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The genome is a big place, and while many genes are the subject of thousands of papers, 

many others have yet to receive substantial attention. Indeed, one recent paper coined the 

term “ignorome” to describe these “unpopular” or still poorly studied genes [1]. Why some 

genes are more popular than others remains an open question [2], but one example of this 

phenomenon involves the genes controlling planar cell polarity (PCP), the polarization of 

cells within a plane of a tissue [3–5].

Many PCP genes have received significant attention due to their key roles in development, 

homeostasis, and disease. Indeed, the so-called “core” PCP genes such as dishevelled, 

frizzled, and prickle have been extensively studied both in animal models and by human 

geneticists [3–5]. By contrast, other genes that influence PCP signaling have received far 

less attention. Among the latter are inturned, fuzzy, and fritz, but recent work should bring 

these once obscure proteins into the limelight.

Inturned, Fuzzy, and Fritz are essential for planar polarity in the Drosophila wing, which is 

evident from the oriented projection of actin-rich wing hairs (Fig. 1A). Genetic experiments 

placed these genes downstream of the core PCP module, leading to their designation as 

Planar Polarity Effector (PPE) proteins (Fig. 1A). Surprisingly, the vertebrate orthologues of 

these proteins (called Intu, Fuz, and Wdpcp) were subsequently found to be more important 

for ciliogenesis than for planar polarity (Fig. 2A), and so have been termed CPLANE 

proteins (for ciliogenesis and planar polarity effectors)(Box 1). Despite their seemingly 

divergent functions (Box 2), new data from both Drosophila and vertebrates demonstrate 

that the PPE/CPLANE proteins form a physical and functional complex. Moreover, recent 

data also suggest that mutation of CPLANE genes underlies human birth defects. Here, we 

provide a brief history of the PPE and CPLANE proteins, discuss recent advances in 

understanding their molecular mechanisms of action, and describe their roles in human 

disease.
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Box 1

Planar polarity, ciliogenesis and the evolution of PPE/CPLANE proteins

Perhaps the most puzzling aspect of PPE/CPLANE biology is the apparent divergence of 

function for these proteins between flies and vertebrates. In flies, all three PPE proteins 

play strong roles in PCP, while in vertebrates only Wdpcp has been strongly implicated 

(see Box 2). By contrast, while all three CPLANE proteins control ciliogenesis in 

vertebrates, no PPE mutants display the uncoordinated phenotypes associated with cilia 

defects in flies (PNA, unpublished). Nonetheless, the PPE/CPLANE proteins are strongly 

conserved across evolution. Using reciprocal BLAST hits, clear orthologues for all three 

proteins can be found across the metazoan tree of life from cnidarians to humans [51]. 

This conservation raises important questions about the ancestral function of these 

proteins: Did they originally control ciliogenesis, planar polarity, or both?

Interestingly, the cnidarian orthologues of Intu, Fuz, and Wdpcp each share greater 

similarity to their vertebrate counterparts than do the Drosophila proteins [51]. In 

addition, orthologues of the key CPLANE interactors Rsg1 and Jbts17 can be identified 

by reciprocal BLAST hits in cnidarians, but not in Drosophila. These results may argue 

that the situation in Drosophila is evolutionarily derived, in turn suggesting that that the 

PPE/CPLANE proteins govern ciliogenesis in basally branching animals. This notion is 

supported by a recent study of the evolution of PCP-related proteins, which identified 

orthologs of Fuzzy and Inturned (or an Inturned-like protein) as far back as unicellular, 

ciliated choanoflagellates [74]. Because PCP signaling is an inherently multi-cellular 

process, the presence of Intu and Fuz in unicellular choanoflagellates, combined with the 

absence of several critical PCP proteins in that organism [74], may also argue for an 

ancestral and ancient role for Intu and Fuz in ciliogenesis. It will be important now to 

experimentally assess the function of these proteins in more distantly related organisms 

and also to further probe the interplay between PPE proteins and PCP in Drosophila.

