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Abstract

Correct patterning and polarization of epithelial and mesenchymal cells are essential for morphogenesis
and function of all organs and organisms. Epithelial cells are generally polarized in two axes: (a) the
ubiquitous apical-basal axis and (b) polarity within the plane of the epithelium. The latter is generally
referred to as planar cell polarity (PCP) and also is found in several contexts of mesenchymal cell
patterning. In Drosophila, all adult structures display PCP features, and two conserved molecular systems
(the Fat [Ft]/Dachsous [Ds] system and the Frizzled [Fz]/PCP pathway) that regulate this process have
been identified. Although significant progress has been made in dissecting aspects of PCP signaling within
cells, much remains to be discovered about the mechanisms of long-range and local PCP cell-cell
interactions. Here, we discuss the current models based on Drosophila studies and incorporate recent
insights into this long-standing cell and developmental biology problem.

Introduction

Establishment and maintenance of cellular polarization
are critical features for development and organ function.
Apical-basolateral (A/B) polarity of epithelial cells serves
to perform vectorial functions, like transport of fluid or
directed secretion of specific proteins [1]. Besides the
ubiquitous epithelial A/B polarization, most epithelial
tissues present a second polarity axis within the epithelial
plane, referred to as PCP.

PCP was initially discovered in insects [2-4] and studied
in Drosophila, where all adult cuticular structures display
PCP [5-9]. Many processes and organs requiring PCP
have been subsequently discovered in vertebrates ran-
ging from skin and body hair orientation, positioning of
primary cilia, and sensory epithelium in the inner ear to
directed movement of mesenchymal cell populations
during gastrulation among many other processes (for
example, [10-14]). Other vertebrate PCP processes can
easily be envisioned [15].

Unraveling the mechanisms of PCP establishment is a
key developmental and cell biological question. How

individual cells that are hundreds of cell diameters apart
acquire the same polarity within the plane of an
epithelial organ is a fascinating cell biological problem.
Although much progress has been made, the mechanistic
aspects of PCP establishment are far from being
understood.

PCP regulatory systems: the Ft/Ds pathway and
the Fz core group

Initial molecular insights identifying PCP signaling com-
ponents came from genetic screens in Drosophila (Table 1)
[5,16-19]. Functional studies in several tissues placed a set
of the PCP regulators into different categories. These consist
largely of two groups: (a) the Fz-PCP core group and (b) the
Ft/Ds group. Whereas the latter revolves around the
heterophilic adhesion of the two protocadherins Ft and
Ds and the associated secreted Golgi kinase Four-jointed
(Fj), the so-called Fz-PCP core genes historically comprise
six proteins that interact with each other inter- and
intracellularly to separate into two complexes on opposing
sides of each cell, which provides a cell with a planar
orientation (see Table 1 and Figure 1 for molecular details
and published reviews for further insight on pathways and
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Table |. General planar cell polarity regulatory systems in Drosophila
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Drosophila component

Molecular features (intracellular)

Intercellular non-autonomous function/
requirement

Frizzled (Fz) core group
Frizzled (Fz)

Disheveled (Dsh)

Diego (Dgo)
Vang (also known as
Strabismus (Stbm)

Prickle (Pk)

Flamingo (Fmi) (also known
as Starry night, or Stan)

Furrowed (Fw)

VhaPRR

Fat/Dachsous system®
Fat (Ft)

Dachsous (Ds)
Four-jointed (Fj)

Dachs (D)

Fz is a seven-pass transmembrane protein/receptor
that binds and recruits Disheveled (Dsh) to the
membrane.

Dsh is a cytoplasmic protein containing DIX, PDZ,
and DEP domains; is recruited to the membrane by
binding to Fz and lipids; binds Fz, Prickle (Pk), Vang,
and Diego (Dgo); and recruits Dgo to the membrane.
Dgo is a cytoplasmic ankyrin repeat protein; is
recruited to the membrane by Dsh and Fz; binds
Dsh, Vang, and Pk; and protects Dsh from Pk binding.
Vang is a four-pass transmembrane protein, binds
and recruits Pk to the membrane, and can also
interact with Dsh and Dgo.

