.

Since Abd-B is common target of PH in both the ovary and wing
disc, we induced Abd-B overexpression clones and found that these
are round with smooth borders, though not efficiently expulsed from
the epithelial layer. 4bd-B overexpression therefore does not produce
a perfect phenocopy of pi loss of function. Indeed, results of our
epistatic analysis also indicate that 4bd-B derepression is not necessary
for ph-induced expulsion. Therefore, expulsion of p# mutant cells does
not depend solely on the derepression of Abd-B. Other target genes or
pathways deregulated by ph mutations may be involved in ph-
associated epithelial instability, like Ultrabithorax [22] or the Notch or
JAK-STAT pathways, which have been implicated in overprolifera-
tion induced by ph mutations in the eye imaginal disc [16,17].

It is nonetheless noteworthy that 4bd-B overexpression clones
sort out from an epithelium that does not express 4bd-B. Indeed,
formation of straight segmental boundaries during development in
Drosophila and vertebrates has been attributed to differential Hox
gene expression, though establishing the specific link to cell
adhesion molecules that are differentially expressed across these
boundaries has proven difficult [50,51]. One recent study was able
to determine a link between Abd-B and cell adhesion and polarity
proteins governing morphogenesis of the posterior external
respiratory organ of the larva, the spiracles. The authors show
that Abd-B activates JAK-STAT signaling and three transcription
factors, spalt, cut, empty spiracles which in turn activate regulatory
molecules of actin cytoskeleton, cell adhesion and cell polarity
[52]. It would be interesting to determine whether Abd-B
misregulation in the ovarian follicle or wing imaginal disc also
impacts on the four 4bd-B targets in spiracle formation.

Other PcG proteins

Since ph has been shown to regulate target gene expression
during development via its interactions with other PcG genes, then
PcG genes besides ph may also be implicated in epithelial integrity.
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In the wing imaginal disc epithelium, homozygous mutant clones
for both Ps¢ and the related adjacent Su(z)2 gene lead to an
expulsion phenotype resembling that of p# mutant clones, while
this was not the case for other PcG genes tested, notable Asx, E(z),
Pe, Pcl, Sce and Sem [22]. Correlated with this, pk and Psc-Su(z)2
mutant clones showed rapid derepression of 4bd-B and Ubx upon
clone induction, while the others showed either no derepression of
these two homeotic genes (the case for Asx and E(z)) or an
important lag time before homeotic gene deregulation (the case for
Pe, Pcl, Sce and Sem). These results have been interpreted as
indicating specific function for ph and Psc/Su(z)2 in transcriptional
repression of homeotic target genes (hence the rapid effects on
expression of these targets), while the other PG gene functions
would be required for long-term epigenetic marking of target
genes for maintenance of repression through cell divisions. In
addition, for a number of different PeG genes, notably Pc and Pel,
studies have shown that induction of mutant clones results in the
recovery of vesicles within leg and wing tissue in the adult
indicative of expulsion of cell clones [53,54,55]. These results
suggest that, given enough time to affect epigenetic marks on
target genes by removing certain PcG gene function, the expulsion
phenotype may be recovered for a large number of PcG genes.

We conducted a similar clonal analysis of PcG gene mutant
clones in the ovarian follicular epithelium, and, like in the wing
disc, ph, but not Asx, Pe, Pcl, Sce or Sem presented an expulsion
phenotype. Psc-Su(z)2 mutant cell clones, on the other hand, which
are expulsed from the wing disc like p# mutant clones [22], did not
present the expulsion phenotype in the follicular epithelium. These
results may be explained by the important differences between the
development and fate of wing disc and follicular cells. The wing
disc epithelium is established during embryogenesis, undergoes
many rounds of cell division during larval development and is
present until eclosion, while follicular cells have a much more
limited division potential and a shorter lifetime corresponding to
the development of an individual egg chamber during oogenesis.
Indeed, comparing the different results obtained between the wing
disc and follicular epithelia when the clonal p2 RINAi approach
was used is informative. While in the wing disc, reduction of ph
levels by RNAI is always accompanied by Abd-B derepression,
Abd-B derepression was not observed in the totality of the follicular
cell clones indicating less efficient kinetics of derepression of 46d-B
in this tissue. In addition, since follicular cells die by apoptosis at
the end of oogenesis, it is not possible to assay the effects of long
term absence of PcG proteins as has been done in the wing tissue.
Taken together, our results and those from other laboratories
suggest a distinct direct action of PH on target gene expression
compared to that of other PcG members, though these proteins
may be present together in complexes on some of the same
chromosomal sites.

