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What is cell polarity?

Polarity in physics is defined as ‘that quality or condition of
a body in virtue of which it exhibits opposite or contrasted
properties or powers, in opposite or contrasted parts or
directions’ [1]. Examples of polarized physical systems
include magnets and batteries. In biology, polarity refers to
the asymmetric distribution of subcellular components,
resulting in an asymmetric cell morphology, behavior or
function. In other words, in a polarized cell one region
looks or acts differently from other regions of the cell.
Prominent examples of polarized cell types are neurons
and epithelial cells.

What is planar cell polarity?

Epithelial tissues are monolayers of cells that serve as
barriers between different environments. Epithelia display
two types of polarity: apical-basal polarity and planar cell
polarity (PCP; also called tissue polarity). Apical-basal
polarity refers to the asymmetry of epithelial cells along
their cross-sectional axis, with the apical surface facing the
external environment or lumen of a tissue and the basal
surface contacting other cells (Figure 1a). Because of the
barrier function of epithelia, the apical surface of an
epithelial monolayer encounters a different environment
than the basal surface. These two compartments have
specialized properties that allow them to function in their
respective contexts. For example, the apical surface of the
intestine secretes enzymes into the lumen to aid in diges-
tion and pumps ions to regulate lumen acidity, while the
basal surface contains proteins that facilitate interactions
with the underlying extracellular matrix.

Planar polarity refers to asymmetries within the plane of an
epithelium. To find an example of planar polarity, simply
look down at the surface of your arm. The hairs all point in
one direction (more or less), demonstrating a coordinated
asymmetry in the plane of the tissue. In addition to
generating the obviously patterned organization of
anatomical structures such as arm hair, planar polarity also
regulates the shape and dimension of tissues during the
major morphogenetic events of early development.
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How do cells become planar polarized?

A common set of planar polarity genes has been shown to
direct planar polarity in different contexts. These genes
and their encoded proteins fall into two classes based on
their genetic and molecular properties: the Frizzled system
and the Fat system. The Frizzled system consists of the
cell-surface proteins Frizzled, Flamingo and Van Gogh and
the associated cytosolic factors Dishevelled, Diego and
Prickle [2-6]. These components, also known as the core
PCP proteins, promote cell polarity in part by adopting an
asymmetric localization [2-6]. In the Drosophila wing
epithelium, which produces a planar polarized pattern of
distally directed hairs, the core PCP proteins localize to
proximal or distal cell boundaries (Figure 1b). An asym-
metric distribution of proteins related to Frizzled, Flamingo,
Van Gogh, Dishevelled, and Prickle is also observed in
some vertebrate tissues that display planar polarity [7,8].
The Fat system of planar polarity consists of the atypical
cadherins Fat and Dachsous and the Golgi kinase Four-
jointed [9,10]. No asymmetric distribution of these
proteins has been reported.

How is planar polarity coordinated between
cells?

A characteristic property of planar polarity systems is that
polarity information in one cell can be transmitted to
adjacent cells, a property that helps to align cells with their
immediate neighbors. As a result, disrupting the Frizzled
system in one cell can cause polarity disruptions up to
several cell diameters away. For example, wild-type wing
cells point their hairs toward cells that lack Frizzled and
away from cells that lack Van Gogh, suggesting that cells can
monitor the activity of their neighbors and orient their
polarity accordingly [2,3]. These results have led to the
longstanding idea that Frizzled - a well-known receptor for
Wnt ligands - is active in a large-scale gradient that
organizes planar polarity across hundreds of cells. However,
there is currently no direct evidence for a gradient of
Frizzled expression or activity, and the obvious candidates
for generating such a gradient, the Wnt ligands, do not
appear to be required for planar polarity in Drosophila.
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Figure 1

Planar cell polarity. (a) Epithelial tissues display apical-basal and
planar polarity. Hair structures are generated at the apical (top)
surface and are absent from the basal (bottom) surface,
demonstrating asymmetry along the apical-basal axis. Planar
polarity is evident from the fact that the hairs are placed at the distal
(right) side of each cell’s apical surface and point in a distal
direction. (b) Generating planar polarity through asymmetric protein
localization. Schematic depicting a bird’s-eye or planar view of the
apical surface of the wing. The proximal (left) and distal (right) sides
of each cell are defined by specific Frizzled system proteins,
depicted in purple and green, respectively. (¢) Generating planar
polarity through protein gradients. In the Drosophila wing, the
cadherin Dachsous (blue) is expressed in a decreasing gradient
from proximal to distal (left to right). As a result, the cadherin Fat,
which is also present in cell membranes, is predicted to be more
active at the distal cell surface (yellow asterisks), where it
encounters less inhibitory Dachsous protein on the adjacent cell.