Box 2

CPLANE proteins in vertebrate PCP signaling

In flies, it is abundantly clear that the PPE proteins play a key role in wing hair PCP. The 

mutants have clear polarity defects, and these genes display genetic interactions with core 

PCP genes [59]. Moreover, PPE proteins themselves display overt planar polarized 

localization in wing cells [12, 13]. By contrast, PCP-related phenotypes for vertebrate 

CPLANE genes are much less clear. Convergent extension (C/E) during gastrulation and 

neurulation is a key context in which vertebrate PCP has been studied [31], but Intu and 

Fuz knockdowns elicit only very mild C/E defects [18]. Likewise, PCP-related C/E 

defects in mice are associated with craniorachischisis (a failure of neural tube closure 

involving the entire spinal cord and hindbrain), but none of the CPLANE mutant mice 

display this phenotype [20, 21, 32]. (Note that the excencephalic neural tube closure 

phenotype in CPLANE mutants is quite divergent from craniorachischisis; see Ref. [75]). 

Even double mutants of Intu and Fuz fail to display craniorachischisis [60]. On the other 

Adler and Wallingford Page 2

Trends Cell Biol. Author manuscript; available in PMC 2018 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



hand, a looped tail is associated with mild PCP defects in mice (e.g. [76]), and Fuz 
mutants display looped tails [20].

The situation with Wdpcp is quite different. In Xenopus, disruption of Wdpcp function 

has a profound effect on C/E [30], where it acts via septins to control the polarization of 

the actomyosin contractile machinery [77]. Moreover, while wdpcp mutant mice do not 

display craniorachischisis, they do display overt planar polarity defects in the cochlea 

[32], another well-defined core PCP phenotype [78]. Moreover, disruption of Wdpcp 

function disrupts the localization of the core PCP proteins Vangl2 (in the mouse cochlea 

[32]) and Prickle2 (in Xenopus multiciliated cells [79]), strongly arguing that Wdpcp 

influences core PCP protein function.

More focused study of the links between CPLANE proteins and PCP are warranted. In 

particular, the cochlear hair cell polarity phenotype of mice lacking Intu or Fuz has not 

been reported. Likewise, though functional interaction between CPLANE proteins and 

core PCP proteins has been observed by knockdown in Xenopus [18], this interaction has 

yet to be validated by genetic studies in mice. Ultimately, because the PPE proteins 

impact Drosophila PCP differently in different tissues (e.g. strong in hairs and bristle and 

weak in ommatidia)[59], understanding the role (if any) of CPLANE proteins in 

vertebrate PCP will require careful, quantiative assessment of a wide range of PCP-

dependent processes.

The PPE proteins control planar cell polarity in Drosophila

Three Drosophila genes, inturned (in), fuzzy (fy) and fritz (frtz) are generally considered to 

encode planar polarity effectors that couple the cellular asymmetry of the core planar cell 

polarity (PCP) pathway to the cytoskeleton. inturned was discovered by Bridges in 1926 and 

fy by Ives in 1939 [6]. In both of these cases the original mutations were discovered due to 

their sensory bristle polarity phenotype that is visible in a stereo microscope. frtz was 

independently discovered in Cambridge by Simon Collier and David Gubb and colleagues 

and by the Adler lab. In both cases they were discovered in screens for new mutations that 

altered fly PCP. These two groups were also responsible for the initial molecular 

characterization of the three genes [7–9].

Loss of function mutations in in, fy and frtz produce quite similar phenotypes that have been 

best studied in the fly wing (Fig. 1). The adult wing is covered by an array of distally 

pointing cuticular hairs. These arise in the pupae, where each wing cell produces a 

cytoplasmic extension at the distal apical edge of the cell that becomes the adult cuticular 

hair [10]. Many cells in PPE mutants produce two or three hairs (in some wing regions 

>70%) and most point in an abnormal direction. This phenotype is visible at the time of hair 

initiation and is a consequence of the PCP system functioning to regulate the subcellular 

location for activation of the cytoskeleton to produce a hair [10]. This regulation is defective 

in PPE mutants (Fig. 1).