Materials and Methods

Fly stocks

Flies were raised at 25°C on standard medium. The ph°”? (noted
ph”) amorphic allele inactivates both the ph-p and ph-d units [13].
The other Polycomb Group mutant strains analyzed, Sem, Sce, Pel,
Asx, E(z), Psc and Su(z)2 have been described [22]. The RNAi
strains UAS-ph IR (50027 line) and UAS-Abd-B IR/ TM3 Sbh (12024
line) were obtained from the Vienna Drosophila RNAi Center
(VDRQ) [56]. The reporter constructs shotgun-lacZ (shg">*") and
armadillo-lacg, and the overexpression strain yw hsp-flp;;UAS-rhea
were a gift from J.R. Huynh [57,58]. M. Van Doren kindly
provided the overexpression line UAS-4bd-B. The UAS-cDNA-ph
(m20 and m3)5) strains were provided by S. Netter [59].
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Clonal analysis

In the ovaries, mutant clones for p& were generated by mitotic
recombination using the FLP-FRT system [27] in females As-flp tub-
lacZ FRT101/pk°°" w FRT101 or ubi-nls-GFP FRT101/ph’"* w
FRTI101; hsflp”® /+. hs-flp tub-lacZ FRTI101 and ubi-nls-GEP FRTI01;
hs-flp*® lines were gifts from S. Goode (unpublished) and A. Guichet,
respectively; the ph”"* w FRTI10I was previously described [22].
Induction of Flipase expression was done by heat-shocking females
just after eclosion at 38°C for 1 hour. Flies were dissected 2, 4 or 8
days after eclosion. Clones were detected by the loss of lac< or GFP
expression. In imaginal discs, mitotic recombination clones
homozygous for ph’’* were also induced by the FLP-FRT
technique, by incubation of larvae at 37°C for 1 hour, 48 hours
after egg laying (AEL). L3 stage larvae were dissected 5 days AEL.
Different conditions for heat shock-induced flipase expression were
also used in some experiments (Figure S1) which involved using a /s-
flp transgenic construct present on the X chromosome
(P{hsFLP}122), conducting heat shocks earlier at 24 hours AEL
and multiplying heat shocks, in particular, three heat shocks, the
first between 24 and 38 hours, the second between 48 and 62 hours
and the third between 72 and 86 hours AEL.

Somatic overexpression was achieved by generating Flip-out/
Gal4 clones [60]. ksp-fp”’; Tub-FRT CD2 FRT-Gal4 UAS-nls-GFP/
TM3 Sb (a gift from J. Silber) flies were crossed with transgene line
of interest UAS-x. Clones expressing Gal4 were induced by
flipping out’ an interruption cassette Tub>CD2>Gal4 transgene
in a genetic background that contained the UAS-x constructs, as
well as a UAS-GFP transgene. Thus, the co-expressing GFP marks
cells that express the UAS-x constructs. For the wing imaginal
discs, larvae were heat-shocked for 1 hour at 37°C, 48 hours after
egg laying and dissected at L3 stage 5 days after egg laying. For the
ovaries, females were heat-shocked 1 hour at 38°C at eclosion and
dissected 6 days after eclosion.

Antibody staining

Adult ovaries were fixed and stained as described [25].
Immunocytochemistry of wing imaginal discs was performed as
described [27]. Primary antibodies were: rat anti-DE-cadherin
DCAD?2 (1/50, Developmental Studies Hybridoma Bank), mouse
anti-Armadillo N2 7A1 (1/50, DSHB), mouse anti-Integrin fPS
CF.6G11 (1750, DSHB), mouse anti-Talin C19 (1/50, J.R.
Huynh), mouse anti-Abdominal-B 1A2E9 (1/50, DSHB), rabbit
anti-Bazooka (1/500), rabbit anti-PKC (1/500), mouse anti-Hts
RC (1/100, DSHB), mouse anti-B-Galactosidase 40-1A (1/50,
DSHB), mouse anti-GFP (1/200, Roche), rabbit anti-GFP (1/500,
FluoProbes). F-actin was labelled with rhodamine-phalloidin (1/
100, FluoProbes). DNA was stained with DAPI (Sigma), Propidim
iodide (Invitrogen) or TO-PRO-3 (Invitrogen). Fluorescence-
conjugated secondary antibodies were purchased from Jackson
Immunoresearch and Invitrogen and were used at a 1/200
dilution. All samples were mounted in citifluor (Biovalley). Samples
were examined with a Leica TCS SP2 confocal microscope and
composite figures were prepared using Adobe Photoshop CS2,
Metamorph and Image].
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Supporting Information

