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SCIENTIFIC REPLIRTS

The PCP pathway regulates Baz
planar distribution in epithelial cells

Benoit Aigouy & André Le Bivic

) . The localisation of apico-basal polarity proteins along the Z-axis of epithelial cells is well understood
Received: 07 July 2016 . while their distribution in the plane of the epithelium is poorly characterised. Here we provide a
Accepted: 26 August 2016 :  systematic description of the planar localisation of apico-basal polarity proteins in the Drosophila

Published: 14 September 2016 : ommatidial epithelium. We show that the adherens junction proteins Shotgun and Armadillo, as well

. asthe baso-lateral complexes, are bilateral, i.e. present on both sides of cell interfaces. In contrast,

: we report that other key adherens junction proteins, Bazooka and the myosin regulatory light
. chain (Spaghetti squash) are unilateral, i.e. present on one side of cell interfaces. Furthermore, we
demonstrate that planar cell polarity (PCP) and not the apical determinants Crumbs and Par-6 control
Bazooka unilaterality in cone cells. Altogether, our work unravels an unexpected organisation and
combination of apico-basal, cytoskeletal and planar polarity proteins that is different on either side of

cell-cell interfaces and unique for the different contacts of the same cell.

Each epithelium is polarised along the apico-basal axis. This polarity organises the vectorial functions of epithelia

. and tightly regulates the exchanges between the internal milieu and the environment. Establishment and mainte-

- nance of apico-basal polarity requires the stereotyped positioning of a highly conserved set of proteins along the

. Z-axis of cells (Fig. 1A)'.

In Drosophila, Crumbs (Crb) associates with Stardust (Sdt), Palsl-associated Tight Junction (Patj), Par-6,
atypical protein kinase C (aPKC) (Fig. 1A) and cytoskeletal components in the most apical region of cells»>**.
Immediately below the Crb domain are the proteins of the adherens junctions that mediate tissue cohesion and

. interfacial tension. Among Drosophila adherens junction proteins are Shotgun (Shg, also known as DE-cadherin),

the Catenins, o (a-Cat) and 8 (known as Armadillo in flies: Arm) and Bazooka (Baz, also known as Par-3)>¢-8
(Fig. 1A). Further down, extending along the lateral membranes, are the baso-lateral proteins Discs large 1 (Dlgl),
Scribbled (Scrib) and Lethal (2) giant larvae (L(2)gl) together with the Drosophila septate junctions proteins>*10
(Fig. 1A).

This stereotyped distribution of apico-basal polarity proteins along the Z-axis of cells is maintained by con-

. served regulatory loops between apical and baso-lateral polarity complexes that mutually restrict each other’s

. localisation while positioning and stabilising the adherens junction belt in between!>7-1,

: In addition to apico-basal polarity, many epithelia exhibit a second polarity axis called planar polarity or tis-
sue polarity. This polarity axis is perpendicular to apico-basal polarity, lying within the plane of the epithelium
(Fig. 1B,C). Planar cell polarity (PCP) is obvious in epithelia that produce external structures such as the distally
oriented hairs on the drosophila wing, the fur of vertebrates or the V-shaped stereocilia bundles found in mam-
malian inner ears!’-%’. Importantly, the planar polarity pathway is also active in tissues without external structures
such as the eye disc or animal tissues undergoing convergent extension (see refs 19, 21 and 22 for reviews).

: Tissue polarity is controlled by a conserved set of proteins called planar polarity proteins. The core planar

. polarity pathway consists of six proteins, Frizzled (Fz), Dishevelled (Dsh), Diego (Dgo), Van Gogh (Vang, also

: known as Strabismus), Prickle (Pk) and Starry night (Stan, also known as Flamingo)!8-2%2*-30, PCP proteins local-

© ise apically, overlap with adherens junctions and extend until the upper part of the baso-lateral membrane®'. PCP

. proteins have the unique ability to self-organise in distinct domains in cells. In the fly wing, where planar polarity

. is best understood, Fz, Dsh, and Dgo localise to the distal side of cells?”*>*, where the hair will grow, while Vang

: and Pk localise to the proximal side of cells**** (see also Fig. 1B,C). Finally, the atypical cadherin Starry night

* localises to the Fz and Vang domains of the same cell*>**7. Altogether, PCP proteins are unilateral, i.e. present

. only on one side of a cell interface (Fig. 1B,C) except for Starry night that is bilateral, i.e. present on both sides of

: the same interface.
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Figure 1. Planar and transversal distributions of apico-basal and planar polarity proteins. (A,B) transverse
section showing the distribution of apico-basal (A) and planar polarity proteins (B) in fly wing epithelial cells.
(A) The apical most region of the cell is shown in red, adherens junction are indicated in black and baso-lateral
domains in blue. (B) Proximal (prox) PCP domains containing Vang, Pk and Stan are indicated in blue. Distal
(dist) PCP domains containing Fz, Dsh, Dgo and Stan are indicated in yellow. Hairs (dark triangles) grow
specifically from the distal side of cells. (C) Top view of the cells shown in (B). (D) Scheme of a 32h APF fly
ommatidium. pp, sp and tp indicate the primary, secondary and tertiary pigment cells, respectively. ac, pc, ec and
plc indicate the anterior, posterior, equatorial and polar cone cells, respectively. Wild type ommatidia contain
three bristles (b). Here and wherever applicable, the ommatidium is oriented with anterior left and polar up.

The distribution of apico-basal polarity proteins along the Z-axis of cells is thought to correlate with their
function and was therefore extensively studied!?. In contrast, the distribution of apico-basal polarity proteins in
the plane is largely unknown and only a handful of studies do report planar asymmetries for apico-basal polarity
proteins in epithelia (Par-1:%, Shotgun:**, Crumbs and aPKC:*’, Baz:*!-%). In order to better understand the
planar organisation of apico-basal polarity proteins, we decided to use a mosaic analysis strategy*, as done long
ago for planar cell polarity. Importantly, mosaic analyses allow to determine protein uni- or bilaterality on cell
interfaces, which was never addressed previously. Using mosaics, we show that apico-basal proteins organise in
two distinct classes in epithelial cells. The first class, that comprises baso-lateral proteins and two adherens junc-
tion proteins, i.e. Shg and Arm, are as expected present on both sides of cell interfaces, i.e. bilateral. In contrast,
the second class of apico-basal proteins, comprising Baz and the fly non-muscle myosin regulatory light chain,
Sqh, are unexpectedly unilateral on epithelial interfaces. Finally, we demonstrate that the unilateral distribution
of Baz is regulated by the PCP pathway but not by the apical determinants Crumbs and Par-6.

Results

Planar distribution of apico-basal polarity proteins in the Drosophila eye. The fly eye epithelium
is a highly structured organ composed of about 800 ommatidia. Each ommatidium contains four lens-secreting
cone cells (Fig. 1D), focusing the light over eight rhodopsin-expressing photoreceptor cells*>. The four cone cells
are surrounded by two primary pigment cells, themselves in contact with several secondary and tertiary pigment
cells shared between adjacent ommatidia (Fig. 1D). Each ommatidium finally contains three bristles that exhibit
a chiral organisation, sufficient to determine ommatidia orientation (Fig. 1D). Altogether, these ommatidial cells
organise in a highly stereotyped manner to form a hexagonal ommatidium.