Hair polarity in mutants is not random and is best described as a complicated abnormal 

stereotypic pattern [11]. The pattern seen in PPE mutants is quite similar to, but often a bit 
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more severe, than that of upstream PCP genes such as fz [3]. PCP proteins accumulate 

asymmetrically in wing cells [3, 4] and this is also seen for the PPE proteins, which 

accumulate on the apical proximal edge of pupal wing cells [12, 13] (Fig. 1A, colors). This 

asymmetry is lost and PPE protein accumulation is decreased in core PCP mutants. It is 

interesting that the PPE proteins retain some function even when not properly localized, as 

the strong multiple hair cell phenotype of PPE mutants is not seen in PCP mutants (Fig. 1A). 

The asymmetric accumulation of PPE proteins in wing cells appears to be instructed by the 

upstream core PCP proteins, as when the accumulation of PCP proteins is altered by genetic 

manipulation the PPE proteins follows the new PCP pattern [12]. The accumulation of PPE 

proteins on the proximal side of wing cells is informative, as this is the opposite side of the 

cell from where the hair forms, suggesting the PPE proteins act as inhibitors of hair 

initiation. Consistent with this hypothesis, temperature shift experiments argue that in 
functions just prior to hair initiation [14].

Most genetic data support the hypothesis that the PPE genes function downstream of the 

PCP genes, however that is not a universal result, as the overexpression of frtz or in plus fy 
can repattern the asymmetric accumulation of PCP proteins [15]. That is, they are acting as 

if upstream of the PCP proteins. This seems likely to be due to increased PPE protein levels 

interfering in some way with the negative intracellular feedback system that reinforces the 

formation of the proximal and distal complexes of PCP proteins [16, 17].

The vertebrate CPLANE proteins control ciliogenesis

The vertebrate orthologues of Inturned and Fuzzy were first described in Xenopus, where 

they were identified by homology to the Drosophila genes [18]. Intu and Fuz were found to 

be expressed at high levels in ciliated cell types, such as the floorplate and kidneys, as well 

as in the multiciliated cells of the Xenopus epidermis. Curiously, knockdown of Intu or Fuz 

did not elicit strong PCP-related phenotypes (Box 2), but instead elicited phenotypes 

associated with defective ciliogenesis, such as craniofacial and neural patterning defects 

[18]. Moreover, analysis of gene expression revealed severe defects in Hedgehog target gene 

activation after Intu or Fuz knockdown [18], consistent with the key role of cilia in 

Hedgehog signal transduction [19]. Finally, Intu and Fuz disruption was found to severely 

perturb ciliogenesis, both in mono-ciliated cells of the neural tube and multiciliated cells of 

the epidermis [18].

Subsequent work suggests that these CPLANE protein functions are conserved in 

vertebrates, as mice lacking either Fuz or Intu display neural tube and craniofacial defects, 

disruption of Hedgehog signaling, and loss of cilia [20, 21]. Mouse studies also revealed 

additional ciliopathy-related developmental phenotypes such as polydactyly, skeletal defects, 

encephalocoel, and hydrocephalus [20, 21]. Importantly, studies with mutant mice directly 

demonstrated that cilia defects in Fuz or Intu mutants are accompanied by defective 

processing of the Hedgehog signal transducer Gli3, both in limb buds and in facial 

mesenchyme [21–23]. More recently, focused studies have further explored the role of Intu 

and Fuz in craniofacial development [23–25], the axial skeleton [26, 27] and the skin [28, 

29].
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Wdpcp was also initially identified in Xenopus, again by homology to the Drosophila gene 

(fritz) [30]. Like Intu or Fuz, Wdpcp was found to be expressed in ciliated cells and to be 

essential for ciliogenesis. Accordingly, disruption of Wdpcp/Fritz results in ciliopathy 

phenotypes, including neural tube defects and loss of Hedgehog target gene expression [30]. 

