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temperature phase, where spins are disordered and a low
temperature ferromagnetic phase, where the interactions domi-
nate over thermal fluctuations – leading to a spontaneous

polarization in an arbitrary direction. In this state even a small
external magnetic field has a big effect on magnetic polarization as
the spontaneous polarization aligns itself with the external field,
yet the dynamics leading to global alignment can be quite slow.
An essential lesson from statistical mechanics is that the ordered

and disordered states exist in a broad class of models and can be
discussed in a general context, focusing on a classification of the
different regimes as a function of a few parameters. We follow this
lesson by focusing the study on the competition between the
intercellular interaction and the disordering influence of the
fluctuations introduced by the noisy molecular interactions. As in
statistical mechanics we define a phase diagram which identifies
different regimes of behavior in the space of the most relevant
parameters. We then address the role of the global directional
signal in the dynamics of global alignment.
A molecular model for PCP formation was recently proposed in

Ref. [21], and was shown to reproduce a number of experimental
findings. This model involves 38 parameters that were adjusted to
successfully reproduce a set of wild-type and mutant phenotypes.
Here we pursue an alternative approach and instead of moving on
to more and more complex models develop a model with a smaller
number of degrees of freedom and a smaller number of parameters.
Instead of fixing a particular set of parameters by fitting the data we
explore the generic behavior of the model as a function of
parameters defining quantitative features characteristic of the
different phases. In formulating the model we identify several
essential ingredients, required to obtain the characteristic zig-zag
pattern and the non-autonomy of fz and Vang mutant clones. We
expect our simplified model to capture important properties of PCP,
although it does not incorporate all the molecular details.
After discussing the essential ingredients of the model, we obtain

a phase diagram describing its steady state properties. We then
consider the dynamics of local polarization strength and
orientation in the absence and in the presence of a global
orienting signal. We show that global alignment can be achieved
with a weak global orienting signal provided it is present
throughout the tissue at the earliest stage of PCP dynamics.
Finally we discuss the experimental predictions coming out of the
model and the tools required to test these predictions.

Results

Model ingredients
Three essential ingredients are included in the model, to

account for the characteristic zig-zag patterns of protein
localization and for the non-autonomy of fz and Vang mutant
clones.

Two membrane proteins form complexes across the
inter-cellular interface. As in Ref. [21] we assume that two
membrane-bound proteins, a and b – standing for Fz and Vang -
form complexes across inter-cellular interfaces. This is the source
of intercellular interaction in the model.
Complex formation across cell interfaces accounts in a simple

way for the non-autonomous effect of clones in which either a or b
are mutated. However to account for the observed localization of
Fz and Vang proteins on the opposite sides of the cell interface there
must be a mechanism which prevents a, b (or Fz and Vang) from
mingling with each other on the same side of the interface. Thus
the next two assumptions introduce molecular interactions acting
inside each cell, leading to spontaneous segregation of the
complexes and driving the protein distribution towards a non-
uniform state.

Complex formation on a single inter-cellular interface is
bistable. We assume that complexes of one polarization (a=b)

Figure 1. Summary of experimental observations. (A) Protein
localization pattern in wild-type wing: Fz (green) localizes on the distal
membrane, together with Dsh, while Vang (red) localizes on the
proximal membrane, together with Pk. (B) Key PCP proteins localize
apically in the adherens junction area, within a strip of about 1m from
the top [7,11,12,39]. (C,D) Mutant fz (C) and Vang (D) clones influence
the polarity of wild-type cells bordering the clone such that it points
towards the clone (fz, C) or away from it (Vang, D). This effect is
propagated to a large patch of wild-type cells that are distal to the
clone (fz) or proximal to it (Vang) [40]. Over-expression of fz causes an
effect similar to that of Vang mutant clones, and over-expression of
Vang causes an effect similar to fz mutants.
doi:10.1371/journal.pcbi.1000628.g001

Author Summary

Epithelial tissues are often polarized in a preferred
direction which determines, for example, the direction of
hair growth on mammalian skin, the orientation of scales
in fish, the alignment of ommatidia in the fly eye and of
sensory hair cells in the vertebrate cochlea. This in-plane
polarization, known as planar cell polarity, is one of the
morphogenetic fields that play a role in tissue patterning
during development. Here we focus on planar cell polarity
in the fly wing, where protein localization and inter-cellular
ligand-receptor interactions combine with an unknown
orienting signal to establish planar cell polarity of the wing
epithelium. We demonstrate an analogy between this
process and models of ferromagnetism in physical systems
that have been studied extensively using the tools of
statistical mechanics. The analogy helps in understanding
how local interactions between cells can lead to global
polarization order and elucidate the role of global
orienting signals and the dependence of the dynamics of
the process on parameters. We demonstrate that in the
absence of an external orienting signal swirling patterns
should emerge due to random noise. We propose ways to
test this prediction and ways to quantify the magnitude
and spatial variation of the unknown external orienting
signal.

