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Abstract
Polarization of the cellular cytoskeleton underlies many cellular processes including 

axon growth cone guidance, chemotaxis and yeast mating. Planar cell polarity (PCP) 
is a similar phenomenon in which cells in an epithelium become uniformly polarized to 
generate a field of aligned structures such as the hair cells of the cochlea. In Drosophila 
PCP is under the hierarchical control of Frizzled (Fz)—a serpentine receptor (that also 
functions in the Wnt signaling pathway). Serpentine receptors are routinely transduced 
by trimeric G‑proteins, but until recently the general consensus was that Fzs were not 
G‑protein linked. In Drosophila a G‑protein (Gao) has now been identified that functions 
in both the Wnt and PCP pathways. Here we review the cell polarity phenotypes of Gao 
mutants and discuss the evidence that it plays multifarious roles in PCP and the organiza‑
tion of the cytoskeleton.

Introduction
Epithelial structures in many organisms are highly polarized: bird feathers, mammalian 

hairs or fish scales are all uniformly oriented with respect to body axes. All these are 
manifestations of a phenomenon known as planar cell polarity (PCP) in which cells are 
polarized—not only in the standard apico-basal axis—but also perpendicularly in the plane 
of the epithelium. PCP has been extensively investigated in Drosophila, where examples 
include the distally projecting wing hairs, posteriorly pointing thoracic and abdominal 
bristles, and the uniform shapes and orientations of ommatidia in the eyes (Fig. 1A–H). 
A number of proteins have been identified that cause aberrant PCP when mutated in 
Drosophila, including Dishevelled (Dsh), Prickle (Pk), Strabismus/Vang Gogh (Vang), 
Flamingo (Fmi), Diego (Dgo);1,2 a number of these proteins were later found necessary 
for PCP in other organisms.3‑5

The signaling cascade responsible for the initiation of the Drosophila PCP program is 
under the hierarchical control of the transmembrane receptor Frizzled (Fz).6‑9 Fz proteins 
are conserved throughout metazoans, and are better known as receptors for the Wnt family 
of secreted glycoproteins, and regulate many aspects of development.10 The Wnt and PCP 
signaling pathways have distinctly different cellular outputs: Wnt transduction directs gene 
expression, while PCP signaling reorganizes the cytoskeleton.

Fz signaling and Trimeric G Proteins
Fz receptors contain seven transmembrane helices, with an extracellular N‑terminus 

and an intracellular C‑terminus.8 Receptors of this structure are known as G protein‑ 
coupled receptors (GPCRs) because they usually use trimeric G protein complexes as their 
immediate transducers. Trimeric G proteins are composed of a‑, b‑ and g‑subunits, and 
in the resting state the a‑subunit is GDP‑bound. Upon ligand binding, the receptor acts 
as a nucleotide exchange factor, replacing GTP for GDP on the a‑subunit. This triggers 
the dissociation of the complex into the GTP‑a‑subunit and the bg heterodimer, each of 
which may then engage downstream effectors.11

Despite the homology to the GPCR superfamily,12 until recently Fz receptors were 
not considered G protein‑linked because extensive screens for Wnt and PCP mutants 
had not identified a trimeric G protein. However, the fly genome encodes six Ga subunits 
(Fig. 2C), and several hundred GPCRs. Thus any given trimeric G protein is likely to 
transduce a large number of GPCRs (in addition to any receptor‑independent function 
this G protein might have) which would cause extensive pleiotropy, and prevent easy genetic 
identification.

[Cell Cycle 5:21, 2464-2472, 1 November 2006]; ©2006 Landes Bioscience
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There was however encouraging evidence for the action 
of trimeric G proteins in Fz signaling,13 and pertussis toxin 
(PTX) was shown to suppress Fz overexpression pheno-
types in Drosophila eyes (Fig. 2A and B), suggesting that a 
Ptx‑sensitive Ga subunit was active in Fz signaling. Gao 
(Go) is the only potential substrate of Ptx in Drosophila 
(Fig. 2C), and testing of other Ga subunits suggested that 
in Drosophila Go is probably the only trimeric G protein 
involved in Fz signal transduction.14 This contrasts with 
the results obtained more recently in a mammalian system, 
where both Gq and Go appear active downstream from 
Fz.15

The Evidence that Go Transduces Fz
Loss‑ and gain‑of‑function Go mutations disturb both 