However, in contrast to Intu and Fuz, Wdpcp knockdown in Xenopus also elicits profound 

defects in convergent extension [30], a collective cell movement that requires core PCP 

protein function [31]. This dual role for Wdpcp in cilia and planar polarization of cells is 

conserved across vertebrates, as indicated by experiments with mouse mutants [32].

PPE and CPLANE proteins control the actin cytoskeleton

The cell biology underlying the tissue-level phenotypes for the PPE/CPLANE proteins was 

first explored in Drosophila. The planar polarized hairs that decorate the surface of the adult 

Drosophila wing are formed from cytoplasmic extensions from the distal apical edge of 

epithelial cells [10]. The first sign of hair initiation is the accumulation of F-actin in a small 

apical region around the distal most vertex of these hexagonally shaped cells. Multiple thin 

extensions form and these coalesce to form the growing hair [33] (Fig. 1B). In growing 

hairs, F-actin is found under the plasma membrane with a central core of microtubules.

Mutations in PCP and PPE genes lead to an increase in the region where F-actin 

accumulation is seen, and it is no longer seen only in the vicinity of the distal most region 

[10, 33, 34]. These phenotypes argue the PCP pathway functions to restrict activation of the 

actin cytoskeleton to a small region of the cell, and one PCP/PPE effector that functions as a 

cytoskeletal antagonist has been identified (Fig. 1B). It is multiple wing hairs (mwh), the 

most downstream member of the pathway (Box 3). The overexpression of frtz leads to a 

dramatic delay in hair initiation and to a general disruption of the apical actin cytoskeleton 

suggesting that it at least indirectly regulates actin function [15], which may be mediated by 

over expressed Frtz hyperactivating Mwh.

Box 3

Other Drosophila PCP effectors

The mwh gene can also be considered to be a PPE gene as it appears to function as a 

specific downstream component of the PCP pathway [10]. mwh mutations are epistatic to 

mutations in both PCP and PPE genes. Mwh accumulates on the proximal side of pupal 

wing cells prior to hair initiation and this requires the function of both the PCP and PPE 

genes [13, 34, 47]. During the process of hair growth, Mwh is recruited to hair where it is 

enriched proximally [34] and this does not require the function of the PCP or PPE genes. 

Mwh stands apart from all of the Drosophila PCP and PPE proteins as it is only found in 

insects. It does however contain two conserved sequence motifs (GBD (G protein binding 

domain) and FH3 (formin homology 3 domain) found in the amino terminal half of 

diaphanous family formins. In mwh mutants several changes in hair morphogenesis were 

seen. The region where an increase in F-actin is seen more than doubled in size [33] and 

there was an increase in the number of thin actin filled pre-hairs formed. Next, the 

process of prehair coalescence that normally ensures only a single hair is formed did not 

go to completion [33]. Further, hair initiation continues for several hours after the 
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formation of the initial hair. This leads to the formation of very small ectopic hairs [33]. 

In vitro biochemistry established that Mwh binds to F-actin, inhibits the elongation of F-

actin chains and cross links F-actin chains to promote the formation of thicker F-actin 

bundles [33]. These activities can explain the mwh mutant phenotype. The localization, 

accumulation and activation of Mwh appears to depend on its direct interaction with In 

[34] and Rho1 [80] and its phosphorylation, which is reduced in a frtz mutant [13].

Planar cell polarity and the morphogenesis of cellular and subcellular structures require 

the function of a variety of cellular systems regulate cell structure, the cytoskeleton and 

protein trafficking machinery. The Diaphanous formin, the Rab11 GTPase and the Gish 

kinase are good examples of such proteins [81]. Hence, these proteins can also be 

considered to be PPEs, although their functions are not specific for the PCP/PPE system.