To determine the planar distribution of apico-basal polarity proteins in fly ommatidia, we induced the forma-
tion of patches of clonally related cells expressing a GFP-tagged apico-basal polarity protein adjacent to patches
of cells that do not express GFP (Supplementary Fig. S1). Importantly, cells lacking GFP expression are wild type;
i.e. they express the endogenous protein that is not fluorescently labelled (Supplementary Fig. S1). Similarly, GFP
positive cells are also functionally wild type as they express, at physiological or endogenous levels, an active pro-
tein fused to GFP (see Supplementary Fig. S1 and Methods). At the interface between GFP positive and GFP neg-
ative cells, a refined planar distribution of apico-basal polarity proteins is obtained (Supplementary Fig. S1). Such
mosaics make it possible to determine the localisation of apico-basal polarity proteins with the resolution of one
membrane bilayer (less than 10 nm), surpassing results that have been obtained with super resolution microscopy
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Figure 2. Planar distribution of apico-basal polarity proteins. (A-F) Arm::GFP mosaics. (A) Characteristic
distribution of Arm::GFP in a 32h APF ommatidial epithelium. (B) GFP-labeled primary pigment cell. Note the even
Arm::GFP distribution around the primary pigment cell cortex (+). (C-F) Even distribution of Arm::GFP around the
cortices of the anterior (C), posterior (D), equatorial (E), and polar (F) cone cells. (G-M) Dlg1::GFP mosaics.

(G) Characteristic distribution of DIg1::GFP in the 32 hAPF ommatidial epithelium. (H) DIg1::GFP is enriched on
the outer interface of the primary pigment cell (+) while its inner interface shows a diffuse Dlg1::GFP signal (4-/—).
(I) Outer cone cell interfaces show diffuse DIg1::GFP signal (4-/—) while all cone-cone interfaces (J-M) show a strong
and sharp DIg1::GFP signal (+). (N-R) Baz::GFP mosaics. (N) Every interface of the 32h APF ommatidial epithelium
carries Baz::GFP. (O) Baz distribution in primary pigment cells. Baz is devoid from outer and inner primary pigment
cells interfaces (—). Baz is specifically enriched at the zone of contact between adjacent primary pigment cells (+).

(P) In anterior cone cells (left) Baz:GFP is specifically depleted from the interface shared with the polar cone cell (—)
and present elsewhere (4). In posterior cone cells (right), Baz:GFP is specifically depleted on the interface with the
equatorial cone cell (—). (Q) In equatorial cone cells, Baz:GFP is excluded from the interface with the anterior cone
cell (—). (R) In polar cone cells, Baz::GFP is excluded from the interface with the posterior cone cell. In this figure and
the following, insets contain a cartoon representation of the ommatidia where GFP positive cells are shown in green
and GFP negative cells in white. To gain space, the posterior primary pigment cell is not shown. Note however that

the protein distribution in posterior primary pigment cell is mirror symmetric to that in the anterior primary pigment
cell (data not shown).

using STED, PALM and STORM*~*. This genetic approach allows determining unilaterality or bilaterality of
proteins on contacts (Supplementary Fig. S1).

Armadillo and Shotgun are bilateral on cell interfaces. In Drosophila, adherens junctions are com-
posed of cadherin molecules that extracellularly mediate adhesion between cells while they intracellularly con-
nect, via catenins to the actin cytoskeleton>*’. As adherens junctions mediate tissue cohesion, their constituent
proteins are expected to localise all around the cortex. We tested this hypothesis by looking at the planar distribu-
tion of a core member of adherens junctions, the Arm protein (Fig. 2A). For simplicity, we chose to focus on the
planar distribution of Arm in primary pigment and cone cells and ignored secondary and tertiary pigment cells
(Fig. 1D). The Arm::GFP pattern reveals that Arm is evenly distributed around the cortex of primary pigment
(Fig. 2B) and cone cells (Fig. 2C-F) and is therefore always bilateral on cell contacts.

We then looked at the distribution of Shotgun (Supplementary Fig. S2A). Shg is evenly distributed around the
cortex of primary pigment cells (Supplementary Fig. S2B) similar to Arm. In cone cells, Shg is enriched on outer
interfaces, in contact with the primary pigment cells (Supplementary Fig. S2C,D), while cone-cone interfaces are
largely devoid of Shg (Supplementary Fig. S2A,C,D), likely due to the presence of Cadherin-N there®'. The low
amounts of Shg between cone cells prevents us from further refining the distribution of Shg on cone-cone con-
tacts. Altogether, Shg is provided bilaterally on Shg positive contacts, similar to Arm.

Baso-lateral proteins are present on both sides of epithelial interfaces. We then checked the pla-
nar distribution of several baso-lateral proteins. We started by looking at DIg1 mosaics (Fig. 2G). Dlg1 is enriched
on outer primary pigment cells interfaces while their inner interfaces in contact with cone cells show diffuse
Dlg1::GFP signal (Fig. 2H). Cone cells exhibit the opposite pattern, i.e. they show diffuse DIgl signal on their
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Figure 3. Crumbs and Par-6 do not regulate the planar distribution of Baz. (A-G) Baz::GFP mosaics in
crb null mutant cells (wild type cone and pigment cells are indicated by a red asterisk). (A,C,G) Inner primary
pigment cell interfaces are devoid of Baz signal. (B-G) Baz remains unilateral in ¢rb null mutant cone cells.
(H-K) Par-6::GFP mosaics. (H) Characteristic distribution of Par-6 in 32h APF eyes. (I) Par-6 is enriched on
outer (+) primary pigment cell interfaces. (J,K) Par-6 is evenly distributed around the cortex of cone cells (+).

outer interfaces and a strong, sharp, Dlg1 signal on their inner, cone-cone, interfaces (Fig. 2I-M). Importantly the
level of expression and distribution of DIg1 on either side of each contact is similar. In conclusion, DIg1 is bilateral
on cell interfaces; similar to Shg and Arm. All other baso-lateral and septate junctions proteins studied show a
pattern strikingly similar to that of Dlgl (compare Supplementary Fig. S2E-V with Fig. 2G-M).

Baz is unilateral on epithelial interfaces. We then studied the localisation of Baz (Fig. 2N), an
apico-basal polarity protein known to localise to adherens junctions in epithelial cells®-®. Baz::GFP mosaics reveal
a surprising planar distribution that differs largely from that of Arm and Shg. In primary pigment cells, Baz is
specifically enriched at the zone of contact between adjacent primary pigment cells while largely absent from
other interfaces of the same cells (Fig. 20). In cone cells, Baz is present on outer interfaces in contact with primary
pigment cells (Fig. 2P-R). Furthermore, each cone cell has its own unique distribution of Baz (Fig. 2P-R). In ante-
rior cone cells, Baz is enriched on the interface with the equatorial cone cell and depleted from the interface with
the polar cone cell (Fig. 2P). The posterior cone cell shows the opposite pattern (Fig. 2P). The equatorial cone cell
localises Baz on its interface with the posterior cone cell while its interface with the anterior cone cell is depleted
for Baz (Fig. 2Q). The polar cone cell exhibits the opposite pattern (Fig. 2R). Finally, polar and equatorial cone
cells localise Baz on both sides of their shared interface (Fig. 2Q,R). In conclusion, Baz is present on every contact
of the ommatidial epithelium (Fig. 2N) but unlike Arm and Shg, it is unilateral on most interfaces.

Baz unilaterality is not regulated by Crumbs or Par-6.  We were puzzled by the novel and unexpected
unilateral distribution of Baz and searched for proteins that could explain its distribution. We wondered whether
the two main regulators of Baz distribution along the Z-axis of cells in Drosophila, Par-6 and Crumbs”® would
account for Baz unilaterality.