Wnt and PCP signaling14 confirming a role for Go in 
Drosophila Fz signaling. These results however suggest only 
that Go is active in Fz signaling, they do not necessarily 
argue for a role as an immediate transducer. There are three 
pieces of evidence that suggest that Go may indeed be the 
immediate transducer of Fz. First, epistatis experiments place 
it high in the signaling cascade—as would be expected for an 
immediate transducer.14 Second, Go is active in both types 
of Fz signaling and proximity to the receptor is expected for 
such an activity—Dishevelled (Dsh)6,16 is the only other 
protein known to function in both pathways, and is generally 
considered an immediate transducer. Third, if Fz acts as the 

Figure 1. PCP and its mutant phenotypes. (A and B) A Drosophila wing is decorated with hundreds of hairs all pointing to the distal end (arrow) of the 
wing. (C and D) In fz mutants the orientations of the hairs is severely disrupted. (E) The small and large bristles of the thorax point posteriorly (arrow). (F) 
A fz thorax shows disorganized orientation of bristles. (G) The ommatidia of the eye occur in two different shapes (color‑coded red and blue) and in any 
one half of the eye they are all of the same shape and point away (arrows) from the midline (green line). (H and H’) In the dorsal half of a right eye all 
ommatidia are of the red shape and are coordinately aligned. (I, I’) In fz eyes ommatidia of the two types are intermixed with non chiral forms (black) and 
orientation is disrupted.

Figure 2. The effects of Ptx on Fz signaling. (A, A’) To the right: sev‑Gal4; UAS‑fz 
induces disruption of ommatidia shapes, but when UAS‑Ptx is also expressed (to the 
left of the green line) there is a clear suppression of the effects. Fly genotypes and 
methods are described in ref. 14. (B) Graph depicting the numbers of incorrectly 
shaped ommatidia caused by overexpression of fz when Ptx is present and not. Data 
is shown as mean ± sem. (C) Ptx ADP‑ribosylates a cysteine 4 amino acids from the 
terminus of Ga subunits. The terminal amino acid sequences of the 6 fly Ga‑subunits 
are listed; only Go has the requisite cysteine (underlined).
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exchange factor for Go then the wild‑type form of Go would require 
Fz’s presence to get into the GTP‑bound active condition, whereas 
the form of Go constitutively locked in the GTP‑bound state would 
be Fz‑independent. In this regard overexpression phenotypes of 
wild‑type Go required the presence of Fz, whereas the Go‑GTP 
mutant form did not.14,17 This genetic evidence argues for a role for 
Go in both forms of Fz signaling, and many data are consistent with 
it acting as an immediate transducer. However, without biochemical 
confirmation of the relationship, the argument that Go is an imme-
diate transducer of Fz remains speculative.

What is the PCP Ligand for Fz?
Convergent extension is a process that occurs in gastrulating verte-

brates and shares many mechanistic and molecular features with fly 
PCP,3,18 and here the ligands for the Fz receptors are Wnts. However, 
in insect PCP the ligand(s) remain unclear. It does not appear to be 
a Wnt,19,20 and although important extracellular roles are played by 
the transmembrane proteins Fat and Dachsous21,22 neither of these 
has been shown to be a Fz ligand. It is not even clear that Fz binds 
a graded ligand. What is clear is that there is some form of graded 
extracellular information (including, and possibly restricted to Fat 
and Dachsous), and that Fz is required for the cells to appropriately 
respond to this information.

The Mechanistic and Molecular Similarities of PCP 
and Chemotaxis

The standard view of PCP is that graded extracellular information 
is presented to the epithelium, and the cells “read” this gradient to 
direct the coordinated asymmetrical organizations of their cyto-
skeletons. This is inherently similar to chemotaxis (directed cell 

movement) or chemotropism (directed cell growth) in 
which cells migrate (or grow) along extracellular gradients. 
Chemotaxis of leukocytes and slime mold amoebae, as well 
as chemotropism in mating yeast cells have been exten-
sively studied,23‑25 and the basic principles of how these 
phenomena occur are understood. Furthermore, trimeric G 
proteins play major roles in these processes.

Following receptor activation, trimeric G proteins disso-
ciate into two potential transducing moieties: Ga‑GTP and 
the bg heterodimer. In leukocyte chemotaxis, free bg plays 
a major role.23 It is anchored to the plasma membrane 
through lipid modification, and directs the translocation 
of PI3‑kinase g (a key regulator of chemotaxis26‑28) to the 
membrane.29,30 This lipid kinase becomes locally concen-
trated in excess of its substrate which effectively renders 
it constitutive.31 In yeast chemotropism, freed bg acts to 
attract a complex containing the scaffolding protein Far1, 
the guanine nucleotide exchange factor Cdc24, and the 
small GTPase Cdc42 to the tip of the mating projection.32 
Since a key aspect of leukocyte chemotaxis signaling is the 
role of receptor‑freed bg in localizing crucial downstream 
targets, it is interesting that in Drosophila Dsh translocates 
to the plasma membrane upon Fz activation,33,34 and 
furthermore, Dsh can bind bg.35 Thus bg may function to 
bring Dsh to the membrane in PCP in a similar manner 
to which it recruits PI3‑kinase g in leukocytes and Cdc42 
in yeast cells. The plasma membrane localization of Dsh 
correlates with its hyperphosphorylation36 and it can be 