In contrast, the Dachsous cadherin and the Four-jointed
kinase are expressed in gradients in several tissues that
display planar polarity. Dachsous protein at the surface of one
cell can bind to Fat on the neighboring cell, an interaction
that is thought to inhibit Fat activity [9,10]. Therefore, a
gradient of Dachsous is predicted to result in lower Fat
activity on the proximal side of each cell, even though the
distribution of Fat is uniform (Figure 1c). Notably, flattening
or reversing these gradients is sufficient to reorient planar cell
polarity, suggesting that the Fat system could provide global
direction to the Frizzled pathway [4,5,11]. Consistent with this
idea, Frizzled signaling is altered in the absence of Dachsous
and Fat and is required for the effects caused by removing
Dachsous activity [12,13].

However, other evidence indicates that the Fat system can
act independently of the Frizzled pathway to regulate planar
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polarity. For example, loss of function or ectopic expression
of Fat pathway proteins in the Drosophila abdomen can
reorient cell polarity even in tissues that lack Frizzled, and
cells mutant for both Dachsous and Flamingo are more
defective than cells completely lacking either protein alone,
suggesting that these components function at least partly in
parallel [14]. A resolution of this controversy will require
identification of the signals that act downstream of Fat, to
determine whether these signals regulate the level or
localization of Frizzled activity or if they lead to a distinct
cellular response.

How do planar polarity pathways affect tissue
structure?

During development, many tissues increase in length and
simultaneously narrow in width through polarized cell
movements, cell shape changes, and oriented cell divisions
[3]. The Frizzled pathway is required for a subset of these
elongation events, including elongation by mesenchymal
cells in the Xenopus notochord and the zebrafish dorsal
midline [15-17]. Frizzled and Fat are also required for
elongation by epithelial cells during the development of the
Drosophila wing, the mouse neural tube, and the mouse
kidney [18-20].

Although planar polarity pathways regulate elongation in
both mesenchymal and epithelial tissues, the cell behaviors
that lead to elongation in these contexts appear to be
different. Epithelial cells remain interconnected by
adherens junctions throughout tissue elongation, while
mesenchymal cells are less tightly adherent and display
classical migratory behavior. Therefore, planar polarity
mechanisms can regulate a range of cell behaviors that
contribute to tissue structure and organization. Planar
polarity during body axis elongation in the Drosophila
embryo does not require key players in the Frizzled PCP
system [21]. This suggests that new molecular systems that
govern planar polarity remain to be discovered. The
guidance systems used in different contexts may reflect the
types of spatial cues available, the speed required for cell
polarization, and the downstream effectors that need to be
mobilized to generate specific properties of tissue
organization.

Can defects in planar polarity cause human
disease?

Planar polarity is not only a complex biological process
that integrates basic cell biology, cell-cell communication
and dynamic changes in cell and protein interactions over
time, but it is also directly relevant to human disease. Of
note, some of the defects in mice mutant for planar polarity
pathways appear to resemble specific human pathologies.
Disrupting the Frizzled or Fat systems causes defects in
closure of the mouse neural tube [7]. Neural tube defects
are common congenital birth defects in humans, and
mutations in VANGL1, a human homolog of Van Gogh,
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Figure 2

Quantitative analysis of planar cell polarity. (a) Myosin Il is planar polarized in the epidermis during elongation of the Drosophila embryo.
Myosin Il (red) localizes to vertical interfaces between anterior and posterior cells and Par3 (green) localizes to horizontal interfaces. Anterior
is to the left and ventral is down in this image and in (b). (b) All cell interfaces in the image (red channel from (a)) were manually outlined in
blue in order to quantify the orientation and mean fluorescence intensity of each interface. (¢) The red channel in (a) and the blue lines in (b)
were used to quantify the distribution of myosin Il. Cell interfaces were grouped by orientation into 15° intervals. The absolute mean
fluorescence intensity was quantified for each interval (left panel, sum of blue and red bars). Background was measured as the mean
fluorescence intensity of the cytoplasm (left panel, red bars). Relative edge intensities were calculated using the raw data (center panel) or
background correction (right panel). Values shown are relative to the mean fluorescence of horizontal interfaces (0-15°). The fold increase in
myosin Il at vertical interfaces (75-90°) in this example is 1.6 without background correction and 2.6 with background correction.

have been identified in patients with familial and sporadic
neural tube defects [22]. Mice mutant for Diego- and Fat-
related proteins have abnormal kidney development,
resulting in a phenotype that resembles human polycystic
kidney disease [23]. Mutations in homologs of Fat,
Frizzled, Dishevelled, Flamingo and Van Gogh cause
abnormal cochlear development in mice [8]. It will be of
interest to determine whether abnormal planar polarity
signaling is associated with similar conditions in humans.