We started by assessing the role of Crumbs on the planar distribution of Baz and generated dual overlapping
mosaics to monitor Baz localisation in crumbs null mutant cells (see Methods). Loss of crumbs has no obvious
impact on Baz planar distribution. Indeed, Baz still localises on outer interfaces of primary pigment cells and
remains absent from their inner interfaces (Fig. 3A). Similarly, crumbs mutant cone cells still exhibit a clear uni-
lateral Baz distribution (Fig. 3B-G).

We then wondered whether the asymmetry of Baz (Par-3) would correlate with the distribution of Par-6 since
both proteins are known to localise asymmetrically to the same cell side in dividing sensory organ precursors (SOPs)
and during the cleavage of the C. elegans egg®*~>* and that Par-3 asymmetry depends on Par-6 in C. elegans®>®.
We monitored the localisation of Par-6 using a functional Par-6 genomic rescue construct tagged with GFP
(see Fig. 3H and Methods). Par-6 distribution differed largely from that of all other apico-basal protein studied,
including Baz. Indeed, Par-6 is enriched on outer interfaces of primary pigment cells and lower on their inner
interfaces (Fig. 3,K). In cone cells, Par-6 is present all around the cortex (Fig. 3],K) and therefore bilateral on
cone-cone interfaces where Baz is unilateral.

Altogether, this suggests that the key regulators of Baz distribution along the Z-axis of cells, Par-6 and Crumbs,
cannot account for the unilateral distribution of Baz in the 32 hours after puparium formation (h APF) ommati-
dial epithelium.

SCIENTIFIC REPORTS | 6:33420 | DOI: 10.1038/srep33420 4
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Figure 4. Planar distribution of Sqh and its kinase Rok. (A-E) Sgh::GFP mosaics. (A) Characteristic distribution
of Sqh::GFP in the 32h APF ommatidial epithelium. (B) Sqh::GFP is enriched on the outer primary pigment cell
interfaces (+) and depleted from their inner interfaces (—). (C-E) Outer cone cell interfaces are positive for Sqh::GFP
(+). All cone-cone interfaces carry low amounts of Sqh::GFP proteins, preventing us from drawing strong conclusions
on the uni- or bilaterality of the protein there. (F-K) Rok:GFP mosaics. (F) Characteristic distribution of Rok::GFP in
the 32h APF ommatidial epithelium. (G,H) Rok::GFP is enriched on the outer primary pigment cell interfaces (+)
and depleted from their inner interfaces (—). (H-K) Planar distribution of Rok in cone cells is highly variable, four
random samples are presented here.

The non-muscle myosin Il regulatory light chain is unilateral. In fly tissues, planar localisation of
Baz has been shown to negatively correlate with Myosin II distribution**2. We therefore decided to look at the
distribution of Myosin II to see if it could explain the observed Baz asymmetries. We generated mosaics express-
ing GFP-tagged Spaghetti squash (Sqh) (Fig. 4A-E), the fly myosin regulatory light chain®. In primary pigment
cells, Sqh is enriched on outer interfaces and depleted from inner interfaces (Fig. 4B,C). In contrast, in cone
cells, Sgh is mainly enriched on outer interfaces in contact with primary pigment cells (Fig. 4C-E). Cone-cone
interfaces exhibit low levels of Sqh, preventing us from drawing conclusions on Sqh uni- or bilaterality there
(Fig. 4A-E). Altogether, we can conclude that Sgh, like Baz is mainly unilateral on assessable contacts. In addi-
tion, the partial overlap between Sqh and Baz patterns neither suggests recruitment nor mutual exclusion in the
ommatidial epithelium.

We therefore wondered whether Sqh localisation would correlate with that of its kinase Rok (Fig. 4F-H).
Rok?’, like Sqh, is primarily found on the outer side of primary pigment cells and absent on their inner interfaces
(Fig. 4G,H). In cone cells, Rok distribution is very variable and we could not detect any obvious preferred local-
isation (Fig. 4H-K). Altogether, this suggests that Rok may regulate Sgh distribution in primary pigment cells,
whereas other kinases are probably at work in cone cells.

Planar distribution of core planar cell polarity proteins in the eye epithelium. As the unilateral
distribution of Baz is not dependent on Crumbs and cannot be explained from the bilateral distribution of other
apico-basal polarity proteins studied, including Par-6, we searched for additional unilateral proteins that could
bias Baz distribution. Planar polarity proteins fulfil the unilaterality criterion in epithelia and are therefore strong
candidates.

Planar polarity protein distribution is well established in numerous tissues, including the fly eye, however the
latter studies have focused on the distribution of PCP proteins in neuronal cells during eye disc development?!.
Consequently, the distribution of PCP proteins in epithelial (i.e. non-neuronal) cells at late developmental stages
was not known and hard to infer from planar distributions in the disc due to the high number of cell rearrange-
ments that occur during eye development. We therefore decided to investigate it by generation of mosaics using
the classical flip-out constructs that express fluorescently tagged PCP proteins®**®% (see also Methods).

Unilateral distribution of Vang and Baz overlap. We first monitored the planar distribution of Vang
(Fig. 5A), a marker of the proximal side of cells in the fly wing (Fig. 1B,C). In the 32h APF ommatidial epithelium,
Vang intensity in primary pigment cells peaks at the center of the zone of contact with the secondary pigment
cells and is lower around the vertices of these contacts (Fig. 5B,C). Vang is largely depleted form inner primary
pigment cell interfaces (Fig. 5B,C). Strikingly, in cone cells, the distribution of Vang is reminiscent of that of Baz
(compare Fig. 5D,E to Fig. 2P-R). Note that due to weak PCP signal in photoreceptor cells at pupal stages, we
could not address PCP asymmetries in mature photoreceptor cells.

Altogether, the distribution of Vang in cone cells overlaps with that of Baz but is poorly correlated in primary
pigment cells, suggesting that the PCP pathway may control Baz planar distribution in cone cells but not in pri-
mary pigment cells.
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Figure 5. Planar organisation and function of PCP proteins in the eye. (A-E) Vang::YFP mosaics.

(A) Characteristic distribution of Vang::YFP in 32h APF ommatidia. (B,C) Vang:YFP is enriched on outer
interfaces of primary pigment cells (+) and depleted on their inner interfaces (—). (D,E) Vang::YFP in cone cells.
(D) Vang::YFP is depleted (—) in anterior cone cells (left) at their interface with polar cone cells and in posterior
cone cells (right) at their interface with equatorial cone cells. (E) Polar cone cells (top) are devoid of Vang::YFP signal
(—) at their interface with the posterior cone cells and equatorial cone cells (bottom) are devoid of Vang::YFP signal
(—) at their interface with anterior cone cells. (F-J) Fz::YFP mosaics. (F) Characteristic distribution of Fz::YFP in
ommatidia. (G,H) In primary pigment cells, Fz is enriched on inner interfaces in contact with cone cells (+) and
depleted elsewhere (—). (1,J) Fz is enriched on one interface per cone cell. (I) Fz is enriched in anterior cone cells
(left) at the interface with polar cone cells (+). In posterior cone cells (right) Fz is enriched on the interface with
equatorial cone cells (+). (J) Fz is enriched in polar cone cells (top) at the interface with posterior cone cells (4).

