












heterodimers are compared and the denticles point towards that region of the cell membrane that

has most Ft (i.e., abutting a neighbouring cell that has higher Ds levels). The multipolar cells

provide new evidence for this hypothesis. First, note that the level of Ds in a row 3 cell should be

higher than the level of Ds in a T2 cell but lower than the level of Ds in a row 4 cell (Figure 1C).

Then, consider the following arguments: one that there is a comparison between the anterior and

posterior membranes of the row 4 multipolar cell filled in magenta in Figure 2B–C. Two, that this

comparison is local to different regions of that cell. Across the whole stretch of its anterior

membrane this row 4 multipolar cell contacts two cells of row 3, each presenting equal amounts of

Ds. However, within the posterior membrane of this same multipolar cell there are two separate

regions, each abutting cells with different levels of Ds: a region abutting the T2 neighbour, and

a region abutting the normal row 4 cell. The region abutting the T2 has a lower amount of Ft (as a

result of the low amount of Ds in the T2 cell), and a higher amount of Ds (as a result of the high

amount of Ft in the T2 cell) than the facing anterior membrane of the same cell, so its denticles

point forwards. The region abutting the normal row 4 cell has a higher amount of Ft (as a result of

the high amount of Ds in the normal row 4 cell) and a lower amount of Ds (as a result of the lower

amount of Ft in the normal row 4 cell) than in the facing anterior membrane of the same cell, so its

denticles point backwards.

Multipolarity tells us something new and unexpected: that the comparison is local to different

regions of the cell. The two domains described above are comparing their facing anterior and

posterior membranes, independent of each other. Therefore, the comparison cannot be a signal

that pervades the whole cell, and instead multipolarity suggests the existence of oriented

‘conduits’ that link facing regions within the anterior and posterior membranes of a single cell. If

such oriented conduits exist they could allow the directional transport and/or unequal

stabilisation of components of the polarity machinery (such as Ds and Ft themselves). Our

conception of these conduits is yet incomplete; but if their orientation were determined by the

distribution of Ds and Ft, and if they also helped convey Ds and Ft across the cell, then together

both these properties could constitute a feedback mechanism. Such a mechanism would make

the polarity of cells more robust and also would affect the propagation of polarity from cell to

cell. Understanding propagation is important because experiments suggest that the distribution

of Ds and Ft within the membrane of one cell is partly determined by the distribution of these

molecules in that cell’s neighbours and also in cells beyond (reviewed in Thomas and Strutt,

2012).

The disposition of Ds-Ft heterodimers, as indicated in Figure 4, will be the result of these

processes. In Figure 4, we imagine the distribution of Ft-Ds heterodimeric bridges in the epidermis

and speculate in more detail how local comparisons might determine denticle polarity of the cells or

parts of cells. Note that if Ds and Ft are transported across the cell between limited domains, there is

no need to invoke free diffusion of these molecules (as in Mani et al., 2013; Abley et al., 2013).

Similar conduits would be present in all cells, but normally, since they signal consistently in all parts of

the cell, they would not be detected as separable elements.

There are hints at what these conduits might be: several authors described oriented

microtubules in planar polarised cells (Fristrom and Fristrom, 1975; Eaton et al., 1996; Turner

and Adler, 1998) and studied microtubule growth and polarity in the developing wing (Harumoto

et al., 2010; Olofsson et al., 2014). In a particular part of the wing, and for a relatively short time,

these authors noted that there are microtubules that are oriented proximodistally. In this part of

the wing, they showed a slight preponderance (ca 5%) of oriented microtubules with the minus

ends proximal and their plus ends distal and proposed that Ds and Ft are instrumental in this net

orientation. Changing the distribution of Ds in a test part of the wing changed the net orientation

of the microtubules (Harumoto et al., 2010). Our hypothesis of conduits could relate to these

findings; microtubules could form all, part or none of these conduits. But, if they do it is not clear

why, in most parts of the wing and for most of the time, the microtubules and the hairs are not co-

oriented. In any case, a net orientation of microtubules might be read out as a net transport of

vesicles from proximal to distal (Shimada et al., 2006; Harumoto et al., 2010; Gault et al., 2012).

A similar process in the larval epidermal cells could lead to the subsequent orientation of

predenticles in the membrane, but how they would do this is unknown. Microtubules have been

observed in cells of the embryonic epidermis at the time that the denticles of the first larval stage
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are formed, although their actual polarity is not

known (Price et al., 2006; Marcinkevicius and

Zallen, 2013).

Multipolarity in other cell types
Motile cells such as fibroblasts or Dictyostelium

tend to extend lamellipodia in different direc-

tions at once, net movement resulting if one

direction is favoured over others (Shi et al.,

2013). It is not clear if this kind of multipolarity

relates to PCP: a defining feature of PCP is that

the orientation of a cell is fixed by cell interaction

and this is not usually the case with isolated

motile cells. However, in plants, pavement cells

are genuinely multipolar. They show that even

between two identical neighbours, local inter-

actions can be of different sign and can organise

the cytoskeleton in different ways to build cells

that, at least near the periphery, have regions of

opposing polarities (Xu et al., 2010).