Consistent with the role for PPE proteins in actin regulation in Drosophila, disruption of 

vertebrate CPLANE proteins was found to disrupt apical actin organization in multiciliated 

cells [18]. The mechanism of action for Fuz in this context remains undefined, but Intu has 

since been shown to act via the small GTPase RhoA [35] and the formin Daam1 [36]. Both 

RhoA and Daam1 localization are disrupted after Inturned knockdown [35, 36](Fig. 2A).

The links between Wdpcp and actin in vertebrates are perhaps more clear. Loss of Wdpcp 

was found to have a profound effect on the dynamic behavior of cell membranes [30, 37], 

and this effect resembled that resulting from loss of septin function in migrating cells in 

culture. Indeed, septins are well known modulators of the actin cytoskeleton [38], and 

further experiments revealed a physical and functional association of Wdpcp with septins 

during collective cell movement and during epithelial homeostasis in Xenopus in vivo [30, 

37]. This link between Wdpcp and septin-mediated control of the actin cytoskeleton was 

also confirmed in mice, where loss of Wdpcp leads to disorganization of septins and actin in 

cultured embryo fibroblasts [32].

How the function for CPLANE proteins in actin organization relates to their role in 

ciliogenesis remains an important area for study. In Xenopus multiciliated cells, loss of 

CPLANE proteins leads to both fewer and shorter cilia. The reduced number of cilia stems 

from defects in basal body docking, a process that requires RhoA and actin [39, 40](Fig. 

2A). Interestingly, actin has also been implicated in primary ciliogenesis [41], but the 

mechanisms of actin function in this context remain unclear. One possibility is that actin acts 

directly by driving basal body movement in the cytoplasm or by facilitating exocytosis of 

ciliary vesicles. A second possibility is that the control of actin has an indirect effect; for 

example, cell cortex tension has been shown to influence basal body docking and 

ciliogenesis [42], so CPLANE proteins may control actin function at the cell cortex and 

thereby impact ciliogenesis only secondarily. Finally, in the case of Wdpcp, misregulation of 

septins may also contribute to the ciliogenesis defect, as septins normally localize to the base 

of cilia and are essential for ciliogenesis [30, 43–45].

It is clear, then, that both PPE and CPLANE proteins exert an influence on the actin 

cytoskeleton, and this link to actin may help to explain their effects on vertebrate 

ciliogenesis. However, it is important to note that like the role for ciliogenesis versus planar 
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polarization, the functions of PPE and CPLANE proteins have diverged between insects and 

vertebrates. The CPLANE proteins appear to act as positive regulators of actin assembly [18, 

35], and for Intu at least, this function is mediated by the formin protein Daam1 [36], which 

polymerizes linear actin filaments [46]. By contrast, the PPE proteins act via Mwh, which 

though it contains the GBD and FH3 domains present in Diaphanous family formin proteins 

[13, 47], is actually an inhibitor of actin polymerization [15].

CPLANE proteins and intraflagellar transport

In addition to their impact on ciliogenesis via the actin cytoskeleton, it is clear that CPLANE 

proteins also influence core ciliogenic machinery such as intraflagellar transport (IFT), a 

deeply conserved mechanism that transports cargo into, along, and out of ciliary axonemes 

[48]. The first hint of a role for CPLANE proteins in IFT came from the observation that 

disruption of Fuz specifically disturbed protein localization in the distal, but not the 

proximal, axoneme in Xenopus multiciliated cells [20, 49]. Subsequent analysis of IFT 

particle movement in axonemes by high-speed confocal microscopy revealed an interesting 

phenotype. The IFT system is composed of two sub-complexes, IFT-A and IFT-B [48], and 

after disruption of Fuz function, the normal bidirectional transport of IFT proteins is 

disrupted. The IFT-B proteins Ift20 and Ift80 forming enlarged and immobile accumulations 

in the axonemes, while the IFT-A protein Ift43 was simply absent from axonemes [49]. 