In equatorial cone cells (bottom) Fz is loaded at the interface with anterior cone cells (4). Altogether, the Fz pattern
is the negative of the Vang pattern. (K-P) Baz::GFP mosaics in stan null mutant cells (remaining wild type cells are
indicated by asterisks). (K-P) Improper ommatidial rotation®% and misplaced bristles in stan mutants prevent us
from determining the antero-posterior and the polar-equatorial axes. Therefore, ommatidia are oriented using the
long axis of primary pigment cells in (K-P). (K-M) Polar/equatorial cells express Baz::GFP on their contacts with
anterior/posterior cone cells, i.e. no Baz::GFP depletion is observed (compare with Fig. 2P). Baz::GFP shows an even
distribution around the cortex of isolated anterior/posterior (L) and polar/equatorial (N) cone cells. (O,P) Polar/
equatorial cells express Baz:GFP on their shared interface with anterior/posterior cone cells (compare with

Fig. 2QR).

Fz distribution is opposite to that of Vang. We then investigated the distribution of Fz, a marker of
the distal side of the cell in the wing epithelium (Fig. 1B,C). Similar to results in other tissues, the Fz pattern is
complementary to that of Vang. Fz is depleted from outer interfaces of primary pigment cells and enriched on
inner interfaces with a peak on the central region of the contacts (Fig. 5G,H). In cone cells, Fz is absent on outer
interfaces (Fig. 51,]J). In between cone cells, Fz is present on the side of contacts that is depleted for Vang, i.e. Fz is
present in anterior cone cell on the interface with the polar cone cell (see left cell in Fig. 5I) and in posterior cone
cells on the interface with equatorial cone cell (see right cell in Fig. 5I). Similarly, Fz is present in equatorial cone
cell at the interface with the anterior cone cell (see lower cell in Fig. 5]) and in polar cone cells at the interface with
the posterior cone cell (see upper cell in Fig. 5]).
Altogether, the distribution of Fz is opposite to that of Vang and Baz in cone cells.

The PCP pathway controls the unilateral distribution of Baz in cone cells but not DIgl asym-
metries. The strong correlation between the distributions of Vang and Baz in cone cells suggests that PCP
may regulate Baz unilaterality. To test this hypothesis we monitored Baz distribution in stan mutant cells (see
Methods); Stan is a PCP protein required for the recruitment of Fz and Vang to their respective distal and proxi-
mal domains®***, Importantly, since stan affects the orientation of ommatidia® as well as the number and position

SCIENTIFICREPORTS [6:33420| DOI: 10.1038/srep33420 6
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Figure 6. Schematic representation of the planar distribution of apico-basal and planar polarity proteins
in the ommatidial epithelium. (A-I) Planar distribution of (A) Arm, (B) Shg, (C) DIg1/Scrib/ATP-o/Nrg,
(D) Baz, (E) Par-6, (F) Sqh, (G) Vang and (H) Fz. (I) Combined planar distribution of Fz (yellow) and Vang
(blue). Note the complementary distributions of Fz and Vang proteins. Due to the weakness of the signal on
the interfaces between cone cells, Shg (B) and Sqh (F) planar localisation is not represented in (B,F). Similarly
the weak PCP signal for Fz and Vang on the interface between equatorial and polar cone cells prevents us from
drawing strong conclusions on the planar distribution of PCP proteins on this interface.

of bristles we use as landmarks, we are unable to precisely orient ommatidia in these mutants. We therefore chose
to align ommatidia using the long axis of primary pigment cells. Using this axis, we can differentiate polar and
equatorial cone cells from the anterior and posterior ones, but we can neither distinguish the polar from the
equatorial cone cell nor the anterior from the posterior cone cell. In any case, Baz appears evenly distributed
around the cortex of stan mutant cone cells (Fig. 5K-P). This observation contrasts with the control situation
where cone cells always have one contact depleted for Baz (Fig. 2P-R and compare to Fig. 5K-P). Altogether,
this indicates that Baz becomes bilateral on cone-cone interfaces in PCP mutants and that PCP acts as a switch
between unilateral and bilateral distributions of Baz. We also note that Baz distribution is maintained in primary
pigment cells mutant for stan (Fig. 5K-M, also compare with Fig. 20), suggesting that Baz localisation in these
cells is PCP-independent.

Since several studies in flies and vertebrates report physical and genetic interactions between the PCP pro-
tein Vang and the baso-lateral proteins, Dlgl and Scrib®-%°, we wondered whether PCP would also regulate the
asymmetric distribution of baso-lateral proteins in the eye. We again performed dual mosaics to follow the planar
distribution of DIg1::GFP in cells mutant for stan (see Supplementary Fig. S3 and Methods). However, DIgl dis-
tribution remained unchanged in stan mutant cells (compare Supplementary Fig. S3A-F to Fig. 2H-M).

Altogether, this suggests that the PCP pathway specifically controls the planar distribution of the adherens
junction protein Baz but not that of baso-lateral proteins.

Discussion

The distribution of apico-basal polarity proteins along the Z-axis of epithelial cells has been the subject of intense
research while their distribution in the plane of the epithelium is largely unknown. Here we provide the first
systematic study of the planar distribution of apico-basal polarity proteins in the fly eye (Fig. 6). We find that Baz
and Sqh are enriched on one side of epithelial cell interfaces, i.e. are unilateral (Fig. 6D,F) whereas Arm, Shg and
baso-lateral proteins are present in similar quantities on either side of cell contacts, i.e. are bilateral (Fig. 6A-C).
In addition, we demonstrate that the planar distribution of Baz is controlled by planar cell polarity in cone cells.

Interplay between apico-basal polarity and planar cell polarity. Links between PCP and apico-basal
polarity have been previously reported in dividing sensory organ precursors in the fly notum (SOPs)¢¢-%_ There,
Fz localises the Baz/Par-6/aPKC complex to the posterior side of cells while Vang recruits Dlgl to the anterior
side of the same cell. In contrast, in the eye, Baz localises with Vang rather than with Fz (this study). Another
striking difference is that Baz unilaterality and asymmetry in the 32h APF eye requires PCP signaling (this study),
whereas Baz/Par-6/aPKC asymmetries can still form in dividing SOPs of PCP mutant animals®®®’. Even if the lat-
ter result may suggest, at first glance, that PCP proteins are not required for asymmetric segregation of apico-basal
proteins in SOPs, a recent study” proposed that in the presence of PCP, Baz/Par-6/aPKC asymmetric localisa-
tion establish several hours before SOP division. In PCP mutants, the same authors report that Baz/Par-6/aPKC
asymmetries are not detected prior to division”. Altogether, these results suggest that PCP may function simi-
larly in SOPs and in the eye epithelium by promoting Baz asymmetries. However, in the case of the 32h APF eye
epithelium, Par-6 does not localise with Baz; this result is consistent with the fact that Baz and Par-6 are present
in different Z regions of epithelial cells”37172, Interestingly, Besson et al. report that Baz is always symmetrically
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localised in notum epithelial cells and hence should be bilateral at adherens junctions. This result contrasts with
our observation that Baz is unilateral in ommatidial cells and suggests notum and eye epithelia may be different.
Importantly, some protein asymmetries may only be detected using mosaics due to the limited resolution of
microscopes (compare Fig. 2N to Fig. 20-R and Fig. 4A to Fig. 4B-E). It may therefore be interesting to revisit
Baz asymmetries in the notum and other fly epithelia using mosaics.

In the eye imaginal disc, the precursor of the pupal eye, apico-basal polarity proteins have been proposed to
regulate PCP signaling by controlling Fz phosphorylation®'. From this work, apico-basal polarity proteins act
upstream of PCP. In contrast, our study unravels a novel regulation of apico-basal polarity proteins downstream
of PCP. In addition, we observe, a strong colocalisation between Vang and Baz that calls for an interaction, direct
or indirect, between Baz and Vang. Direct binding between those two proteins could, however, not detected using
yeast two hybrid assays®%°, suggesting the interaction might be indirect. In an alternative scenario, Djiane et al.
report a direct but weak binding between Baz and Fz that could for example target Baz for degradation or endocy-
tosis and lead to a specific depletion of Baz on Fz positive contacts. Further biochemical experiments are required
to discriminate between those different Baz sorting mechanisms.