Pk is a cytoplasmic protein with three LIM domains
and a PET domain, exists in two isoforms—called Pk
and Sple (Spiny legs)—that act in distinct tissues,
binds and is recruited by Vang to the membrane,

can also physically interact with Dsh and Dgo, and
competes with Dgo for Dsh binding.

Fmi is an atypical cadherin with seven-pass
transmembrane receptor features, co-
immunoprecipates with Fz and Vang, and stabilizes
these near adherens junctions.

Fw is a single-pass transmembrane protein, Drosophila
member of the Selectin family, co-immunoprecipitates
with Fz, and stabilizes Fz at the plasma-membrane.
VhaPRR is a Vha proton-pump subunit and
homologue of PRR (pro-renin receptor), physically
associates with the HRM (hormone-receptor
domain) extracellular region of Fmi, and can be
co-immunoprecipated with Fmi (and also Fz).

Ft is a large proto-cadherin with many intracellular
binding partners established (including Atrophin).
Its signaling relay for PCP is unknown. Ft inhibits
Dachs (D) membrane association.

Ds is a large proto-cadherin that stabilizes D at the
plasma membrane.

Fj is a Golgi-resident kinase that phosphorylates
extracellular cadherin domains of Ft and Ds.

D is an atypical myosin that associates with Ds at
the membrane and is an excellent marker for
polarity orientation in the Ft/Ds system.

Fz binds Whnt ligands via cysteine rich domain (CRD)
region. CRD also acts as a “ligand” (signal sending in
non-autonomous signaling) by binding to Van Gogh (Vang)
across cell membranes. FZCRD-Vang interaction is regulated
by Wg/Wnt4.

None

None

Vang acts as a receptor for FZCRD in ‘“signal receiving”
cells in non-autonomous signaling across cell membranes.
This interaction is regulated by Wg/Wnt4.

None

Fmi is a homophillic cell adhesion molecule that participates
in intercellular interactions of Fz and Vang.

Fw is a homophilic cell adhesion molecule that participates
in intercellular interactions of Fz and Vang.

None

Ft has heterophillic interaction with Ds and serves as a
“receptor” in Ft-Ds interaction.

Ds has heterophilic interaction with Ft and acts as a
“ligand” in Ft-Ds interaction.
Fj modulates Ft-Ds intercellular binding.

None

All Drosophila genes have equivalent functional orthologues in vertebrates (often more than one). The homologous vertebrate genes for Fw and VhaPRR
have not yet been functionally characterized in the planar cell polarity (PCP) context. “Several other intracellular binding partners exist with yet-to-be-

defined functions in PCP.

regulators associated with these core PCP systems). The
transmembrane interacting components of the Fz core
system are, besides Fz itself, the four transmembrane
protein Van Gogh (Vang, also known as Stbm/Strabismus,
Vangl in vertebrates) and the atypical cadherin Flamingo
(Fmi, also known as Stan/Starry Night, Celsr in vertebrates)
[7-9,13].

The two systems are thought to mediate both long-range
and cell-to-cell (short range) interactions in all tissues
where PCP has been studied in Drosophila. The Fz/PCP core

group appears fully conserved in vertebrate PCP contexts,
although additional components, like receptor tyrosine
kinases of the Ror family, are involved in vertebrate
models. The function of the Ft/Ds group in vertebrates is
less well defined, although there is good evidence in some
tissues/organs for their requirement in PCP establishment
[20-22]. Nevertheless, the study of both PCP systems in
vertebrates is complicated by redundancy issues of multi-
ple related proteins for each component. Also, whereas
the Fz/PCP core group appears fully dedicated to PCP
regulation, Ft/Ds signaling has also been linked to growth
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Figure |. Schematic cartoons of the Fz/PCP core components across a two-cell border
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Note that Fz and Vang act in both the interpretation of the long-range signal(s) — Wg and dWnt4 - as well as the short-range/local cell-cell transmembrane

interactions. The latter is also mediated by homophilic interactions of Fmi and Fw. The cytoplasmic components Dsh, Dgo, and Pk are essential for the
negative feedback loops within individual cells, as they antagonize each other. Dgo, Diego; Dsh, Dishevelled; Fmi, Flamingo; Fw, Furrowed; Fz, Frizzled; PCP,

planar cell polarity; PK, Prickle; Vang, Van Gogh.