It has been thought that PCP in animals involves

the whole cell and includes organelles and the

cytoplasm, structures that form in membranes such

as cilia or stereocilia as well as pervasive outputs

such as mechanical tension (Wallingford, 2010;

Deans, 2013; Guillot and Lecuit, 2013). Multipo-

larity in the larval cells of Drosophila that we report

makes it clear that PCP is, or can be, subcellular;

consequently, some current models of PCP may

need to be adapted. For instance, our observa-

tions raise the possibility that all cells are funda-

mentally ‘multipolar’ but, usually, all subregions of

a cell are subject to consistent polarising influences

and are co-oriented.

Materials and methods

Mutations and transgenes
Flies were reared at 25˚C on standard food. The

Flybase (St Pierre et al., 2014) entries of

the relevant constructs used in this work are the

following: DE-cad::tomato: shgKI.T:Disc\RFP-tdTomato;

sqh.utrp::GFP: Hsap\UTRNsqh.T:Avic\GFP-EGFP; UAS.

cherry::moesin:MoeScer\UAS.P\T.T:Disc\RFP-mCherry; UAS.

stinger::GFP: Avic\GFPStinger.Scer\UAS.T:nls-tra; UAS.

ectoDs: dsecto.Scer\UAS; UAS.cd8::GFP: Mmus

\Cd8aScer\UAS.T:Avic\GFP; tub>stop>Gal4: P{GAL4-

αTub84B(FRT.CD2).P}; sry.FLP: Scer\FLP1sry-alpha;

ds−: dsUA071; ft−: ft15.

Experimental genotypes
(Figure 1, Figure 2, Figure 2—figure supplement

1, Figure 3—figure supplement 1) w; DE-cad::

tomato sqh.utrp::GFP/ CyO-P{Dfd-EYFP}2.

(Figure 3A–D) w; ds−ft−sqh.utrp::GFP/ ds−ft−DE-

cad::tomato.

Figure 4. Polarised conduits in the cells. A hypothetical

view of how Ds and Ft polarise cells or parts of cells. All

membranes contain both kinds of dimers: these are Ds

in the cell x (Dsx), linked to Ft in the neighbouring cell y

(Fty), or Ft in the cell x (Ftx) linked to Ds in the

neighbouring cell y (Dsy). We proposed (Casal et al.,

2006) that intercellular bridges consisting of hetero-

dimers of Ds and Ft are asymmetrically distributed in

a polarised cell and determine the polarity of that cell. In

the diagram, we indicate a majority of Ds by yellow, and

a majority of Ft by rufous. Some membranes contain

similar numbers of Ds and Ft and these are shown with

alternating blotches of the two colours. Arrows indicate

the sign and the paths of the oriented conduits that

span between facing and limited areas of membrane.

Such conduits can give small parts of cells an individual

polarity, as in the atypical cell in row 4 (red arrows). The

tendon cells, T1 and T2, largely drive the segmental

pattern of Ds activity—they have low Ds activity and

therefore the majority of heterodimers formed between

a T2 and a row 4 cell are Ds4–FtT2. Similarly at the

boundary between a row 2 and a row 3 cell, the majority

of the heterodimers are Ft2–Ds3; partly because at the

opposite boundary between a T1 and a row 2 cell, the

heterodimers are largely FtT1–Ds2. Where row 3 and row

4 cells meet in the wild type, they are imagined to have

similar levels of Ds3–Ft4 and Ft3–Ds4 because, at that cell

junction similar, but opposite, effects from very low Ds

levels in both T1 and T2 tendon cells converge.

However, in the red-arrowed region, at the anterior limit

of the atypical cell, the heterodimers are mostly Ft3–Ds4.

We propose that in this red-arrowed region, the

deployment of heterodimers is the outcome of a differ-

ent comparison made between facing subregions of the

anterior and posterior limits of this atypical cell. What is

different about this comparison? In this red-arrowed

region, the cell’s anterior neighbours (row 3) have less

Ds than the posterior neighbour (a normal row 4). As

a result, at the boundary between row 3 and atypical

row 4, the heterodimers will be mostly Ft3–Ds4.

Figure 4. continued on next page
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(Figure 3E–H) w; tub>stop>Gal4 UAS.cd8::GFP

sqh.utrp::GFP/ UAS.stinger::GFP DE-cad::tomato;

sry.FLP UAS.cherry::moesin/ UAS.ectoDs.

Handling and observation of larvae
Second stage larvae at the pre-third stage were

mounted in a drop of Voltalef 10S oil on

a microscope slide and imaged using a Leica

SP5 confocal microscope. The larvae were care-

fully removed, kept at 25˚C on an agar plate with fresh yeast paste until they moulted into the third

stage; cuticles of third stage were prepared using a standard protocol (Saavedra et al., 2014).

For Table 1, predenticles of cells of rows 2 and 4 with atypical dispositions were classified as follows:

predenticles localised in a domain of the cell that abutted a tendon cell (i.e., T1 or T2), predenticles

localised in a domain that abutted a non-tendon cell (i.e., another row 2 or 4 cell), or predenticles

localised in an intermediate domain. The orientations of the denticles formed by these predenticles

were scored, one by one, in the third stage cuticles. Late second stage larvae with small clones of

marked cells in the epidermis were obtained as previously described (Saavedra et al., 2014).
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