Finally, a third link between Baz and PCP was proposed”. There, the authors describe that PCP is perturbed
upon strong overexpression of Baz and show that Baz can bind specifically to the PDZ binding domain of the
so-called Stan isoform of Stan. However, the physiological relevance of this binding remains unclear”. In the case
of the 32h APF eye ommatidium, we think this interaction is unlikely since Stan is known to be a bilateral protein
and should therefore recruit Baz bilaterally on cone cell interfaces, which is not what we observe.

Each epithelial contact is characterised by a unique apico-basal polarity signature. In conclu-
sion, we report a surprising feature of epithelial cells, i.e. different contacts of a given cell have different amounts
and distributions of apico-basal, planar polarity and cytoskeleton proteins, suggesting that the cortical distribu-
tion of proteins is not uniform in epithelial cells. In contrast, each cell-cell interface defines its own apico-basal,
planar and cytoskeleton protein signature independently of the other interfaces of the same cell.

How this contact specific distribution is established remains to be determined. It is likely that mechanisms
known to bias the distribution of planar polarity proteins, such as the oriented microtubule web**7* could explain
how two opposite cell contacts acquire different signatures, but additional, yet uncharacterised mechanisms must
be at work on the remaining contacts of the same cell. In addition, it is also hard to reconcile these contact specific
signatures and protein unilaterality with the bilateral vision of the establishment and maintenance of apico-basal
polarity. Altogether, our observations therefore call for a re-evaluation of apico-basal proteins interactions in
epithelial cells. In particular, a very challenging but exciting task will be to discriminate between the planar and
the apico-basal specific functions of apico-basal polarity proteins. No doubt that Drosophila genetic screening
capabilities will be useful to identify sets of genes that do affect the planar distribution of apico-basal polarity
proteins and cytoskeleton components while keeping their Z distribution unchanged.

Finally, it will be important to study the function of the asymmetries described here. Since Baz and Sgh mod-
ulate cell adhesion and contractility, respectively®®*>47>, they can together regulate tension at cell interfaces and
hence control cell shape and morphogenesis. In addition, because myosin is mainly provided by one cell at a
shared interface, the lengthening or shrinking of this interface is under the decision of a single cell. Thereby this
cell has a unique role in shaping the eye that cannot be compensated by its neighbour; this may explain how cells
with different fates can have specific functions during morphogenesis. Altogether, measuring the mechanical
properties of eye cell interfaces, correlating them with the planar distribution of proteins and designing a physical
model of the ommatidium will allow to address the roles of protein unilateralities during eye morphogenesis.

Methods

Fly genetics and heat shock treatments. High resolution planar distribution of apico-basal polarity
proteins was inferred from the presence or absence of GFP signal at the boundaries of flippase induced mitotic
clones (refs 76 and 77, see also Supplementary Fig. S1). To study the planar distribution of apico-basal polarity
proteins we recombined GFP-tagged apico-basal proteins with FRT sites’®””. Hereafter is a list and description
of all the flies used in this sudy. FRT19A baz::GFP (constructed upon the FlyTRAP7®-% line CC01941), FRT42D
shg::GFP (constructed upon the shotgun knock-in line®!), FRT19A arm::GFP (constructed upon the arm knock-in
line®?, a gift from the PF. Lenne team) and FRT40A sqh::GFP (constructed upon bloomington stock #57144) were
used to monitor the distribution of Bazooka, Shotgun, Armadillo and Spaghetti Squash (the fly myosin regulatory
light chain) at adherens junctions, respectively. FRT19A digl1::GFP (constructed upon FlyTRAP line YC0005) and
FRT82B scrib::GFP (constructed upon FlyTRAP line CA07683) were used to study the planar distribution Discs
Large and Scribbled on baso-lateral interfaces. FRT19A nrg::GFP (constructed upon FlyTRAP line G00305) and
FRT82B ATPo.::GFP (constructed upon FlyTRAP line YC0031) were used to study the planar distribution of
Neuroglian and the Na+/K+ exchange pump at septate junctions, respectively. FRT9-2, par-62?%, par-6::GFP flies
(refs 70 and 83, a gift from F. Schweisguth) were used to study the planar distribution of Par-6, an apical protein,
in the eye. Note that the Par-6::GFP construct is a functional genomic rescue construct for Par-6 that saves the
par-622% lethal allele present on the same chromosome. Eye mosaics were generated using the ey-Flp system (ini-
tially developed by B. Disckson but directly obtained from the Bloomington stock center). sgh::GFP and rok::GFP
(from Bloomington stock center) are genomic constructs driven by the sqgh promoter that mildly overexpress
these fusion proteins in cells. Note that Sqh::GFP is known to rescue all defects of the sqh null mutant. All other
(Fly)TRAPs and knock-ins used in this study are expressed at endogenous levels from their own promoter, in
their endogenous locus and are viable even when they are the only source of protein in the animal, indicating
that they are fully functional GFP-tagged proteins. FRT19A/FRT19A baz::GFP; FRT42D GMR myr-RFP/FRT42D
stan™?; eyFlp/+ and FRT19A/FRT19A digl::GFP; FRT42D GMR myr-RFP/FRT42D stan®’; eyFlp/+ were used to
generate independent mosaics where a subset of stan null mutant cells (labeled by the absence of RFP) express
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Baz::GFP or Dlgl::GFP, respectively. FRT42D stan® is Bloomington stock #41776. FRT19A/FRT19A baz::GFP;
eyFlp/+; FRT82B ubi-RFPnls/FRT82B crb''4?? were used to generate dual mosaics where a subset of crb null
mutant cells express Baz::GFP. FRT82B crumbs''4# is a gift from E. Knust***. actin5C>stop>Vang::YFP and act-
in5C>stop>fz::YFP constructs®>**> were used to follow the planar distribution of the Fz and Vang PCP proteins
in the 32h APF ommatidial epithelium, respectively. PCP-YFP mosaics were induced by heat shocking white
pupa (0h APF) for 5 to 15 minutes at 37 °C. In all cases, flies were collected at white pupa stage (0h APF) and kept
at 25°C until dissection and imaging at indicated times.

Imaging. Pupae were prepared for imaging as previously described® except that eyes instead of wings were
imaged. Images were acquired using 63X oil immersion objective on a Zeiss LSM 510 system equipped with clas-
sical PMTs or a Leica SP8 microscope equipped with PMTs and hybrid detectors.

Figures. Adherens junction protein images used in this study are either single optical sections or Z projections
of a few Z planes around the brightest apical focal plane. For baso-lateral and septate junction images, we used
single sections or maximum projections of the most apical part of baso-lateral junctions. Presented ommatidia
are representative examples collected from typically 3-10 independent eyes (each containing several hundreds
independent ommatidia). In all cases, photoreceptors located below the cone cells were excluded from projec-
tions. Z projections were created using FIJI%. Figures were mounted using ScientiFig®® and Illustrator (Adobe).