control and to Hippo signaling as an upstream activator
module [23,24]. Despite these complications, an abso-
lutely key question in PCP regulation is the molecular
relationship of the two PCP systems or how their function
is integrated within individual cells or groups of cells.
Several interaction models have been proposed, but these
remain controversial and are an active area of research
(see below).

Despite the prevalence of studies on the Fz/PCP core
group and Ft/Ds signaling in PCP establishment, it is
noteworthy that additional cellular mechanisms function
in cellular planar polarization contexts that appear to be
largely (or fully) independent of these two molecular
cassettes. Alone in Drosophila, the planar cellular polar-
ization in the embryo that drives germband extension
(a process comparable to vertebrate “convergence and
extension”) and that is based on polarized myosin II
localization seems to occur independently of either
system [25,26].

New components of the Fz core group?

The six components of the Fz core group have been
known for quite some time, the last of these—Diego
(Dgo, related to Inversin and Diversin in vertebrates)—
being added in 2001 [27]. However, recent work in
Drosophila identified two additional factors that might be
linked to PCP establishment in a similar manner and
thus could also be considered members of the Fz core

group.

These include the VhaPRR accessory subunit of the proton
pump V-ATPase [28-30] and Furrowed (Fw), a Drosophila
selectin family member [31]. Both affect PCP in a manner
similar to the core components in all tissues analyzed
(wing, eye, and thorax) and can be co-immunoprecipitated
with Fz and Fmi (VhaPRR) or specifically with Fz (Fw).
At least for Fw, its function appears to be similar to that of
Fmi, as it is required to stabilize Fz in plasma membrane
complexes, and it appears also to promote homophilic
cell adhesion [31,32]. Moreover, Fw can mediate an
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intercellular binding/interaction between Fz and Vang,
again a function related to what Fmi is doing [33], but
unlike Fmi, Fw appears to affect only Fz stability and
associates only with Fz (Figure 1). Strikingly, Fw and Fmi
could be partially redundant in mediating an Fz-Vang
interaction or Fz membrane association, as the tissues
where Fmi mutants have a weaker phenotype (thorax) are
where fw loss of function (LOF) is most severe; for the eye,
the opposite is true. Importantly, the PCP defects in fw, fmi
double mutants are not more severe than those in fz
null flies, suggesting that both require the presence of Fz
for their function. The role of the VhaPRR protein remains
to be clarified, but functional studies suggest that it can
affect the trafficking of Fmi and possibly Fz to or from
the membrane (or both). Whereas VhaPRR can be co-
immunoprecipitated with both Fz and Fmi, it appears
to directly physically associate with Fmi only [30]. While
the function of Fw is restricted largely to PCP (with only
a mild overgrowth of the eye disc and a potential role in
cytoskeletal regulation), VhaPRR appears generally
required for trafficking, affecting also Fz2 (canonical
Wingless [Wg] signaling), Notch, and E-cad [29,30].

Short- and long-range signaling in PCP
establishment

The biggest conceptual questions in PCP establishment
are how long-range signals might regulate the process
and how this is relayed to and reinforced through local
cell-to-cell interactions. From early studies with LOF
mutants, it was clear that cellular orientation was non-
random (best visualized in the wing) and that cellular
orientation would indeed follow/adjust to the neighbor’s
patterns, easily observed in fz [3,34], ds [35], Ft [36], fmi
[32,37], or Vang mutants [38,39]. This behavior was
further clarified with clonal analyses and the discovery of
non-cell autonomous effects. An example is the non-
autonomous behavior of the fz mutant or overexpression
clones affecting the polarity of wildtype cells surrounding
the clones in the wing, eye, and abdomen [34,40,41].
These observations set the stage for analyses of local and
global signals to work on PCP orientation: local signals
with short-range abilities to communicate on a cell-to-
cell basis and global signals that coordinate the process
at the organ level over a long range. What are the
characteristics for such signals? First, there needs to be
spatial restriction or directional signaling for a given
“signal”. Second, a connection between the long-range
signal and the cell-cell communication mechanism(s)
should exist. Two global clues had been associated
with long-range PCP signaling: (a) the Ds and Fj
expression gradients in the Ft/Ds system [36,42] and
more recently (b) the long-range effects of localized Wnt
expression on the Fz/PCP core factors [43,44]. How are
the Ft/Ds or Fz-PCP core pathways interpreting these
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signals, and how are these two systems integrating the
information?