phosphorylated by a number of protein kinases, including casein 
kinase 1 and 2,37,38 PAR‑139 and protein kinase C isoforms.40,41 This 
hyperphoshorylation is thought to direct a conformational change in 
Dsh allowing its domains to interact with several proteins involved in 
PCP signaling, such as Vang, Pk, Dgo, and Fz itself.42‑44

In contrast to bg, the role played by leukocyte GaGTP is less 
instructive.45 In yeast cells, GaGTP was recently shown to relocalize 
to endosomes, where it controlled more downstream events in the 
mating response.46

A key difference between chemotaxis and PCP is the relocaliza-
tion of the receptor (or not) in response to the gradient. As will be 
described below, Fz is initially generally distributed in the apical 
plasma membrane of the cells but then redistributes to one side of 
the cell, establishing a pronounced asymmetric localization. This is 
in contrast to chemotaxis where receptors usually remain uniformly 
distributed across the plasma membrane of migrating cells47‑49 
(although some slowly migrating lymphocytes show enrichment 
of the GPCR on their leading edge50). Thus although there are 
intriguing molecular similarities between PCP and chemotaxis, there 
are also clear differences that tempers enthusiasm for drawing strict 
analogies.

Go and the Regulation of the Actin Cytoskeleton
In other systems Ga activates guanine nucleotide exchange factors 

of the Rho family small G proteins.51 Rho family proteins are critical 
regulators of the actin cytoskeleton52 and a number of observations 
implicate Go with the actin cytoskeleton. First, actin‑rich structures 
are severely compromised in cells with reduced Go function. 
These include photoreceptor rhabdomeres, epithelial trichomes,14 
and shafts of the sensory bristles. These structures show partial or 
complete degeneration in Go mutant cells (Fig. 3A–C). Second, 

Figure 3. Actin‑associated phenotypes of Go and PCP. (A‑C) Actin rich structures are 
degenerate in Go mutant cells. (A) Go wing margin bristles (arrows) are stunted. (B) Go 
photoreceptors (arrows) have degenerate rhabdomeres. (C) Go wing hairs (demarked 
by the circle) are delicate. (D, D’) A weak mutation in the gene encoding cofilin ran‑
domizes ommatidial shapes and disorders orientation. (E‑H) Go (green) sits atop of the 
phallodin stained actin bundles (red) of the growing wing hairs. (H) shows a higher 
magnification of (G). 36h APF pupal wings are stained with rhodamine phalloidin and 
anti‑Go as described in ref. 14.
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expression of the constitutively active form of Go induces multiple 
hair phenotypes (Fig. 4I): formation of multiple (instead of single) 
outgrowths by each cell.14 This phenotype mimics those described 
for RhoA and Rho‑kinase (an effector of RhoA signaling).53,54 Third, 
the LIM‑kinase/cofilin pathway acts downstream of Rho proteins in 
mammalian systems,55 and (weak) mutations of it have recently been 
shown to produce fz‑like phenotypes such as randomized ommatidial 
shapes (Fig. 3D) or the formation of single, but incorrectly oriented 
hairs.56

The three points above relate to at least two distinct roles for Go 
and actin polymerization in PCP. Take for example the formation 
of a wing hair. Here it is thought that Fz signaling defines a unique 
position in the cell, and from that position the hair grows. The 
LIM‑kinase/cofilin manipulations and weak alleles of Go show that a 
normal and singular hair can be produced, but in the wrong position 
—suggesting that Go and actin polymerization are required to define 
the correct position of the outgrowth. But stronger effects from Go 
or LIM‑kinase/cofilin manipulations cause the degeneration/aborted 
growth of the hair (the actin‑rich structure). Thus it appears that 
PCP uses Go and the actin polymerization pathway in at least two 
steps: first, to specify where in the cell the actin‑rich entity should be 
positioned, and second to organize the outgrowth and the elabora-
tion of its structure. This prompted us to examine Go localization in 
the growing hairs to see whether it could be detected in association 
with the emerging actin cytoskeleton of the nascent hair. Figures 
3E‑H shows a ca. 36h APF pupal wing stained with rhodamine 
phalloidin (to visualize F‑actin) and anti‑Go. In these pupal hairs, 
anti‑Go staining “sits” strikingly on the tip of the growing F‑actin 
bundles, suggesting that Go might instruct actin polymerization and 
hair growth.