Figure 81 p/iloss of function clones sort-out and are extruded from
both wing and eye-antenna imaginal discs and overgrowth occurs
using stronger conditions for clonal induction. (A) Mosaic eye-
antenna imaginal disc in which p7°’* homozygous mutant clones of
cells, which are marked by ectopic expression of 4bd-B have been
induced via mild heat shock induction of a hspprom-flipase transgene
(one heat shock at 48 h AEL). (B,C) Mosaic eye-antenna imaginal
discs in which clones of cells have been induced via similar mild heat
shock induction of a hspprom-flipase transgene expressing GFP
ectopically (B',B"- see arrow for example) or GFP and a RNAIi
construct targeting ph (G',C’- arrow). In these images, the antennal
disc 1s to the left and the eye disc 1s to right oriented with posterior to
the right. The clones expressing only GFP ectopically form wiggly
borders with adjacent non GFP-expressing cells (B’,B"-arrow) and are
mtegrated normally in the wing disc epithelium as evidenced by the
regular spacing of nuclei stained with DAPI (B - arrow), whereas
clones expressing both GFP and the RNAI construct against p/ are of
approximately the same size, but are round and form smooth borders
with neighboring wild-type (C',C"-arrow) and are segregated from
wild type cells as evidenced by the grouping together of nuclei stained
with DAPI (C-arrow). (D) Mosaic wing imaginal disc in which i
homozygous mutant clones of cells, which are marked by ectopic
expression of Abd-B (D',D"-arrows), have been induced via earlier
heat shock induction of a hspprom-flipase transgene (24 hAEL).
DAPI marks all the nuclei. The wing disc is oriented with ventral
towards the top and anterior to the left. (E,F) Mosaic eye-antenna
imaginal discs in which p#’”* homozygous mutant clones of cells,
which are marked by ectopic expression of Abd-B (E,E -arrows), or
not marked (F-rightmost arrow) have been induced via repeated heat
shock induction of a hspprom-flipase transgene (three heat shocks
24 h apart starting at 24 h AEL). The eye-antenna discs are oriented
with the antenna disc to the left and the eye disc to the right oriented
with posterior towards the right. In F, the leftmost arrow indicates the
antenna disc and the middle arrow indicates the wing disc. In eye-
antenna imaginal discs (as well as all wing and leg imaginal discs, data
not shown), these stronger heat shock conditions allow recovery of
rare ph mutant clones with a clear overgrowth phenotype (E,E'-
arrows and F-rightmost arrow).

Found at: doi:10.1371/journal.pone.0013946.s001 (1.63 MB TTF)

Acknowledgments

We are grateful to the Bloomington Stock Center (Bloomington, USA), the
Vienna Drosophila RNAi Center (Vienna, Austria) and the Developmental
Studies Hybridoma Bank (Iowa, USA), as well as S. Goode, A. Guichet, J.
Muller, J-R. Huynh, J. Silber, and S. Netter for kindly providing flies and
reagents. The confocal microscopy was performed on the Plateforme
Imagif of the CNRS Gif-sur-Yvette Campus supported by the Institut
Fédératif de Recherche 87 “La plante et son environnement” and the
program ASTRE of the Conseil général de I’Essonne.

Author Contributions

Conceived and designed the experiments: PG KNR NR AMP. Performed
the experiments: PG KNR EB NR AMP. Analyzed the data: PG NR DB
AMP. Wrote the paper: PG AMP.

&

. Pokutta S, Weis WI (2007) Structure and mechanism of cadherins and catenins
in cell-cell contacts. Annu Rev Cell Dev Biol 23: 237-261.

6. Tepass U (1999) Genetic analysis of cadherin function in animal morphogenesis.
Curr Opin Cell Biol 11: 540-548.

7. Wheelock M]J, Johnson KR (2003) Cadherins as modulators of cellular
phenotype. Annu Rev Cell Dev Biol 19: 207-235.

8. Bokel C, Brown NH (2002) Integrins in development: moving on, responding to,

and sticking to the extracellular matrix. Dev Cell 3: 311-321.

November 2010 | Volume 5 | Issue 11 | e13946



26.

27.

28.

29.

30.

31

32.

33.

. Dahmann C, Basler K (1999) Compartment boundaries: at the edge of

development. Trends Genet 15: 320-326.

. McNeill H (2000) Sticking together and sorting things out: adhesion as a force in

development. Nat Rev Genet 1: 100-108.

. Tepass U, Godt D, Winklbauer R (2002) Cell sorting in animal development:

signalling and adhesive mechanisms in the formation of tissue boundaries. Curr

Opin Genet Dev 12: 572-582.