Ft/Ds pathway short- and long-range

The Ft/Ds pathway covers both the (long-range) spatial
restriction and the (short-range) cell-cell communication
features of PCP establishment. Related to long-range
effects, two of its key components have a graded/localized
expression pattern: in the wing, fj is expressed in an
ascending proximo-distal gradient [45-47] and Ds is
expressed at higher levels in the proximal part, opposite to
the Fj gradient [42], although its slope is rather steep as
compared with other gradients. The third main compo-
nent, Ft, has a rather uniform expression in the wing
[42,48]. Within the current model, Ds acts as a ligand for
Ft, inhibiting its function and creating a distal-to-proximal
Ft activity gradient [42] (reflected in anisotropic subcel-
lular distribution of Ft, along with the fj expression
gradient). This model applies also for the eye, where fj is
expressed in a graded manner with its peak at the equator,
ds forms gradients with peaks at the poles and Ft is
uniformly expressed [36,49]. Importantly, it seems that
only one of the graded expression features is necessary. For
example, uniform Ds expression rescued PCP in the wing
[50]. Similarly, in the eye, flat Ds expression rescued the ds
mutant as long as fj was expressed in a gradient [49].

Next, polarity needs to be “translated” from the long-
range (body) axes to the local (short-range) cell-to-cell
communication. How is the long-range Ft/Ds pathway
information transmitted to the short-range cell-to-cell
interactions? At the single-cell level, the atypical cadhe-
rins Ft and Ds are localized subapically in epithelial cells
near but not directly at the adherens junctions, where
they form heterodimers [42,51]. This heterophilic cell-
cell adhesion promotes their stabilization mutually
across cell membranes [50]. Fj functions as a kinase at
the Golgi, affecting the localization of Ft and Ds and the
strength of their interactions [52,53]. Clones lacking Ft or
Ds have opposing effects on neighboring wildtype cells.
For example, Ft mutant tissues induce surrounding
cells to “point” toward the clone, whereas ds clones
reorient cells away from the mutant patch [40,54], and fj
mutant patches also reorient cells toward the clone
[40,54,55]

Several unresolved mysteries exist in Ft/Ds “signaling”.
Heterodimer formation, though seemingly essential for
cell-to-cell communication, is itself not required for
Ft/Ds PCP “signaling” to work, since Ds binding to Ft is
not necessary for Ft activity, as shown by the electron
capture dissociation (ECD)-Ft (Ft lacking the extracel-
lular domain) [56]. The mirror experiment adds even
more mystery, as the Ds extracellular region is sufficient
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to generate PCP defects, whereas its intracellular region is
thought to stabilize Dachs, an atypical myosin that serves
as a good marker for asymmetric Ft/Ds interactions [56].
The open questions remain (at least in part) because
downstream effectors of the Ft/Ds pathway in PCP are
functionally largely not defined, although several proteins
are known to bind to Ft, for example. Dachs is currently
the only known asymmetric PCP “marker” downstream of
these complexes, exhibiting a polarized localization
(already at the third instar larval stage), with Ds recruiting
Dachs to the membrane and Ft antagonizing its mem-
brane localization [51,57,58]. Although Dachs localiza-
tion is a very useful marker for this pathway, its function in
PCP establishment is still elusive, largely because its LOF
phenotype is very mild (and this is further complicated by
the observation that the intracellular domain of Ds, where
Dachs interacts, seems dispensable for Ds PCP signaling
[56]). Another downstream player that could provide
answers is Par-1, which might be the connection between
Ft/Ds and microtubule plus-ends orientation [59]. How-
ever, the molecular bridges to downstream cellular effects/
effectors remain unknown.