Go and the Regulation of the Tubulin Cytoskeleton
Fz PCP signaling is important for correct orientation of sensory 

bristles of the adult fly cuticle. Each sensory bristle contains four 
cells, two external and two internal, which are derived from organized 
asymmetric divisions of the sensory organ precursor cell (SOP)57 
(Fig. 4A). The axes of these divisions are controlled by Fz signaling, 
and become random in fz or weak Go mutants (Fig. 4H).17,58 
Contrasting with the organization of the wing hair described above, 
the actin cytoskeleton seems not to play a role in the orientation 
of SOP divisions. Instead, the microtuble cytoskeleton appears as 
the target here (see below) and thus, it appears in Drosophila that 
Go can direct polarizing information through differing cytoskeletal 
components.

Tubulins are constituents of microtubules—the omnipresent 
eukaryotic cytoskeleton.59 Tubulins occur as dimers of a and b 
monomers, and dimeric structure of the building blocks imposes 
polarity on a microtubule into which they polymerize: one end is 
terminated with a b‑subunit [plus (+) end], and the other with an 
a‑subunit [minus (‑) end]. Addition of new tubulin dimers occurs 
preferentially at the plus end. Tubulins can be considered G proteins: 
both a‑ and b‑tubulin bind GTP, and only in this form can the 
heterodimer polymerize; b‑tubulin can also hydrolyze GTP to GDP. 
The hydrolysis rate is lower than the polymerization rate; as a result, 
the main body of the microtubule may contain b‑tubulin‑GDP, 
but towards the plus end, the freshly added b‑tubulins are still 
GTP‑bound and form a “GTP cap”. Loss of this cap (through accel-
erated hydrolysis of GTP or removal of GTP‑containing dimers) 
leads to “catastrophic” rapid depolymerization of the microtubule 
from its plus end.60

Asymmetric cell divisions have been extensively characterized 
in Drosophila and C. elegans, and regulation of the microtubule 
cytoskeleton is a key conserved mechanism. In C. elegans, trimeric 
G proteins GAO and GPA16 (homologs of Gao and Gai, respec-
tively) are redundantly used to generate the centrosome pulling 
forces.61,62 Similar functions of Ga subunits probably operate in 
Drosophila17,63,64 and mammalian cells.65 In all cases, the Pins 
(GPR‑1,2 in C. elegans) protein plays a crucial role, linking Ga with 
the spindle pole‑organizing protein NuMA (LIN‑5 in C.elegans, 
Mud in Drosophila).62,65‑70 NuMA binds both microtubules and 
the microtubule motor proteins dynein and dynactin.71,72 These 
complex interactions likely control the motor‑induced pulling forces 
on astral microtubules, relocating the centrosomes.73,74 In addition 
to the motor‑induced pulling force, GTP hydrolysis on microtubule 
(+) ends and resulting depolymerization of microtubules can generate 
a pulling force on astral microtubules.75

In addition to regulating the microtubule cytoskeleton indirectly 
(e.g., through Pins) several mammalian Ga subunits directly bind 

Figure 4. Asymmetric cell division and the effects of strong and weak muta‑
tions of Go. (A) An SOP polarizes and segregates Numb (red crescent) to 
one end of the cell which directs the fates of the daughters pIIa and pIIb. 
Further asymmetric divisions lead to the generation of all the cells of the 
bristle including the hair (brown), the socket (blue) the sheath (pink) and the 
neuron (green). (B) Wild type wing margin shows a single hair and socket for 
each bristle. Loss or overexpression of Go can change the fates of the cells 
and many different outcomes occur. For example there can be: (C) 2 hairs and 
2 sockets; (D) 3 hairs and 1 socket; (E) 2 hairs and 1 socket; (F) 2 hairs and 0 
sockets; (G) 1 hair and 0 sockets. (H, to the left) shows a wild type SOP and 
its resultant bristle. All the cells are present in correct number and correctly 
oriented. The middle shows the effects of weak Go mutants ‑ the orientation 
of the polarization is disturbed, the Numb crescent is incorrectly localized 
which leads to perfectly formed but inappropriately oriented bristles. The 
same phenotype is observed in fz mutants. The right shows the effects of 
strong Go mutants. Now the Numb crescent is fragmented into small foci 
which can lead to a variety of cell specification defects. (I) Manipulation of 
Go can lead to wing cells secreting multiple little hairs. (J) Wild‑type wing 
cells secrete single correctly oriented hairs. When Go is weakly disturbed a 
single hair is still produced but its orientation is defective (as in fz). Strong Go 
mutants lead to the formation of many small and incorrectly oriented hairs.
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tubulin polymers and dimers.76,77 In vitro, Gas and Gai were shown 
to stimulate GTP hydrolysis of b‑tubulin, removing the “GTP cap” 
and triggering microtubule depolymerization.78 On the other hand, 
tubulins can act as non-GPCR activators of Ga subunits. This is 
achieved through transactivation—exchanging GDP on Ga with 
GTP from tubulin.79‑81