How do you measure planar polarity?

Planar polarity can be measured by evaluating polarized
cell behavior or morphology. For example, alterations in
the striking pattern of Drosophila wing hairs have been
used to identify genes that affect the planar polarity of the
underlying cells, and alterations in embryo morphology
can be used to assay planar polarized cell movements
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during tissue elongation. Planar polarity can also be
measured directly by quantifying the localization of
asymmetrically  distributed proteins. Immunohisto-
chemistry and live imaging of fluorescent reporters can be
used to visualize proteins in their tissue context and
evaluate their distribution. To quantify the extent of cell
polarization, the strategy is to analyze protein localization
in fluorescent images and calculate the ratio of fluorescence
intensity between regions of the cell where the protein is
present and regions where it is weakly localized or absent
(Figure 2c). The fluorescence ratio provides a quantitative
measure of asymmetric protein distribution.

Why would you want to quantify planar polarity?
Quantifying the polarized distribution of a protein (or any
other biological phenomenon) makes it possible to com-
pare different samples and genotypes using statistical
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methods. Fluorescence ratios can reveal significant
differences in the degree of polarity in different contexts,
and thus have advantages over a qualitative plus/minus
assessment. The use of fluorescence ratios also has the
advantage of detecting planar polarity earlier than is
apparent from assaying the cellular outcome of asymmetric
protein activity. For example, core PCP proteins are
asymmetrically localized in the Drosophila wing several
hours before wing hair formation, and polarized movement
of vesicles containing Frizzled can be detected even earlier
by combining quantitative fluorescence measurements
with live-cell imaging [24]. In the Drosophila embryo,
cytoskeletal and junctional proteins localize to comple-
mentary planar domains within cells before the onset of
polarized cell movements during axis elongation. Quanti-
tative analysis revealed that the actin cytoskeleton is the
first known structure to become planar polarized in this
process [25]. A timeline of the onset of different molecular
asymmetries can elucidate the symmetry-breaking events
and signaling cascades that establish planar polarity.

Can planar polarity measurements be
compared between experiments?

Yes, if this is done carefully. Differences in fixation,
antibody penetration, choice of fluorophores or imaging
conditions can all affect planar polarity measurements. To
account for differences in sample preparation and illumi-
nation settings, it is necessary to subtract the background
fluorescence before calculating polarity ratios (Figure 2).
Background fluorescence should be estimated in the
original image, without brightness or contrast adjustments,
by calculating the average pixel value of a subcellular
compartment where the protein is absent (for example, the
cytoplasm when studying cortical proteins) or more
conservatively, the mode or most frequent pixel value in
the image. Background subtraction makes it possible to
combine polarity measurements from multiple images to
obtain higher statistical power.

Imaging settings should be set to cover the entire dynamic
range of pixel values, avoiding saturated and underexposed
pixels. Saturated pixels have the maximum brightness level
that the detector can measure, and generally result when
the exposure time is too long or the laser power or detector
gain are set too high. When more than 5% of the pixels in
an image are saturated, the polarity ratio is generally
underestimated. Conversely, underexposed pixels with
zero brightness level will lead to an overestimation of the
polarity ratio. Acquiring 12-bit rather than 8-bit images
can help prevent over- or underexposure of images by
increasing the dynamic range.

What are some of the unresolved questions in
the planar polarity field?

Although many of the key players in planar polarity have
been identified, important questions remain. What
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provides the spatial information that directs the asym-
metric localization and activity of the core PCP proteins? Is
the Frizzled pathway oriented by gradients of Fat activity
or an alternative spatial input? If the two pathways act
independently, how do these different types of molecules
and interactions work together to organize the same
cellular structures? How is planar polarity generated in
tissues that do not rely on either the Frizzled or Fat
mechanisms, and how does the strategy used for multi-
cellular organization reflect the spatial, temporal,
molecular and mechanical demands on the tissue?

Another open question is how the core PCP proteins are
able to mediate the wide range of cell behaviors associated
with planar polarity. Planar polarity genes transmit spatial
information to a variety of cellular processes, including cell
migration, mitotic spindle orientation and the formation of
subcellular cytoskeletal structures, and new roles continue
to be discovered. It will be interesting to determine
whether polarity proteins regulate a range of cellular
processes by associating with different effector proteins, or
if these systems converge on a common biological
mechanism that can be mobilized in different ways, such as
membrane trafficking or cytoskeletal dynamics. An
understanding of the mechanisms by which planar polarity
proteins translate tissue-level spatial cues into cell-type
specific morphologies will provide clues to the strategies
that generate form and structure during development.

How can | find out more?
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