Fz-PCP core factor short- and long-range
regulation

Again, both PCP systems need to be “translated” from
global/body axis-related polarity to short-range cell-to-cell
communication/relay and ultimately to single-cell res-
ponses. In the developing wing, each epithelial cell shows
polarized core PCP protein complexes of Fz and Vang early
in the prepupal stage or even late third instar [60,61],
Fz/Dishevelled (Dsh)/Dgo on one side and Vang/Pk
on the opposite side, with both complexes also con-
taining Fmi. At early stages, the PCP axis is perpendicular
to the wing margin, displaying a radial pattern [60]. As
mentioned above, the respective complexes are stabilized
via feedback loops among themselves (Figure 1) in a
manner that, disturbing the localization of one component
(via either LOF or gain of function), affects the localization
of all the others, even from the “opposite complex” [18,62]
(Figure 1). There are documented intercellular interactions
between Fmi-Fmi and Fz-Vang [32,33,63]. Since Fmi also
interacts with both Fz and Vang, it had been suggested that
homophilic Fmi bridges across cell membranes facilitate
intercellular Fz-Vang interactions that are essential to
propagate PCP [33,63-606].

At the short-range level, cell-cell communication is based
on sending and receiving signals between neighboring
cells. Clonal cells lacking Fz reorient adjacent cells
toward the clone, whereas cells lacking Vang reorient
neighboring cells to point away; double-mutant clones
for fz and Vang reorient hairs to point toward the clone
[38,63,67]. These data suggest that Fz is required for
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sending a polarity signal and Vang for its “reception”
(Table 1). Nonetheless, cells can and probably do
communicate in both directions, possibly also via Fmi-
Fmi bridges. However, although Fmi is needed on both
sides, the ability of cells to communicate via Fmi-Fmi
bridges depends largely on the presence of Fz and Vang
[63,66]. Nevertheless, it will be interesting to determine
whether other PCP regulators are directly involved in
modifying Fmi-Fmi interactions. It is important to
mention that dsh, pk, or dgo mutant clones affect PCP
within mutant clones only [27,41,68], suggesting that
Dsh, Pk, and Dgo are involved mainly in the intracellular
interactions and interpretation of PCP signals [69].

What about long-range regulation? In the wing and eye,
PCP axes are orientated toward the prospective margins,
the source of Wg/dWnt4 expression [43,60,70]. Recently,
gain-of-function experiments demonstrated that dWnt4
and Wg reorient PCP, altering the Fz-PCP core complex
localization and polarity axis orientation, and thus
indicated that these Wnts serve an instructive function in
defining PCP axes. Moreover, through complicated genetic
assays, it was possible to show that Wg and dWnt4 are
indeed necessary for PCP establishment but that they act
redundantly [43]. Like Lawrence and colleagues (who
mentioned that “to understand the machinery, one needs
to define its components and then work out what they do”
[71]), we were able to show that Wg/Wnt4 modulates the
intercellular Fz-Vang interaction [43]. In agreement with
the proposed graded Fz activity (instructive capacity to
interact with other core PCP components) that directs PCP
orientation toward lower Fz activity [40,63,67] (Figure 1),
co-overexpression of Fz and Wnt4 in vivo buffers each
other’s effects, confirming the cell culture-based modula-
tion of Fz-Vang interactions by dWnt4 and Wg [43]. Thus,
the current model for long-range core Fz-PCP axis
establishment includes Wg/dWnt4 as instructive regula-
tors of Fz-Vang polarization in a graded manner in
Drosophila imaginal discs (Figure 1) (this view applies at
least for the wing and eye, but other tissues are more
complex). Along these lines, in vertebrates, particularly in
zebrafish, Wnt5a and Wntll are involved in PCP
establishment, but their mechanism for PCP establish-
ment remains unclear [44,72-75]; one mechanism invol-
ving Wnt5a-mediated Vangl2 phosphorylation during
digit formation in mouse limbs [72] also involves Ror2,
a receptor tyrosine kinase that does not appear to have a
PCP function in Drosophila, suggesting potential addi-
tional players within the Fz-PCP network.