References
1. St Johnston, D. & Ahringer, J. Cell polarity in eggs and epithelia: parallels and diversity. Cell 141, 757-774, doi: 10.1016/j.
cell.2010.05.011 (2010).
2. Tepass, U. The apical polarity protein network in Drosophila epithelial cells: regulation of polarity, junctions, morphogenesis, cell
growth, and survival. Annu Rev Cell Dev Biol 28, 655-685, doi: 10.1146/annurev-cellbio-092910-154033 (2012).
3. Assemat, E., Bazellieres, E., Pallesi-Pocachard, E., Le Bivic, A. & Massey-Harroche, D. Polarity complex proteins. Biochim Biophys
Acta 1778, 614-630, doi: 10.1016/j.bbamem.2007.08.029 (2008).
4. Tepass, U., Theres, C. & Knust, E. crumbs encodes an EGF-like protein expressed on apical membranes of Drosophila epithelial cells
and required for organization of epithelia. Cell 61, 787-799 (1990).
5. Medina, E. et al. Crumbs interacts with moesin and beta(Heavy)-spectrin in the apical membrane skeleton of Drosophila. J Cell Biol
158, 941-951, doi: 10.1083/jcb.200203080 (2002).
6. Wei, S. Y. et al. Echinoid is a component of adherens junctions that cooperates with DE-Cadherin to mediate cell adhesion. Dev Cell
8, 493-504, doi: 10.1016/j.devcel.2005.03.015 (2005).
7. Morais-de-Sa, E., Mirouse, V. & St Johnston, D. aPKC phosphorylation of Bazooka defines the apical/lateral border in Drosophila
epithelial cells. Cell 141, 509-523, doi: 10.1016/j.cell.2010.02.040 (2010).
8. Walther, R. F. & Pichaud, F Crumbs/DaPKC-dependent apical exclusion of Bazooka promotes photoreceptor polarity remodeling.
Curr Biol 20, 1065-1074, doi: 10.1016/j.cub.2010.04.049 (2010).
9. Bilder, D. & Perrimon, N. Localization of apical epithelial determinants by the basolateral PDZ protein Scribble. Nature 403,
676-680, doi: 10.1038/35001108 (2000).
10. Bilder, D., Schober, M. & Perrimon, N. Integrated activity of PDZ protein complexes regulates epithelial polarity. Nat Cell Biol 5,
53-58, doi: 10.1038/ncb897 (2003).
11. Tanentzapf, G. & Tepass, U. Interactions between the crumbs, lethal giant larvae and bazooka pathways in epithelial polarization.
Nat Cell Biol 5, 46-52, doi: 10.1038/ncb896 (2003).
12. Sotillos, S., Diaz-Meco, M. T., Caminero, E., Moscat, ]. & Campuzano, S. DaPKC-dependent phosphorylation of Crumbs is required
for epithelial cell polarity in Drosophila. J Cell Biol 166, 549-557, doi: 10.1083/jcb.200311031 (2004).
13. Chalmers, A. D. et al. aPKC, Crumbs3 and Lgl2 control apicobasal polarity in early vertebrate development. Development 132,
977-986, doi: 10.1242/dev.01645 (2005).
14. Hutterer, A., Betschinger, J., Petronczki, M. & Knoblich, J. A. Sequential Roles of Cdc42, Par-6, aPKC, and Lgl in the Establishment
of Epithelial Polarity during Drosophila Embryogenesis. Developmental Cell 6, 845-854, doi: 10.1016/j.devcel.2004.05.003 (2004).
15. Yamanaka, T. et al. Mammalian Lgl forms a protein complex with PAR-6 and aPKC independently of PAR-3 to regulate epithelial
cell polarity. Curr Biol 13, 734-743 (2003).
16. Campbell, K., Knust, E. & Skaer, H. Crumbs stabilises epithelial polarity during tissue remodelling. J Cell Sci 122, 2604-2612, doi:
10.1242/jcs.047183 (2009).
17. Ezan, ]. & Montcouquiol, M. Revisiting planar cell polarity in the inner ear. Semin Cell Dev Biol 24, 499-506, doi: 10.1016/j.
semcdb.2013.03.012 (2013).
18. Zallen, J. A. Planar polarity and tissue morphogenesis. Cell 129, 1051-1063, doi: 10.1016/j.cell.2007.05.050 (2007).
19. Simons, M. & Mlodzik, M. Planar cell polarity signaling: from fly development to human disease. Annu Rev Genet 42, 517-540, doi:
10.1146/annurev.genet.42.110807.091432 (2008).
20. Devenport, D. The cell biology of planar cell polarity. J Cell Biol 207, 171-179, doi: 10.1083/jcb.201408039 (2014).
21. Jenny, A. Planar cell polarity signaling in the Drosophila eye. Curr Top Dev Biol 93, 189-227, doi: 10.1016/B978-0-12-385044-
7.00007-2 (2010).
22. Wallingford, J. B., Fraser, S. E. & Harland, R. M. Convergent extension: the molecular control of polarized cell movement during
embryonic development. Dev Cell 2, 695-706 (2002).
23. Chae, J. et al. The Drosophila tissue polarity gene starry night encodes a member of the protocadherin family. Development 126,
5421-5429 (1999).
24. Taylor, J., Abramova, N., Charlton, J. & Adler, P. N. Van Gogh: a new Drosophila tissue polarity gene. Genetics 150, 199-210 (1998).
25. Wolff, T. & Rubin, G. M. Strabismus, a novel gene that regulates tissue polarity and cell fate decisions in Drosophila. Development
125, 1149-1159 (1998).
26. Vinson, C. R. & Adler, P. N. Directional non-cell autonomy and the transmission of polarity information by the frizzled gene of
Drosophila. Nature 329, 549-551, doi: 10.1038/32954920 (1987).
27. Axelrod, J. D. Unipolar membrane association of Dishevelled mediates Frizzled planar cell polarity signaling. Genes Dev 15,
1182-1187, doi: 10.1101/gad.890501 (2001).
28. Gubb, D. et al. The balance between isoforms of the Prickle LIM domain protein is critical for planar polarity in Drosophila imaginal
discs. Genes & Development 13, 2315-2327 (1999).
29. Feiguin, E, Hannus, M., Mlodzik, M. & Eaton, S. The ankyrin repeat protein Diego mediates Frizzled-dependent planar polarization.
Dev Cell 1,93-101 (2001).
30. Usui, T. et al. Flamingo, a seven-pass transmembrane cadherin, regulates planar cell polarity under the control of Frizzled. Cell 98,
585-595 (1999).

SCIENTIFICREPORTS | 6:33420 | DOI: 10.1038/srep33420 9



www.nature.com/scientificreports/

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.
42.

43.

44.
45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Djiane, A., Yogev, S. & Mlodzik, M. The apical determinants aPKC and dPatj regulate Frizzled-dependent planar cell polarity in the
Drosophila eye. Cell 121, 621-631, doi: 10.1016/j.cell.2005.03.014 (2005).

Strutt, D. I. Asymmetric localization of frizzled and the establishment of cell polarity in the Drosophila wing. Mol Cell 7, 367-375
(2001).

Das, G, Jenny, A, Klein, T. ], Eaton, S. & Mlodzik, M. Diego interacts with Prickle and Strabismus/Van Gogh to localize planar cell
polarity complexes. Development 131, 4467-4476, doi: 10.1242/dev.01317 (2004).

Bastock, R., Strutt, H. & Strutt, D. Strabismus is asymmetrically localised and binds to Prickle and Dishevelled during Drosophila
planar polarity patterning. Development 130, 3007-3014 (2003).

Tree, D. R. et al. Prickle mediates feedback amplification to generate asymmetric planar cell polarity signaling. Cell 109, 371-381
(2002).

Chen, W.-S. et al. Asymmetric Homotypic Interactions of the Atypical Cadherin Flamingo Mediate Intercellular Polarity Signaling.
Cell 133, 1093-1105, doi: 10.1016/j.cell.2008.04.048 (2008).