Order and Stochastic Dynamics in Drosophila PCP
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Figure 2. Fz-GFP Localizes at the Distal
Boundary of Pupal Wing Cells

Except where otherwise stated, all images
are distal to the right. (A)–(D) show Fz-GFP
(green, upper and lower panels) and actin
(red, upper panels) in wild-type (A and B) and
fz (C and D) wings. (A), Thirty-two hours APF,
actin is first visible at distal cell vertex (arrow-
heads); (B), 33 hr APF; (C), 31 hr APF; and
(D), 38 hr APF. Note Fz-GFP rescues polarity
defect in fz wing (except at extreme distal tip;
data not shown). (E)–(H) show Fz-GFP (green,
upper and middle panels) and Stan (red, up-
per and lower panels) in wild-type wings. (E),
19 hr APF; (F), 29 hr APF; (G), 39 hr APF.
(H) shows xz confocal section with apical up,
showing apical colocalization of Fz-GFP and
Stan at PD cell boundaries at 29 hr APF. (I)
shows wild-type wing mosaic for cells ex-
pressing Fz-GFP (green) and not expressing
(lacZ marker, red). Fz-GFP is present on distal
cell boundaries (white arrowheads) but not
proximal cell boundaries (white arrows, note
absence of yellow fluorescence that would
indicate overlap of Fz-GFP and lacZ staining);
we find that mosaic low-level Fz-GFP expres-
sion does not affect polarity signaling as as-
sayed by normal trichome polarity.

trichome formation, the Fz-GFP distribution is dramati- polarizing cells but would not necessarily compromise
its ability to pass polarity information to adjacent cells.cally altered in wild-type cells surrounding a clone of

Fz-overexpressing cells (Figure 4B). Instead of being We have tested this hypothesis by engineering a muta-
tion into the Fz protein that has the effect of blockingobserved on the distal cell membranes, Fz-GFP is seen

on cell boundaries lying parallel to the clonal boundary only its autonomous signaling function and then study-
ing the subcellular localization of this mutated protein.(arrowheads, Figure 4B). Following trichome formation,

double labeling for Fz-GFP and actin reveals an excel- Studies of mutations at the fz locus have revealed a
class of alleles that only show a cell-autonomous polar-lent correlation between trichome polarity and Fz-GFP

distribution (Figure 4D, see also Figure 5C). ity phenotype (Vinson and Adler, 1987). Molecular analy-
sis showed that this defect was due to a single pointClones of cells lacking Vang function show a similar

nonautonomous phenotype to cells overexpressing Fz, mutation in the first intracellular loop of Fz (Jones et al.,
1996), which in the strongest class of alleles corre-causing neighboring trichomes to point from low Vang

to high Vang activity (Taylor et al., 1998). Studying Fz- sponded to a substitution of the proline residue at posi-
tion 278 by leucine. We generated FzP278L-GFP and ex-GFP distribution around Vang clones prior to trichome

formation, we find that again the Fz-GFP is distributed pressed it ubiquitously in the developing wing. We found
that this molecule was able to rescue the nonautono-on the cell boundaries running parallel to the clone

boundary (Figure 4E) and also on the clone boundary mous defect of fz loss-of-function clones but not the
autonomous fz polarity defect (Figure 5B and data notitself. Again, double labeling for Fz-GFP and actin after

trichome formation shows a clear correlation between shown). To confirm that FzP278L was indeed active for Fz
nonautonomous signaling, we misexpressed this mole-trichome polarity and Fz-GFP distribution (Figure 4F).