The binding of mammalian Ga subunits (including Gao) to 
tubulin is well established.76,77 We therefore tested whether Drosophila 
Go and tubulins would interact. For this, recombinantly‑expressed 
Go was loaded with GTP or GDP and bound to a matrix. Drosophila 
extracts were passed through the matrix, and the retained fraction was 
probed with anti‑tubulin antibodies. Both forms of Go showed inter-
actions with tubulins (Fig. 5A shows binding of tubulin to Go‑GTP). 
Interestingly, we could reproduce this binding using the C‑terminal 
decapeptide of Go alone (Fig. 5B). The C‑terminus of Ga subunits is 
important for their coupling to, and activation by GPCRs.82‑84 The 
fact that the Go interaction with tubulin also involves this region 
suggests an interesting parallel between GPCR and tubulin in their 
actions as exchange factors for Ga subunits.

To test whether Go affects microtubules in vivo, we expressed 
the activated form of Go in Drosophila embryonic neuroblasts. At 
metaphase, wild type neuroblasts show a characteristic apico-basal 
orientation of the mitotic spindle, with the apical spindle moiety 
being larger than the basal part85 (Fig. 5C, left panel). Overexpression 
of Go‑GTP led to a drastic reduction in the size of both spindle 

halves (Fig. 5C, right panel). Effects on spindle structure were also 
obtained by overexpression of bg,86 but bg induces formation of 
small symmetric spindles, while Go‑GTP reduces the size of the 
spindle but does not affect the asymmetry (Fig. 5C). The reduction 
in the spindle size by Go‑GTP agrees with the results obtained in 
vitro with other Ga‑subunits78 and suggests that activated Go can 
lead to microtubule depolymerization.

Go and the Relocalization of PCP Proteins
During the execution of PCP, key proteins involved undergo 

dramatic cellular relocalizations.87 For example, Fz receptors, 
originally ubiquitously distributed on the apical plasma membrane 
of wing epithelial cells, gradually redistribute distally. This distal 
accumulation of Fz reaches its peak shortly before hair growth 
initiates from the same region.88 Similarly, Dsh first translocates 
to the plasma membrane but later accumulates with Fz on distal 
apical membranes.33,34 In contrast, Pk and Vang redistribute to the  
opposite, proximal apical membrane, while Fmi becomes depleted 
in lateral membranes and accumulates at the proximal and distal 
sites.43,89,90 The accumulations described above are mutually 
dependent: genetic ablation of any one protein leads to the incor-
rect localization of the others, and defective PCP organization 
ensues.87,88

What is the function of the protein localizations? One explanation 
is that it serves to amplify the original polarizing signal,33,89 another 
is that the relocalizations are merely a read‑out of the polarization91 
and are only important for the PCP execution step (e.g., secreting 
the hair). A third explanation is that these proteins take part in 
communication between adjacent cells as a quality control to ensure 
that all cells are similarly polarized and ready to secrete their hairs in a 
uniform manner.92 None of these explanations precludes the others, 
and all functions may occur to some extent.

Go is also asymmetrically localized and is required for the appro-
priate localization of the other PCP proteins. Initially Go segregates 
to both ends of the cells but then becomes enriched (along with Pk 
and Vang) at the side opposite to Fz, and this asymmetric distribution 
occurs in a Fz‑dependent manner.14 The fact that Go, the inferred 
immediate transducer of Fz, accumulates away from its receptor, 
might seem counterintuitive. This becomes less surprising if these 
localizations are indeed just a manifestation of PCP signaling that 
occurred previously when both Fz and Go were ubiquitously localized 
across the cells perimeter. It should also be stressed that while Fz by 
32 h APF shows an apparently exclusive distal accumulation,88 Go is 
merely enriched proximally,14 implying that a certain amount of Go 
is also present at the distal side. Indeed the Go cap that sits above the 
actin bundles of the hair (above, and Fig. 3E–H) is clear evidence for 
Go at the distal side of the cells.