Interestingly, the IFT-A subcomplex is comprised of a three-protein IFT-A “core” and three 

“peripheral” IFT-A sub-units [50], and more recent analysis has revealed disruption of 

CPLANE function results specifically in loss of IFT-A peripheral proteins from the 

axoneme, while the IFT-A core proteins enter the axoneme and traffic bi-directionally at 

essentially normal speeds [51](Fig. 2A).

Despite the obvious axonemal phenotypes, the CPLANE proteins localize and exert their 

influence not in axonemes, but rather at the base of cilia, around the basal body. These 

proteins assemble hierarchically at basal bodies, along with their interactors Jbts17 and 

Rsg1. All five proteins specifically control the recruitment of IFT-A peripheral proteins [49, 

51, 52]. In the absence of CPLANE function, the IFT-A core proteins, lacking the peripheral 

components enter axonemes and traffic normally, while IFT-B proteins enter axonemes but 

cannot traffic and thus accumulate [51].

An important goal for future work will be to understand more deeply the molecular 

mechanisms underlying CPLANE function in ciliogenesis. One possibility is that the 

CPLANE’s role in actin assembly indirectly impacts IFT, as actin has been shown to control 

basal body recruitment of IFT in the green algae Chlamydomonas [53]. Alternatively, 

CPLANE may have a more direct role, as suggested by a proteomic study that revealed 

physical links to ciliopathy proteins, to IFT-A proteins, and to the protein folding chaperones 

CCT and NudC [51], the latter of which was recently suggested to contribute to IFT-A 

assembly [54]. Other, more directed studies also provide important insights. For example, 

Fuz has been shown to be required for recruitment of the vesicle trafficking regulator Rab8 

[55]. This finding is of interest both because Rab8 is implicated in ciliogenesis, and also 

because the related protein Rab11 is implicated both in vertebrate ciliogenesis and in wing 

hair polarization in Drosophila [56, 57]. Because the CPLANE proteins act in the cytoplasm 
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to control recruitment to basal bodies and assembly of IFT particles [51], it is notable that 

Rab8 has been linked to IFT particle assembly via the Elipsa protein and mutation of the C. 
elegans homolog of Elipsa, Dyf-11 results in ciliary defects including abnormal 

accumulation of specific ciliary proteins in the distal axoneme [58].

Finally, though the role for core PCP proteins in ciliogenesis remains murky (Box 4), there 

is some evidence that, like the PPE proteins in the fly wing, CPLANE proteins also 

functionally interact with core PCP proteins. Indeed, knockdown of Intu disrupts recruitment 

of Dishevelled to basal bodies in Xenopus MCCs [35], and Fuz mutant MEFs likewise 

display a failure to recruit Dishevelled to the base of primary cilia [55].

Box 4

Core PCP proteins and vertebrate ciliogenesis

As mentioned in Box 2, the CPLANE proteins’ critical role in ciliogenesis in vertebrates 

seems not to be shared by the Drosophila PPE proteins (hence the divergent 

nomenclature). The converse question is also interesting. What roles do core PCP 

proteins play in vertebrate cilia? Clearly PCP proteins control the orientation of cilia 

beating, as first shown in Xenopus MCCs [35, 82], and subsequently for mouse MCCs in 

the brain [83] and airway [84], and in motile monocilia in mice [85, 86] and zebrafish 

[87]. But is there a role for core PCP proteins in ciliogenesis? So far, the answer seems to 

depend on the protein.

The first reports linking core PCP proteins to ciliogenesis came from knockdowns of the 

core PCP proteins Dishevelled or Frizzled [35, 88]. However, these phenotypes have yet 

to be confirmed by genetic studies. The situation for Vangl2 is even murkier, as 

conflicting results on ciliogenesis have been reported even for the same genetic mutant in 

zebrafish [87, 89]. Clearly, further study is warranted.