These results indicate that the regulation of asymmet- cule at high levels in clones. As predicted, this resulted
in a strong nonautonomous polarity defect, with both Fz-ric Fz-GFP localization is downstream of both fz and

Vang nonautonomous signaling, and that abnormal Fz- GFP distribution and trichome polarity being abnormal in
adjacent wild-type cells (Figure 5C). Finally, we studiedGFP distribution precedes and predicts future abnormal

trichome polarity. the subcellular distribution of uniformly expressed
FzP278L-GFP in cells with normal endogenous Fz function;
this showed only weak apical localization and no dis-Mutations in Fz that Block Autonomous Polarity

Signaling Also Block Fz-GFP Localization cernable PD localization (Figure 5D). As FzP278L functions
in Fz nonautonomous signaling, we conclude that thisIt has been previously reported that clones of cells lack-

ing stan function only affect trichome polarity in a cell- process is independent of Fz PD localization. Further-
more, the failure of FzP278L-GFP to localize, even in theautonomous manner (Chae et al., 1999; Usui et al., 1999).

As Fz-GFP is not localized in such clones, this suggests presence of endogenous Fz function, suggests that lo-
calization of an individual Fz molecule is dependent onthat Fz localization is not absolutely required for Fz to

signal polarity information to adjacent cells in a nonau- that molecule having intrinsic autonomous signaling ac-
tivity.tonomous fashion. According to this view, it would be

predicted that mutations in Fz that blocked its localiza- The existence of alleles of fz that are defective only
in autonomous signaling provides a tool for further in-tion would also knock out its function in autonomously

Fz
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relationships between neighbouring cells 
and anisotropic cell junction remodelling 
that, together, seem to reorient polarity. 
Inferred patterns of mechanical stress sug-
gest that hinge contraction drives these 
movements. Indeed, severing the wing from 
the hinge alters the cell flows and the reor-
ganization of polarity, strongly suggesting 
that the cell flows cause the changes in polar-
ity. These events can be approximated by a 
computational model relating mechanical 
stress to polarity12.

If bulk cell movement and rearrangement 
can reorganize polarity, might the ‘global’ 
polarity regulators FT, DS and FJ orient 
polarization through such a mechanism? In 
support of this possibility, perturbing DS, 
either by loss or gain of function, alters both 
the patterns of cell neighbour exchange and 
polarity12. Implying that this may be the sole 
mechanism by which the ‘global’ regulators 
affect PCP, the authors of this study also sug-
gest that the early, radial pattern of polarity 
might arise by spontaneous alignment of 
local polarity, a property predicted by several 
mathematical models of polarity, including 
their own12–16.

The idea that FT, DS and FJ might influ-
ence polarity by strictly mechanical means 
is a dramatic departure from alternative 

models. One previously proposed model 
suggests that opposing gradients of DS and 
FJ act through FT to orient microtubules 
with a distal plus-end bias that traffic 
FZ-containing vesicles towards the distal 
cell cortex, providing the necessary input 
bias to allow the core module to polarize 
in a specified direction6,17. Furthermore, 
these components orient polarity in the 
eye, abdomen and larval body wall18–20, 
where no morphogenetic event similar to 
wing hinge contraction is known to occur. 
An alternative to Eaton’s proposal is that 
FT, DS and FJ simultaneously modify both 
mechanical properties and polarization, but 
by different mechanisms. In line with this 
possibility, the expression of DS changes 
over time during pupal wing development, 
in patterns that are consistent with oppos-
ing gradients of FJ and DS directing both 
the early radial and late parallel patterns of 
polarity 8,21,22 (FIG. 2).

Another recent paper provides additional 
evidence for this gradient-based model. 
Harumoto and colleagues mapped the ori-
entation of the apical microtubule network 
in the wing at several locations23 and found 
reorganization of microtubules consistent 
with the reorganization of polarity observed 
by Eaton’s group. Not surprisingly, in a 

ds-mutant wing, microtubule reorganization 
did not occur correctly. More dramatically, 
ectopic reversal of the ds gradient in the dis-
tal portion of the wing reversed hair polarity 
and that of the microtubule cytoskeleton. 
Wing morphology was not substantially 
altered, and it is hard to imagine how the 
observed effects might occur through altera-
tion of mechanical properties. However, 
neither study provides definitive proof 
for the respective models. More detailed 
mechanistic descriptions of how this mod-
ule either alters mechanical properties or 
biases core module function, will allow their 
selective disruption, enabling assessment of 
their relative contributions to polarization. 
Furthermore, it is important to keep in mind 
that neither model is likely to tell the whole 
story, as the gradients of DS and FJ are  
partially dispensable in the wing8,9.