Strutt, H. & Strutt, D. Differential Stability of Flamingo Protein Complexes Underlies the Establishment of Planar Polarity. Current
Biology 18, 1555-1564, doi: 10.1016/j.cub.2008.08.063 (2008).

Harumoto, T. et al. Atypical cadherins Dachsous and Fat control dynamics of noncentrosomal microtubules in planar cell polarity.
Dev Cell 19, 389-401, doi: 10.1016/j.devcel.2010.08.004 (2010).

Levayer, R., Pelissier-Monier, A. & Lecuit, T. Spatial regulation of Dia and Myosin-II by RhoGEF2 controls initiation of E-cadherin
endocytosis during epithelial morphogenesis. Nature Cell Biology 13, 529-540, doi: 10.1038/ncb2224 (2011).

Roper, K. Anisotropy of Crumbs and aPKC drives myosin cable assembly during tube formation. Dev Cell 23, 939-953, doi:
10.1016/j.devcel.2012.09.013 (2012).

Zallen, J. A. & Wieschaus, E. Patterned gene expression directs bipolar planar polarity in Drosophila. Dev Cell 6, 343-355 (2004).
Simoes Sde, M. et al. Rho-kinase directs Bazooka/Par-3 planar polarity during Drosophila axis elongation. Dev Cell 19, 377-388,
doi: 10.1016/j.devcel.2010.08.011 (2010).

Blankenship, J. T., Backovic, S. T., Sanny, JustinaA S. P.,, Weitz, O. & Zallen, J. A. Multicellular Rosette Formation Links PlanarA
CellA Polarity to Tissue Morphogenesis. Developmental Cell 11, 459-470, doi: 10.1016/j.devcel.2006.09.007 (2006).

Olofsson, J. & Axelrod, J. D. Methods for studying planar cell polarity. Methods 68, 97-104, doi: 10.1016/j.ymeth.2014.03.017 (2014).
Waddington, C. H. & Perry, M. M. The Ultra-Structure of the Developing Eye of Drosophila. Proceedings of the Royal Society of
London. Series B, Biological Sciences 153, 155-178, doi: 10.2307/75348 (1960).

Pichaud, F. Transcriptional regulation of tissue organization and cell morphogenesis: the fly retina as a case study. Dev Biol 385,
168-178, doi: 10.1016/j.ydbio.2013.09.031 (2014).

Huang, B., Bates, M. & Zhuang, X. Super-resolution fluorescence microscopy. Annu Rev Biochem 78, 993-1016, doi: 10.1146/
annurev.biochem.77.061906.092014 (2009).

Leung, B. O. & Chou, K. C. Review of super-resolution fluorescence microscopy for biology. Appl Spectrosc 65, 967-980, doi:
10.1366/11-06398 (2011).

Truong Quang, B. A., Mani, M., Markova, O., Lecuit, T. & Lenne, P. E. Principles of E-cadherin supramolecular organization in vivo.
Curr Biol 23,2197-2207, doi: 10.1016/j.cub.2013.09.015 (2013).

Desai, R. et al. Monomeric alpha-catenin links cadherin to the actin cytoskeleton. Nat Cell Biol 15, 261-273, doi: 10.1038/ncb2685
(2013).

. Hayashi, T. & Carthew, R. W. Surface mechanics mediate pattern formation in the developing retina. Nature 431, 647-652, doi:

10.1038/nature02952 (2004).

Watts, J. L. et al. par-6, a gene involved in the establishment of asymmetry in early C. elegans embryos, mediates the asymmetric
localization of PAR-3. Development 122, 3133-3140 (1996).

Hung, T. ]. & Kemphues, K. J. PAR-6 is a conserved PDZ domain-containing protein that colocalizes with PAR-3 in Caenorhabditis
elegans embryos. Development 126, 127-135 (1999).

Schweisguth, F. Asymmetric cell division in the Drosophila bristle lineage: from the polarization of sensory organ precursor cells to
Notch-mediated binary fate decision. Wiley Interdiscip Rev Dev Biol 4, 299-309, doi: 10.1002/wdev.175 (2015).

Karess, R. E. et al. The regulatory light chain of nonmuscle myosin is encoded by spaghetti-squash, a gene required for cytokinesis
in Drosophila. Cell 65, 1177-1189 (1991).

Munjal, A., Philippe, J. M., Munro, E. & Lecuit, T. A self-organized biomechanical network drives shape changes during tissue
morphogenesis. Nature 524, 351-355, doi: 10.1038/nature14603 (2015).

Winter, C. G. et al. Drosophila Rho-associated kinase (Drok) links Frizzled-mediated planar cell polarity signaling to the actin
cytoskeleton. Cell 105, 81-91 (2001).

Strutt, D., Johnson, R., Cooper, K. & Bray, S. Asymmetric localization of frizzled and the determination of notch-dependent cell fate
in the Drosophila eye. Curr Biol 12, 813-824 (2002).

Strutt, H. & Strutt, D. Nonautonomous planar polarity patterning in Drosophila: dishevelled-independent functions of frizzled. Dev
Cell 3, 851-863 (2002).

Rawls, A. S. & Wolff, T. Strabismus requires Flamingo and Prickle function to regulate tissue polarity in the Drosophila eye.
Development 130, 1877-1887 (2003).

Bellaiche, Y., Beaudoin-Massiani, O., Stuttem, I. & Schweisguth, E. The planar cell polarity protein Strabismus promotes Pins anterior
localization during asymmetric division of sensory organ precursor cells in Drosophila. Development 131, 469-478, doi: 10.1242/
dev.00928 (2004).

Lee, O. K. et al. Discs-Large and Strabismus are functionally linked to plasma membrane formation. Nat Cell Biol 5, 987-993, doi:
10.1038/ncb1055 (2003).

Montcouquiol, M. et al. Asymmetric localization of Vangl2 and Fz3 indicate novel mechanisms for planar cell polarity in mammals.
J Neurosci 26, 5265-5275, doi: 10.1523/JNEUROSCI.4680-05.2006 (2006).

Montcouquiol, M. et al. Identification of Vangl2 and Scrb1 as planar polarity genes in mammals. Nature 423, 173-177, doi: 10.1038/
nature01618 (2003).

Courbard, J. R,, Djiane, A., Wu, J. & Mlodzik, M. The apical/basal-polarity determinant Scribble cooperates with the PCP core factor
Stbm/Vang and functions as one of its effectors. Dev Biol 333, 67-77, doi: 10.1016/j.ydbio.2009.06.024 (2009).

Gho, M. & Schweisguth, E. Frizzled signalling controls orientation of asymmetric sense organ precursor cell divisions in Drosophila.
Nature 393, 178-181, doi: 10.1038/30265 (1998).

Bellaiche, Y., Gho, M., Kaltschmidt, J. A., Brand, A. H. & Schweisguth, F. Frizzled regulates localization of cell-fate determinants and
mitotic spindle rotation during asymmetric cell division. Nat Cell Biol 3, 50-57, doi: 10.1038/35050558 (2001).

Bellaiche, Y. et al. The Partner of Inscuteable/Discs-large complex is required to establish planar polarity during asymmetric cell
division in Drosophila. Cell 106, 355-366 (2001).

Lu, B., Usui, T,, Uemura, T,, Jan, L. & Jan, Y. N. Flamingo controls the planar polarity of sensory bristles and asymmetric division of
sensory organ precursors in Drosophila. Curr Biol 9, 1247-1250 (1999).