Relocalization of Fz depends on endocytosis. From ca. 24 h APF, 
vesicles containing Fz can be seen inside wing epithelial cells.93 
GPCRs often become internalized following their activation.94 
In most cases, the internalization occurs through the action of G 
protein coupled receptor kinases (GRKs) and b‑arrestins.95 GRKs 
phosphorylate the receptors in response to their activation by bg or 
Ga‑GTP, and the phosphorylated receptors then recruit b‑arrestin 
which triggers GPCR endocytosis.94,95 Fz receptors show a variation 
of this theme—for example in human cells, PKC‑phosphorylated 
Dsh2 recruits b‑arrestin2 to Fz4 to engender its endocytosis.41 Fz 
receptors generally have short C‑tails, and may have dispensed with 
the GRK phosphorylation in favor of using Dsh to recruit b‑arrestin. 

Figure 5. Interaction of Go with the microtubule cytoskeleton. (A and 
B) full‑length GTP‑loaded Go (A) or a C‑terminal decapeptide of Go (B)  
immobilized on a resin can retain tubulin from Drosophila extracts; control 
resins are ineffective. Tubulins were identified using anti‑tubulin antibodies (A) 
or by peptide mass‑spectrometry (B). (C) A wild‑type metaphase neuroblast 
(left panel) shows a characteristic apico-basal mitotic spindle [stained with 
anti‑tubulin, green (arrows)], which is drastically reduced upon overexpres‑
sion of Go‑GTP (right panel). Methods: GST and GST‑Go were produced in 
E. coli, immobilized on glutathione sepharose and treated with Drosophila 
extracts as described in ref. 17. Concentrated mouse anti‑b‑tubulin antibod‑
ies (clone E7, Developmental Studies Hybridoma Bank) were used at 1:500 
in Western blots. The C‑teminal decapeptide of Go was synthesized by 
Protein Chemistry Core Facility, Columbia University, and immobilized on 
the CNBr‑activated Sepharose 4B (Amersham Biosciences). Proteins from 
Drosophila extracts specifically retained on the Go peptide resin were identi‑
fied by in‑gel trypsin digestion and MALDI peptide mapping on the QSTAR XL 
mass spectrometer performed at the Proteomics/Mass Spectrometry Facility 
at Columbia University. Immunostaining of embryonic neuroblasts was  
performed as in ref. 17; mouse anti‑a‑tubulin antibodies (clone DM1A, 
Sigma) were used at 1:1000.
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In accordance with this, Dsh is found to colocalize with Fz vesicles 
in wing epithelial cells.93

Following endocytosis, the relocalization of PCP proteins appears 
to be mediated by microtubule‑based trafficking. Vesicles containing 
Fz and Fmi localize to the apical microtubule web in wing epithe-
lial cells and become transported along the microtubules in the 
proximo‑distal direction.93 Microtubule polarity may thus be a 
prime factor in mediating the PCP protein relocalizations. The 
apical microtubule web of epithelial cells is predominantly aligned 
along the proximo‑distal axis,93,96 and surprisingly, this alignment is 
Fz‑independent.93 Thus, epithelial cells appear partially prepolarized 
before Fz PCP signaling occurs. How this prepolarization is estab-
lished is unknown, but it may be a molecular memory of the axis 
of cell division, which in the fly wing occurs predominantly in the 
proximo‑distal axis.97

Transportation of Fz and other PCP proteins along microtubules 
is achieved by motor proteins,93 which can be either (+) end or (‑) 
end‑directed.98 It is crucial that in wild type wing epithelial cells, 
the distal membrane contains more microtubule (+) ends than (‑) 
ends, while the proximal membrane has the opposite ratio.93 In 
other words, microtubules are not only aligned in the proximo‑distal 
orientation in epithelial cells, but there exists also a general micro-
tubule polarization, such that most microtubules have their (‑) ends 
proximally, and their (+) ends distally. This microtubule polarity can 
explain opposite localization of PCP proteins by the end of PCP 
read‑out. Some PCP proteins, such as Fz and Dsh, are likely trans-
ported by the (+) end‑directed motors,93,99 while others, such as Pk, 
Vang, and Go, may be transported by the (‑) end‑directed motors.

While the general proximo‑distal alignment of the microtubules 
is Fz signaling‑independent, we predict that the (+)/(‑) polarization 
of the microtubule web is a consequence of the early steps of Fz 
signaling. Furthermore, given the genetic effects of Go and it molec-
ular propensity to interact with tubulin, we predict that Go plays a 
key role in this reorganization of the microtubule architecture.