Nonetheless, the Drosophila experiments provide strong
evidence that Wnts serve as an instructive input in
regulating Fz-PCP axis definition [43]. Although in
vertebrates the “mechanistic mix” is likely to be more
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complex as Wnt5a and Wntll might employ distinct
functions, an instructive role for Wntl1 has also been
suggested [44].

Coordination of Ft/Ds and Fz-PCP pathways

It is intriguing to think about Wg/Wnts as the master
regulators for PCP: (a) Wg itself, through canonical Wg
signaling, regulates graded fj and ds expression in eyes and
wings (in the eye, Wg downregulates Fj and upregulates Ds;
in the wing, Wg upregulates Fj and downregulates Ds)
[36,57,76], and (b) Wg/Wnt4 regulates Fz-PCP activity/
polarity axis establishment through regulating the interac-
tion between Fz and Vang [43]. In addition, Wg might
contribute through an additional function to PCP estab-
lishment. Strikingly, Sagner and colleagues [70] show in
Drosophila wings that PCP can be affected by “morphoge-
netic organizers” and oriented cell divisions. In the larval
wing disc, Notch and Wg signaling sets up the dorso-
ventral organizer and Hedgehog (Hh) and decapentaplegic
signaling sets up the antero-posterior organizer [77,78]. As
the morphogens control wing proliferation, size, and axes
within the wing, their positional information could
provide the earliest cues for PCP orientation [70]. This is
a point of view supported by the fact that uniform
expression of morphogens during wing development can
generate PCP defects [70]. An Hh-and-Wg/Wnt4 interplay
has been also demonstrated for PCP establishment in the
abdomen and thus might be a more general mechanism
(reviewed in [71]).

Although it is clear that both Ft/Ds and Fz-PCP pathways
are linked to Wg/Wnt gradients, it remains open as to how
these two PCP pathways interact or get integrated at the
cellular level. Initial proposed models suggested that Ft/Ds
acts upstream of the Fz-PCP core factors, where the Ft/Ds
system would provide “global cues” that orient the initial
polarity of Fz-PCP complexes [36,42]; this was based
largely on the observation that, at the cellular level, in Ft or
ds mutants, Fz-PCP core protein complexes remained with
polarized distribution in individual cells but with abnor-
mal orientation [42]. Different views emerged when
overexpression or LOF clones of Ft or Ds displayed non-
autonomy in null mutant backgrounds of fmi or fz [54,71].
This opened two possibilities, either that Ft/Ds signals to
other “tissue-specific modules” but not to the core module
(called the bypass pathway [5]) or that the Ft/Ds and Fz-
PCP systems act in parallel. The latter is supported by many
genetic experiments in the fly abdomen [54,71] and also in
the late embryonic/larval abdominal denticle belt orienta-
tions [79]. In denticle belts, orientation of denticles is PCP-
dependent, but the Ft/Ds and Fz-PCP systems act in a
redundant manner. Whereas fz or Ft/ds mutants display
normal denticle orientations [54,80], the double-mutant
combinations affecting both systems resulted in marked
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denticle PCP defects [79], indicating a clear redundancy in
this context.

Consistent with two parallel pathways (possibly affecting
different cellular features/functions) are the following
observations. It was suggested that Ds expression was
necessary for correct PCP throughout the wing, but rescue
experiments of ds mutants with exogenous transgenic con-
structs suggested that it was not the case [50], concluding
that the Ft/Ds system was redundant with Fz-PCP signaling
in much of the wing and pointed out a major phenotypic
difference between the two systems: whereas flies carrying
mutations in Fz/PCP core components exhibit PCP defects
throughout the wing, the Ft/Ds system affects mainly
polarity in the proximal wing half (Figure 2), the wing area
where PCP strongly depends on cellular realignments and
rotations during the transition from the radial to the
proximo-distal PCP axis (Figure 2). In fact, the realignment
from the radial to the proximo-distal PCP axis is dependent
on Ft/Ds-induced mechanical forces, and Ds in the wing
hinge is essential for the wing to respond to the associated
anisotropic mechanical stress [60]. Thus, the different PCP
systems appear to regulate distinct cellular features, both
affecting the final PCP establishment and orientation.