The best evidence for a link between core PCP functions and ciliogenesis comes from 

mice with genetic mutations in Celsr and Prickle genes. Mice lacking Celsr2 and Celsr3 

displayed ciliogenesis defects in MCCs stemming from a failure of basal body docking 

[90], similar to that first observed after Dishevelled knockdown in Xenopus [35]. 

Interestingly, these Celsr mutant mice also display defects in Vangl2 localization [90]. In 

addition, mice lacking Prickle2 or Prickle1 display bulging ciliary membranes in motile 

cilia on MCCs in the brain or airway, respectively [91, 92]. Tracheal MCCs of Prickle1 
mutant mice also display beat frequency defects, and electron microscopy revealed 

abnormal organization of axonemal microtubules [92]. Moreover, Prickle1 mutant 

embryo fibroblasts in culture also displayed fewer and shorter primary cilia [92], arguing 

that this role for Prickle2 is not restricted to motile cilia.

Reciprocal interactions among the PPE/CPLANE proteins, a physical and 

functional complex?

A key hurdle to understanding the biochemical mechanisms of action for PPE/CPLANE 

proteins is that none harbors any obvious catalytic domain and none closely resembles any 
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well-studied protein. Indeed, all three PPE/CPLANE genes encode novel proteins of still 

unknown molecular function. Recently however, biochemical and proteomic approaches are 

beginning to shed some light on the situation. First, it was noted that the adult phenotypes of 

PPE double mutants show no additivity [10]; however, double mutants of hypomorphic 

(weak) alleles interact synergistically and display a strong phenotype [9, 59]. These data 

suggested the possibility that the encoded proteins may be essential components of a protein 

complex. Confirmation of this came from both co-immunoprecipitation and yeast two-

hybrid experiments [15](Fig. 2B). The data argue that In directly binds to both Frtz and Fy. 

These three proteins were also found to modulate the accumulation of the others in both loss 

and gain of function experiments, consistent with the complex being functionally important. 

Despite the evidence that the three proteins are part of a complex, there is evidence that Frtz 

can function in the absence of the others as when overexpressed, Frtz can produce a gain of 

function phenotype that is independent of both the PCP and PPE proteins [15].

Interestingly, despite clear divergence in functions between flies and vertebrates (Box 1, 2), 

the CPLANE proteins also appear to act as a physical and functional complex (Fig. 2B). As 

in flies, double mutants of Intu and Fuz in mice display no additive phenotypes [60], though 

double mutants with Wdpcp have yet to be reported. Likewise, proteomic analysis 

demonstrated a robust physical association between Intu, Fuz, and Wdpcp [51]. Finally, as is 

the case in Drosophila, Intu, Fuz, and Wdpcp can –to some extent– control one another’s 

localization to basal bodies [51].

These reciprocal interactions between PPE/CPLANE proteins raises the important question 

of additional interactors. Consistent with the links to actin regulation, Drosophila Inturned 

directly interacts with the formin-related protein Mwh [34], while vertebrate Intu interacts 

with the formin Daam1 [36]. Regarding ciliogenesis, all three CPLANE protein interact with 

the poorly characterized GTPase Rsg1, which in turn controls IFT and ciliogenesis [20, 51, 

52]. All three CPLANE proteins also interact with Jbts17 [51], which was first identified by 

its mutation in human patients with cilia-related birth defects [61–64]. Finally, proteomics 

suggest a link between CPLANE proteins and the Nphp proteins [51], and directed 

experiments clearly show both physical and functional links between Intu and Nphp4 [36]. 

Further exploration of the interaction partners for PPE and CPLANE proteins should help us 

to understand the apparently diverged functions of these proteins during evolution of flies 

and vertebrates (Box 1).