Go Plays at Least 2 Roles in Polarizing Cells
A key fact to be considered in regard to the role of PCP in  

organizing cell polarization is that Fz signaling only instructs the 
direction of cell polarization—not the polarization itself. For example 
fz mutant wings still produce (usually) single hairs, and fz mutant 
SOPs still divide asymmetrically to produce the correct structure of 
sensory bristles—it is only the orientation of these hairs and bristles 
that is aberrant. Thus, the cells without active Fz signaling still possess 
the intrinsic property of polarization, they only lose the ability to 
align this polarization to extracellular cues. We will call this intrinsic 
ability the ‘spontaneous polarization’, and we will call the Fz‑directed 
form the ‘guided polarization’. Above we compared the Fz‑directed 
guided polarization to chemotaxis (directed cell migration), and the 
spontaneous polarization can be compared to chemokinesis (random 
cell migration). In both chemokinesis and spontaneous polarization 
cells polarize their cytoskeletons without reference to extra‑cellular 
information, and examples are legion.100 Guided polarizations likely 
work by directing the orientation of the spontaneous mechanism, 
and thus molecular interactions between the two are predicted.

Mutations in the PCP genes (fz, dsh, Pk, fmi, etc) selectively affect 
the guided polarization—the cells still polarize, but not in the correct 
direction. Go mutants in contrast affect both the guided and sponta-
neous polarizations; weak effects show randomization of the guided 
polarizations, but stronger effects prevent the spontaneous polariza-

tion. For example epithelial cells with strongly compromised Go can 
produce up to 5 hairs14 indicating that the cells failed to produce 
a single focus from which a hair could grow, and instead generated 
many foci (Fig. 4I). Similarly SOPs strongly mutant for Go generate 
a number of foci (rather than one) at which the Numb protein (a cell 
fate determinant) accumulates (Fig. 4H). The subsequent division 
inappropriately distributes Numb between the daughters and defec-
tive sensory structures form (Fig. 4B–G).17 Thus, Go is required not 
only for the transduction of the extracellular signal perceived by Fz 
receptors (guided polarization), but also for the cell’s intrinsic ability 
to polarize (spontaneous polarization). Go is thus ideally placed to 
serve the function of integrating these two semi‑independent path-
ways.17

What Else (Besides Fz) Activates Go?
If Go functions in both the spontaneous and guided polarizations, 

and since the spontaneous mechanism occurs normally in the absence 
of Fz, what then would be the activator of Go here? A number of 
candidates exist. One is the cytoplasmic protein Ric‑8 (Synembryn), 
which catalizes the GDP‑GTP exchange of mammalian Gai and 
Gao in vitro.102 In C. elegans, Ric‑8 plays a crucial role in the 
asymmetric division of the zygote,103‑105 where it acts as a guanine 
nucleotide exchange factor (GEF) for GAO (the fly Go homologue) 
but not for GPA16 (the fly Gi) Ga subunits.103,104,106 Furthermore 
Ric‑8 activity is required for the membrane localization of GPA16 
but not GAO. Thus, it regulates the nucleotide bound state on one, 
and the plasma membrane localization of the other. Ric‑8 also plays a 
crucial role in the asymmetric cell divisions of Drosophila neuroblasts 
and SOP cells107‑109 where it regulates plasma membrane association 
of Gi,107‑109 but not Go.107 In a parallel to C. elegans, will Ric‑8 serve 
as a GEF for Drosophila Go and not Gi?

Ric‑8 activity regulates only free (not bg‑bound) Ga subunits.102 
Free Ga subunits can be generated by the actions of a GPCR, or 
another type of trimeric complex‑dissociating proteins. Thus Ric‑8 is 
likely an amplifier of previously liberated Ga subunits (maintaining 
them in the GTP‑bound state), rather than their primary activator.

Drosophila and mammalian Pins have been shown to dissociate 
trimeric Gai‑bg complexes in vitro.63,110 Pins, as described above, 
interacts with Go in the SOP asymmetric divisions.17 However, Pins 
has no role in PCP, as Pins loss‑of‑function or overexpression failed 
to produce any PCP phenotypes (our unpublished observations). 
Pins thus is unlikely to be an activator of Go and is more likely a 
transducer of Go in asymmetric cell divisions.17 Other proteins, 
collectively called AGS (Activators of G‑protein Signaling), might 
play an important role in activation of trimeric G proteins.111 Of the 
AGS proteins, a ras‑like small GTPase AGS1 was shown to stimulate 
GTP incorporation into isolated Ga‑subunits as well as heterotri-
meric G protein complexes.112 It remains to be investigated whether 
such proteins act in cell polarizations in Drosophila.