A potential link between the two pathways might be
provided via the polarization/orientation of microtu-
bules. The Uemura lab has shown that the Ft/Ds system
can regulate microtubule orientation [59] and that Fz and
Fmi can be seen moving along planar microtubule arrays
in pupal wings [81]. Moreover, most recently, it has been
suggested that the different protein isoforms of the Fz/
core group gene pk, Pk and Sple, provide a different bias
toward microtubule “~/+"-end polarization [82]. In this
context, it is noteworthy that recently the two distinct Pk-
Sple isoforms were suggested to provide a link between
the Fz/PCP core group and the Ft/Ds system [83]: as the
Sple isoform specifically binds to Ds (and Dachs)
through its N-terminal extension, it can coordinate (co)
localization between the Ds and Vang complexes (by
binding to both), whereas the Pk isoform (lacking the
N-terminal domain) only physically interacts with Vang.
As such, the tissues where Sple is expressed and
genetically more important (eye and leg) would align
the Vang and Ds complexes on the same cellular side,
whereas those tissues using mainly Pk (wing and thorax)
would not align these complexes (allowing Fz and Ds to
cohabit on the same side of cells). Although this requires
a more physiological and functional dissection, it
provides an intriguing potential mechanism for cross-talk
and coordination of the two systems. In conclusion, we
support the view that the two main molecular systems
regulating PCP establishment act in parallel by using
distinct effectors and affecting different cellular responses;

Page 6 of 10

(page number not for citation purposes)



F1000Prime Reports 2014, 6:98

http://f1000.com/prime/reports/b/6/98

Figure 2. Schematic presentations of the wing PCP phenotypes of components of the Fz/PCP core pathway (left) and the Ft/Ds

system (right)

fmi/Df-fmi ds

ﬂ,18

pk

The mutations in Fz/PCP core components affect the whole wing blade. This is seen in both intercellularly acting factors—for example, fmi, the fmi-stan®
allele (top left)—or the cytoplasmic intracellular components—for example, pk™ (bottom left). However, mutations in ds and Ft affect largely the proximal

wing half. Consistently, ds and Ft also influence mitotic figure orientations near the hinge at the larval stage [70]. Ds, Dachsous; Fmi, Flamingo; Ft,

Fat; Fz, Frizzled; PCP, planar cell polarity; PK, Prickle; Stan, Starry night.

as such, they can act together in a non-redundant (imaginal
discs) or redundant (embryo) manner. Importantly, such a
setup provides a high level of fidelity and potential for
corrective measures if needed. Along these lines, the non-
autonomous defects associated with mutant clones of Fz
core components are expanded in Ft/ds mutant back-
grounds as compared with a wildtype background in wings
[42], arguing that the two pathways can indeed help each
other in “correcting” aberrant cell-to-cell interactions in
the respective other system. Such observations and
hypotheses are all in favor of two parallel pathways, to
provide corrective functions when needed and fidelity
to the process. As it appears that both systems act through
different effectors, they should converge somewhere
downstream [63,71]. Could it be at the level of micro-
tubules? Cortical microtubules align perpendicular to the
margin in proximal wing regions, supporting a general
role for the orientation of cortical microtubules in PCP
[59,81] and in the realignment of PCP later in

development. It will be for future functional dissections
to establish the specific intersection and integration points
between the two systems.

Abbreviations

A/B, apical-basolateral; Dgo, Diego; Ds, Dachsous; Dsh,
Dishevelled, Fj, Four-jointed, Ft, Fat; Fw, Furrowed; Fz,
Frizzled; Hh, Hedgehog;, LOF, loss of function; PCP,
planar cell polarity, Wg, Wingless.
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