Although studies in Drosophila have con-
tinued to improve our understanding of the 
fundamental PCP machinery, recent studies 
in vertebrates have uncovered potential new 
roles for PCP, as discussed below.

!"##$%&'($)%$##)*"($*$+&
In addition to polarizing cells within 
epithelia, vertebrate homologues of fly 
PCP genes are implicated in the control 
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d e fDS localization (red)
ds– cells (white)

DS localization (red)
ds– ft– cells (white)

FZ::GFP localization (green)
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However, the functional assays 
raise serious objections to this model. 
First, PK is a central component of the 
Tree–Amonlirdviman model, in which it 
is proposed to act, together with VANG, in 
an amplification step to localize FZ on one 
side of the cell. But, cells that lack PK lose 
the asymmetrical localization of VANG, 
FZ and STAN44,46,50 (FIG. 5d), asymmetries 
that are essential to the model and around 
which the model was built. Nevertheless, 
pk– cells can send, receive and propagate 
the FZ-dependent signal as well as, or 
better than, wild-type cells25,44,51. It follows 
that the asymmetrical accumulation of 
proteins is not required for the transfer 
of polarizing information from cell to 
cell, a conclusion that runs counter to the 
Tree–Amonlirdviman model.

Second, STAN is a key protein in PCP; 
functional assays show that STAN is 
essential in both sending and receiving 
cells. STAN is also required for FZ to 
accumulate normally on the membrane; 

in its absence, FZ is seen mainly in the 
cytoplasm (FIG. 5b)48. Yet, in the Tree–
Amonlirdviman model, STAN is ignored.

Third, in the Tree–Amonlirdviman 
model, the polarity of a cell depends on 
and incorporates the asymmetrical distri-
bution of FZ within that cell. Therefore, the 
model might have difficulty in explaining 
how a cell that lacks FZ can be repolarized, 
as we have observed25.

Note that both models depend on 
interactions between neighbouring cells 
to consolidate initial, possibly small, dif-
ferences in FZ activity. Both models posit 
local interactions between proteins, but 
with different elements and outcomes. 
The Tree–Amonlirdviman model has FZ 
and VANG interacting to change their 
distributions at or near the membrane. 
The result is a sharp differential of FZ in 
each cell, from one surface to the opposite 
surface, to make an intracellular gradient 
that orients the cell (FIG. 6a). Our model 
depends on interactions via intercellular 

homodimers of STAN that bring the level 
of FZ activity in one cell towards an aver-
age of the levels of its neighbours; this 
process initiates and propagates changes 
in polarity when the sending and receiving 
cells differ sufficiently in their levels of FZ 
activity. In the wild-type epithelium, we 
imagine a shallow intercellular gradient of 
FZ activity, with only small incremental 
differences in the scalar levels from one 
cell to the next, detected via the STAN 
bridges and polarizing each cell.

The functional assays also argue that 
the DS and STAN systems operate in logi-
cally distinct ways: in the STAN system, 
information about the level of FZ activity 
is conveyed by means of the STAN bridges, 
so that FZ in one cell behaves like a ‘ligand’, 
sending a message to VANG in the neigh-
bouring cell, which acts like a ‘receptor’. 
However, the DS system acts through a 
two-way interaction between DS and FT, 
with each functioning as both a ligand and 
a receptor.

Figure 5 | The localization of planar cell polarity (PCP) proteins in 
clones in the wing. The PCP proteins can be located on particular faces 
of the cell membranes. Cells that lie anterior to the clone are shown 
towards the top of each figure, and cells that lie distal are shown towards 
the right. a | Starry night (STAN) accumulates mostly on the proximodistal 
faces of the cells and is not seen at all in the membrane unless STAN 
is present on both confronting cells43. b | Frizzled (FZ) is also seen 
mostly on the proximodistal faces of the cells and, if tagged with GFP, 

the clone shows that FZ does not go to the membrane without the 
STAN protein48. c | FZ is actually localized on the distal face of the cells; 
the white cells represent a clone of cells that lack the tagged FZ48. 
d | In cells that lack prickle (pk), FZ accumulates uniformly, with 
no asymmetry50. e,f | Evidence for DS–FT heterodimers. A comparison 
of both cases shows that DS protein only accumulates at the membrane 
when there is Fat (FT) protein on the facing membrane of the 
neighbouring cell28.
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Chimeric mutants

Red:   fat mutant. 