. Dura JM, Ingham P (1988) Tissue- and stage-specific control of homeotic and

segmentation gene expression in Drosophila embryos by the polyhomeotic gene.
Development 103: 733-741.

. Dura JM, Randsholt NB, Deatrick J, Erk I, Santamaria P, et al. (1987) A

complex genetic locus, polyhomeotic, is required for segmental specification and
epidermal development in D. melanogaster. Cell 51: 829-839.

. Breiling A, Sessa L, Orlando V (2007) Biology of polycomb and trithorax group

proteins. Int Rev Cytol 258: 83-136.

. Ringrose L, Paro R (2004) Epigenetic regulation of cellular memory by the

Polycomb and Trithorax group proteins. Annu Rev Genet 38: 413-443.

. Classen AK, Bunker BD, Harvey KF, Vaccari T, Bilder D (2009) A tumor

suppressor activity of Drosophila Polycomb genes mediated by JAK-STAT
signaling. Nat Genet 41: 1150-1155.

. Martinez AM, Schuettengruber B, Sakr S, Janic A, Gonzalez C, et al. (2009)

Polyhomeotic has a tumor suppressor activity mediated by repression of Notch
signaling. Nat Genet 41: 1076-1082.

. Oktaba K, Gutierrez L, Gagneur J, Girardot C, Sengupta AK, et al. (2008)

Dynamic regulation by polycomb group protein complexes controls pattern
formation and the cell cycle in Drosophila. Dev Cell 15: 877-889.

. Martinez AM, Cavalli G (2006) The role of polycomb group proteins in cell

cycle regulation during development. Cell Cycle 5: 1189-1197.

. Pietersen AM, van Lohuizen M (2008) Stem cell regulation by polycomb

repressors: postponing commitment. Curr Opin Cell Biol 20: 201-207.
Sparmann A, van Lohuizen M (2006) Polycomb silencers control cell fate,
development and cancer. Nat Rev Cancer 6: 846-856.

. Beuchle D, Struhl G, Muller J (2001) Polycomb group proteins and heritable

silencing of Drosophila Hox genes. Development 128: 993-1004.

. Randsholt NB, Maschat F, Santamaria P (2000) polyhomeotic controls engrailed

expression and the hedgehog signaling pathway in imaginal discs. Mech Dev 95:
89-99.

Santamaria P, Deatrick J, Randsholt NB (1989) Pattern triplications following
genetic ablation on the wing of Drosophila, Effect of eliminating the polyhomeotic
gene. Development, Genes and Evolution 198: 65-77.

. Narbonne K, Besse F, Brissard-Zahraoui J, Pret AM, Busson D (2004)

polyhomeotic is required for somatic cell proliferation and differentiation during
ovarian follicle formation in Drosophila. Development 131: 1389-1400.
Simon J, Chiang A, Bender W (1992) Ten different Polycomb group genes are
required for spatial control of the abdA and AbdB homeotic products.
Development 114: 493-505.

Xu T, Rubin GM (1993) Analysis of genetic mosaics in developing and adult
Drosophila tissues. Development 117: 1223-1237.

Castelli-Gair J (1998) Implications of the spatial and temporal regulation of Hox
genes on development and evolution. Int ] Dev Biol 42: 437-444.

Huang L, Muthuswamy SK (2010) Polarity protein alterations in carcinoma.
Curr Op Gen Dev 20: 41-50.

Madsen CD, Sahai E (2010) Cancer dissemination-Lessons from leukocytes. Dev
Sell 19: 13-21.

Bruggeman SW, Hulsman D, van Lohuizen M (2009) Bmil deficient neural
stem cells have increased integrin dependent adhesion to self-secreted matrix.
Biochim Biophys Acta 1790: 351-360.

McClure KD, Schubiger G (2005) Developmental analysis and squamous
morphogenesis of the peripodial epithelium in Drosophila imaginal discs.
Development 132: 5033-5042.

Pallavi SK, Shashidhara LS (2005) Signaling interactions between squamous
and columnar epithelia of the Drosophila wing disc. J Cell Sci 118: 3363-3370.

. Goode S, Perrimon N (1997) Inhibition of patterned cell shape change and cell

invasion by Discs large during Drosophila oogenesis. Genes Dev 11: 2532-2544.
Goode S, Wei J, Kishore S (2005) Novel spatiotemporal patterns of epithelial
tumor invasion in Drosophila discs large egg chambers. Dev Dyn 232: 855-864.
Szafranski P, Goode S (2007) Basolateral junctions are sufficient to suppress
epithelial invasion during Drosophila oogenesis. Dev Dyn 236: 364-373.

@ PLoS ONE | www.plosone.org

17

37.