Besson, C. et al. Planar Cell Polarity Breaks the Symmetry of PAR Protein Distribution prior to Mitosis in Drosophila Sensory Organ
Precursor Cells. Curr Biol 25, 1104-1110, doi: 10.1016/j.cub.2015.02.073 (2015).

Afonso, C. & Henrique, D. PAR3 acts as a molecular organizer to define the apical domain of chick neuroepithelial cells. J Cell Sci
119, 4293-4304, doi: 10.1242/jcs.03170 (2006).

SCIENTIFICREPORTS | 6:33420 | DOI: 10.1038/srep33420 10



www.nature.com/scientificreports/

72. Harris, T. J. & Peifer, M. The positioning and segregation of apical cues during epithelial polarity establishment in Drosophila. J Cell
Biol 170, 813-823, doi: 10.1083/jcb.200505127 (2005).

73. Wasserscheid, 1., Thomas, U. & Knust, E. Isoform-specific interaction of Flamingo/Starry Night with excess Bazooka affects planar
cell polarity in the Drosophila wing. Dev Dyn 236, 1064-1071, doi: 10.1002/dvdy.21089 (2007).

74. Shimada, Y., Yonemura, S., Ohkura, H., Strutt, D. & Uemura, T. Polarized transport of Frizzled along the planar microtubule arrays
in Drosophila wing epithelium. Dev Cell 10, 209-222, doi: 10.1016/j.devcel.2005.11.016 (2006).

75. Lecuit, T. & Lenne, P. E. Cell surface mechanics and the control of cell shape, tissue patterns and morphogenesis. Nat Rev Mol Cell
Biol 8, 633-644, doi: 10.1038/nrm2222 (2007).

76. Golic, K. G. & Lindquist, S. The FLP recombinase of yeast catalyzes site-specific recombination in the Drosophila genome. Cell 59,
499-509 (1989).

77. Golic, K. G. Site-specific recombination between homologous chromosomes in Drosophila. Science 252, 958-961 (1991).

78. Buszczak, M. et al. The carnegie protein trap library: a versatile tool for Drosophila developmental studies. Genetics 175, 1505-1531,
doi: 10.1534/genetics.106.065961 (2007).

79. Morin, X., Daneman, R., Zavortink, M. & Chia, W. A protein trap strategy to detect GFP-tagged proteins expressed from their
endogenous loci in Drosophila. Proc Natl Acad Sci U S A 98, 15050-15055, doi: 10.1073/pnas.261408198 (2001).

80. Quinones-Coello, A. T. et al. Exploring strategies for protein trapping in Drosophila. Genetics 175, 1089-1104, doi: 10.1534/
genetics.106.065995 (2007).

81. Huang, J., Zhou, W, Dong, W., Watson, A. M. & Hong, Y. From the Cover: Directed, efficient, and versatile modifications of the
Drosophila genome by genomic engineering. Proc Natl Acad Sci USA 106, 8284-8289, doi: 10.1073/pnas.0900641106 (2009).

82. Huang, J. et al. Differential regulation of adherens junction dynamics during apical-basal polarization. J Cell Sci 124, 4001-4013, doi:
10.1242/jcs.086694 (2011).

83. Petronczki, M. & Knoblich, J. A. DmPAR-6 directs epithelial polarity and asymmetric cell division of neuroblasts in Drosophila. Nat
Cell Biol 3, 43-49, doi: 10.1038/35050550 (2001).

84. Jiirgens, G. W. E., Niisslein-Volhard, C. & Kluding, H. Mutations affecting the pattern of larval cuticle in Drosophila melanogaster.
IL. Zygotic loci on the third chromosome. Roux’s Arch. Dev. Biol. 193, 283-295 (1984).

85. Tepass, U. & Knust, E. Crumbs and stardust act in a genetic pathway that controls the organization of epithelia in Drosophila
melanogaster. Dev Biol 159, 311-326, doi: 10.1006/dbio.1993.1243 (1993).

86. Classen, A. K., Aigouy, B., Giangrande, A. & Eaton, S. Imaging Drosophila pupal wing morphogenesis. Methods Mol Biol 420,
265-275, doi: 10.1007/978-1-59745-583-1_16 (2008).

87. Schindelin, J. et al. Fiji: an open-source platform for biological-image analysis. Nat Methods 9, 676682, doi: 10.1038/nmeth.2019
(2012).

88. Aigouy, B. & Mirouse, V. ScientiFig: a tool to build publication-ready scientific figures. Nat Methods 10, 1048, doi: 10.1038/
nmeth.2692 (2013).

89. Das, G., Reynolds-Kenneally, J. & Mlodzik, M. The atypical cadherin Flamingo links Frizzled and Notch signaling in planar polarity
establishment in the Drosophila eye. Dev Cell 2, 655-666 (2002).

Acknowledgements

We are grateful to T. Lecuit, A. Sagner and the entire Le Bivic team for their comments on the manuscript. We
thank Bloomington Stock Centers, the FlyTRAP project as well as the Knust, Strutt, Schweisguth, Lenne and
Hong labs for flies. Imaging was performed using the France-Biolmaging infrastructure supported by the Agence
Nationale de la Recherche (ANR-10-INSB-04-01). This work was supported by LabEx INFORM (grant ANR-11-
LABX-0054), the CNRS (UMR?7288) and the Aix-Marseille University. The Le Bivic group is an “Equipe labellisée
2008 de La Ligue Nationale contre le Cancer”.

Author Contributions
B.A. and A.L.B. designed the project and wrote the paper. B.A. performed the experiments.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Aigouy, B. and Le Bivic, A. The PCP pathway regulates Baz planar distribution in
epithelial cells. Sci. Rep. 6, 33420; doi: 10.1038/srep33420 (2016).

This work is licensed under a Creative Commons Attribution 4.0 International License. The images
M o1 other third party material in this article are included in the article’s Creative Commons license,

unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

© The Author(s) 2016

SCIENTIFICREPORTS | 6:33420 | DOI: 10.1038/srep33420 11


http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	The PCP pathway regulates Baz planar distribution in epithelial cells
	Introduction
	Results
	Planar distribution of apico-basal polarity proteins in the Drosophila eye
	Armadillo and Shotgun are bilateral on cell interfaces
	Baso-lateral proteins are present on both sides of epithelial interfaces
	Baz is unilateral on epithelial interfaces
	Baz unilaterality is not regulated by Crumbs or Par-6
	The non-muscle myosin II regulatory light chain is unilateral
	Planar distribution of core planar cell polarity proteins in the eye epithelium
	Unilateral distribution of Vang and Baz overlap
	Fz distribution is opposite to that of Vang
	The PCP pathway controls the unilateral distribution of Baz in cone cells but not Dlg1 asymmetries

	Discussion
	Interplay between apico-basal polarity and planar cell polarity
	Each epithelial contact is characterised by a unique apico-basal polarity signature

	Methods
	Fly genetics and heat shock treatments
	Imaging
	Figures

	Additional Information
	Acknowledgements
	References



 
    
       
          application/pdf
          
             
                The PCP pathway regulates Baz planar distribution in epithelial cells
            
         
          
             
                srep ,  (2016). doi:10.1038/srep33420
            
         
          
             
                Benoit Aigouy
                André Le Bivic
            
         
          doi:10.1038/srep33420
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 The Author(s)
          10.1038/srep33420
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep33420
            
         
      
       
          
          
          
             
                doi:10.1038/srep33420
            
         
          
             
                srep ,  (2016). doi:10.1038/srep33420
            
         
          
          
      
       
       
          True
      
   