Green: wild type cells

Ma, Yang, McNeill, Simon, Axelrod (2003)

• Fat mutants maintain local 
order
• show swirling pattern, 

reminiscent of models of 
magnets



Salient features

• Individuals cells are polarized
• orient each other via interactions on the membrane
• a global signal that sets the preferential orientations
• w/o global signal, local order persists, but is lost on larger 

scales
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All of the above are features of magnets
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XY model of magnetism



Changing the amount of fz
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UAS.fj clone in wild-type
background

ds–ft– clone in wild-type
background

UAS.ds clone in ft–

background
UAS.ft clone in ft– backgroundUAS.ft clone in ds– background UAS.ds clone in wild-type

background
UAS.ds clone in ds–

background

UAS.fj ft– clone in wild-type
background

ft– clone in wild-type 
background

UAS.ft clone in wild-type
background

dc

UAS.ft clone in stan– 

background

b
UAS.fz UAS.stan clone in stan–

background
UAS.fz stan– clone in wild-type 
background

UAS.fz clone in wild-type
background

a
fz– clone in wild-type 
background

in stan– or fz– flies (in which the STAN 
system is broken), hair polarity in the abdo-
men is only slightly disturbed. Similarly, 
when ds is removed (to break the DS 
system), polarity is, again, little damaged. 
Yet, if both systems are broken at once 
(ds– stan– flies) the orientation of both hairs 
and bristles is mostly randomized32 (FIG. 4).

Third, ds– cells provide a sensitized 
assay for activity of the STAN system: in 
the absence of ds, clones that either lack 
or overexpress fz cause receiving cells to 
repolarize over a longer range than similar 

clones in the wild type28,32,33. Also, sending 
cells in which the level of FZ is modestly 
altered, which would normally have no vis-
ible consequence, now change the polarity 
of ds– (or ft–) receiving cells32. Therefore, if 
raising the level of DS (or FT) in the send-
ing cells were to alter FZ activity in those 
cells, as the single-pathway model might 
predict, then ds– (or ft–) receiving cells 
should show increased responsiveness. 
In fact, sending cells that express DS (or 
FT) have no effect at all on the polarity of 
ds– (or ft–) receiving cells32 (FIG. 2d). It seems 

that neither DS nor FT affect the STAN 
system of sending cells.

Fourth, when manipulated in clones, 
the two systems are fundamentally differ-
ent — they can even have opposite effects. 
Assays that deploy the DS system (for 
example, sending cells that overexpress ft) 
behave differently in the two compart-
ments of the abdominal segment: in the 
anterior compartment, polarity is reversed 
in the receiving cells that lie in front of the 
clone whereas, in the posterior compart-
ments, polarity is reversed in the receiving 

Figure 2 | The functional assay. Clones (represented by yellow boxes) are 
made in the Drosophila melanogaster abdomen of a genotype (the ‘send-
ing’ cells) that might alter the polarity of hairs in the ‘receiving’ cells (each 
colour represents a different genetic background of receiving cells). All 
diagrams are oriented so that the anterior is towards the top. Black 
arrows indicate normal polarity, blue arrows indicate disturbed polarity 
and red arrows indicate reversed polarity. a | Cells that lack frizzled (fz–) 
reverse the polarity of receiving cells that lie posterior to the clone, 
whereas overexpression of fz (UAS.fz) reverses the polarity of cells that 
lie anterior to the clone. The assays show that Starry night (STAN) is 

needed in both sending and receiving cells. b | The signal emanating from 
cells overexpressing fat (UAS.ft) acts independently of STAN. c | These 
three assays argue that Four-jointed (FJ) acts through FT. Clones over-
expressing four-jointed (UAS.fj) reverse receiving cells that lie in front, like 
UAS.ft clones (shown in part d), but if FT is missing, as in a UAS.fj ft– clone, 
it behaves like a ft– clone (reversing the polarity of the receiving cells 
behind the clone). d | These seven assays plus the ft– clones (shown in part 
c) show that Dachsous (DS) alone is sufficient in the sending cells to affect 
the polarity of the receiving cells (similar results show that FT alone is also 
sufficient32), but that both DS and FT are needed in the receiving cells.

PERSPECT IVES
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