Tubulin is another potential activator of Go. As described above, 
both tubulin dimers and polymers can transactivate Ga subunits, 
whether isolated or in the trimeric complexes.79‑81,113 Trimeric 
complexes can interact with microtubules as effectively as free Ga 
subunits.76 However, the physiological ability of tubulin to activate 
trimeric G protein complexes is probably limited, which might 
explain data in some cell types, where tubulin only potentiated 
GPCR‑induced cellular responses.114,115

The potential exchange factors listed above are likely to have low 
efficiency in dissociating trimeric complexes, and yet in fz mutants 
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spontaneous polarization is largely functional, and thus, if Go works 
in this process it is by inference effectively activated. One possible 
explanation here is that in spontaneous polarizations a simple feed-
back mechanism may obviate the need for extensive dissociations of 
the Go trimeric complexes. This feedback mechanism is discussed in 
the model below.

A Model of Go Regulation of Polarization
A major clue as to how Go may function in spontaneous polar-

izations comes from experiments using Cdc42 (a small GTPase) 
in yeast. Here expression of an activated form (Cdc42‑GTP) was  
sufficient to trigger polarization in the absence of any external 
polarity cue.116 Furthermore, the activated Cdc42, originally distrib-
uted uniformly in the plasma membrane, with time concentrated 
into a single (occasionally two) polar membrane cap. Thus the 
Cdc42‑GTP not only triggered polarization, it also engineered its 
own focal accumulation. Cdc42 controls actin polymerization,117 
and Cdc42 is also transported in vesicles along actin cables towards 
the cap.116 Thus a positive feedback loop is the core of this cellular 
self‑polarization: a spot on plasma membrane with a stochastic 
increase in Cdc42 induces higher local actin polymerization which 
leads to increased transport of Cdc42 to this spot, triggering further 
actin polymerization.

Using the yeast Cdc42/actin polymerization polarization mecha-
nism as a guide we can propose a Go/microtubule‑based positive 
feedback mechanism for PCP in Drosophila epidermal cells. First, a 
single focal site is established in the cell. In wild type cells, higher Fz 
activation at one pole of the cell leads to higher release of Go‑GTP and 
this defines the focus. In fz mutant cells, a stochastic local increase in 
Go activation (triggered by one of the many possible exchange factors 
discussed above) creates a less robust but equivalent focus. A positive 
feedback mechanism now acts: Go‑GTP induces the GTP hydrolysis 
of microtubule (+) ends causing the “catastrophic” depolymerization 
from the denuded (+) ends. This leads to a local increase in the  
relative concentration of microtubule (‑) ends at the focus, and a 
decrease elsewhere. If Go‑GTP is transported along the microtubules 
by a (‑) end‑directed motor protein, the focus will be progressively 
strengthened. Upon GTP hydrolysis on Go, the monomeric Go‑GDP 
will be effectively exchanged back into Go‑GTP by e.g., Ric‑8. Thus, 
even a small local production of Go‑GTP may result in accumulation 
and maintenance of activated Go and microtubule (‑) ends in this 
spot through the proposed feedback mechanism.

In the wild type wing epithelia, the initial Fz‑activating signal 
likely comes from the proximal direction—opposite to the future 
accumulation of Fz.2,118 Such early proximal Fz activation creates 
the local burst in Go‑GTP production. Through the proposed 
Go/microtubule‑based positive feedback, the proximal increase in 
Go‑GTP would translate into the (‑)/(+) microtubule polarization in 
the proximo‑distal direction, which, in turn, would help enrich Fz 
receptors distally before hair growth is initiated.

Conclusions
Go appears to play many different roles in the organization of 

polarization in Drosophila epidermal cells. First, Go seems to organize 
the actin cytoskeleton, as the actin‑rich structures are deficient in 
Go‑ cells, and Go localizes to the tips of growing actin‑rich wing 
hairs. Second, Go appears important in organization of the micro-
tubules. The cytoskeleton activities of Go likely underlie the crucial 
role of this G protein in spontaneous cell polarization. On the other 

hand, Go appears as a transducer of the Fz receptors which instruct 
the guided cell polarization in PCP. Thus, Go may link these two 
semi‑independent cell polarization mechanisms. Specific functional 
interplay between Go and microtubules is proposed to serve as the 
feedback amplification which is the core of Go participation in both 
spontaneous and guided cell polarizations. Similar G protein mecha-
nisms might operate in cell polarization in other cell types.
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