38.

39.

40.

41.

42.

43.

44.

46.

47.

48.

49.

50.

51.

52.

53.

57.

58.

59.

60.

61.

ph and Epithelial Integrity

Godt D, Tepass U (2009) Breaking a temporal barrier: signalling crosstalk
regulates the initiation of border cell migration. Nat Cell Biol 11: 536-538.
Jang ACC, Chang Y-C, Bai J, Montell D (2009) Border-cell migration requires
integration of spatial and temporal signals by the BTB protein Abrupt. Nat Cell
Biol 11: 569-579.

Faucheux M, Roignant JY, Netter S, Charollais J, Antoniewski C, et al. (2003)
batman Interacts with polycomb and trithorax group genes and encodes a BTB/
POZ protein that is included in a complex containing GAGA factor. Mol Cell
Biol 23: 1181-1195.

Kerppola TK (2009) Polycomb group complexes - many combinations, many
functions. Trends in Cell Biology 19: 692-704.

Ringrose L (2007) Polycomb comes of age: genome-wide profiling of target sites.
Curr Opin Cell Biol 19: 290-297.

Ringrose L, Paro R (2007) Polycomb/Trithorax response elements and
epigenetic memory of cell identity. Development 134: 223-232.

Zecca M, Basler K, Struhl G (1995) Sequential organizing activities of engrailed,
hedgehog and decapentaplegic in the Drosophila wing. Development 121:
2265-2278.

Forbes AJ, Lin H, Ingham PW, Spradling AC (1996) hedgehog is required for
the proliferation and specification of ovarian somatic cells prior to egg chamber
formation in Drosophila. Development 122: 1125-1135.

. Forbes AJ, Spradling AC, Ingham PW, Lin H (1996) The role of segment

polarity genes during early oogenesis in Drosophila. Development 122:
3283-3294.

Gibson MC, Perrimon N (2005) Extrusion and death of DPP/BMP-
compromised epithelial cells in the developing Drosophila wing. Science 307:
1785-1789.

Shen J, Dahmann C (2005) Extrusion of cells with inappropriate Dpp signaling
from Drosophila wing disc epithelia. Science 307: 1789-1790.

Widmann TJ, Dahmann C (2009) Dpp signaling promotes the cuboidal-to-
columnar shape transition of Drosophila wing disc epithelia by regulating Rhol.
J Cell Sci 122: 1362-1373.

DeFalco T, Le Bras S, Van Doren M (2004) Abdominal-B is essential for proper
sexually dimorphic development of the Drosophila gonad. Mech Dev 121:
1323-1333.

Kiecker C, Lumsden A (2005) Compartments and their boundaries in vertebrate
brain development. Nat Rev Neurosci 6: 553-564.

Tumpel S, Wiedemann LM, Krumlauf R (2009) Hox genes and segmentation of
the vertebrate hindbrain. Curr Top Dev Biol 88: 103-137.

Lovegrove B, Simoes S, Rivas ML, Sotillos S, Johnson K, et al. (2006)
Coordinated control of cell adhesion, polarity, and cytoskeleton underlies Hox-
induced organogenesis in Drosophila. Curr Biol 16: 2206-2216.

Busturia A, Morata G (1988) Ectopic expression of homeotic genes caused by the
elimination of the Polycomb gene in Drosophila imaginal epidermis.
Development 104: 713-720.

. Duncan IM (1982) Polycomblike: a gene that appears to be required for the

normal expression of the bithorax and antennapedia gene complexes of
Drosophila melanogaster. Genetics 102: 49-70.

Struhl G (1981) A gene product required for correct initiation of segmental
determination in Drosophila. Nature 293: 36-41.

. Dietzl G, Chen D, Schnorrer F, Su KC, Barinova Y, et al. (2007) A genome-

wide transgenic RNAI library for conditional gene inactivation in Drosophila.
Nature 448: 151-156.

Becam IE, Tanentzapf G, Lepesant JA, Brown NH, Huynh JR (2005) Integrin-
independent repression of cadherin transcription by talin during axis formation
in Drosophila. Nat Cell Biol 7: 510-516.

Tepass U, Gruszynski-DeFeo E, Haag TA, Omatyar L, Torok T, et al. (1996)
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.

Netter S, Faucheux M, Theodore L (2001) Developmental dynamics of a
polyhomeotic-EGFP fusion in vivo. DNA Cell Biol 20: 483-492.

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

Grammont M (2007) Adherens junction remodeling by the Notch pathway in
Drosophila melanogaster oogenesis. J Cell Biol 177: 139-150.

November 2010 | Volume 5 | Issue 11 | e13946