The CPLANE proteins in human disease

Consistent with the severe phenotype of vertebrate embryos lacking CPLANE function, 

mutations of human CPLANE genes have now been identified in a number of congenital 

birth defects. First, mutations in FUZ have been associated with neural tube closure defects, 

consistent with the neural tube closure phenotypes reported after Fuz knockdown in 

Xenopus [18] or Fuz mutation in mice [20, 22]. In a study of several hundred Italian patients 

with neural tube defects, five disease-associated alleles were identified in FUZ, and these 

were distributed throughout the protein [65]. Four of these patients presented with 

myelomeningocele, and the fifth with caudal regression syndrome; these phenotypes are far 

milder than the exencephalic phenotype of Fuz null mutant mice, arguing that the alleles 
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may be hypomorphic. Consistent with this notion, rescue experiments in Fuz mutant MEFs 

reveal that none of the alleles are deficient in the ability to promote ciliogenesis. Rather, one 

allele induces longer cilia and the others display phenotypes detected only in overexpression 

assays [65]. Further testing of these alleles will be important, because the relationship 

between ciliogenesis and neural tube closure remains poorly defined [66]. It will also be 

important to determine the role, if any, of INTU and WDPCP in human neural tube defects.

In addition to neural tube defects, mutations in CPLANE genes are also known to be 

causative for ciliopathies, the diverse spectrum of human disorders arising from defects in 

the structure or function of cilia [67]. Several alleles of WDPCP segregate with ciliopathy 

phenotypes, including Bardet-Biedl, Meckel-Gruber, and Jeune Syndromes, as well as short-

rib-polydactyly, and variants of Oral-Facial-Digital syndrome [30, 51, 68]. Experiments in 

Xenopus have revealed a variety of pathogenic mechanisms for these alleles, including 

altered protein stability, failure to localize to basal bodies, and inability to recruit IFT 

machinery [51]. Interestingly, no human mutations have yet been reported in the CPLANE 

interacting protein RSG1, though mutations in JBTS17 has been associated with diverse 

human ciliopathies [61–64].

Finally, one study suggests that the CPLANE proteins may be relevant not only to congenital 

birth defects but also to infectious disease. A genome-wide screen identified Fuz as a key 

receptor for alpha-virus entry, and loss of Fuz prevented alphavirus entry into cells [69]. 

Interestingly, this study also implicated Fuz more broadly in clathrin-mediated endocytosis 

[69], and a recent proteomic survey found broad links between all three CPLANE proteins 

and the AP1 and AP2 clathrin adaptors [51]. Direct investigation of the role of other 

CPLANE proteins and their interactors should be of interest, therefore, both in terms of 

basic cell biology and infectious disease.

Conclusion

In sum, the PPE and CPLANE proteins are essential for normal development and 

morphogenesis of diverse animals, including humans. Their developmental and cell 

biological roles are now well defined, but important questions concerning their molecular 

functions remain. All three PPE/CPLANE genes encode novel proteins, so their primary 

sequences offer little insight because none encodes any known catalytic or functional 

domains. Rather, these proteins are characterized by structural motifs such as the predicted 

beta-propeller in Fritz/Wdpcp [30, 51, 70] and the Longin domain in Fuzzy [20]. The recent 

insight that the PPE/CPLANE proteins can all interact is informative, because structural 

modeling suggests that together the CPLANE complex bears some similarity to the COPII 

vesicle coat complex [51], which plays a crucial role in intracellular cargo transport [71]. 

Another clue may come from the similarity between the PPE/CPLANE protein structure 

predictions and other ciliary proteins. Indeed both the IFT complex and the BBSome 

complex are enriched for structural motifs similar to those observed in PPE/CPLANE 

proteins. Because IFT complexes and the BBSome are thought to have evolved from pro-

coatamer proteins [72, 73], the similar predicted folds in CPLANE proteins may suggest that 

they followed a similar evolutionary trajectory.
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Future work directed at understanding the molecular/biochemical functions of the PPE and 

CPLANE proteins will be critical and should inform our understanding of the apparent 

divergence of function between flies and vertebrates. Such exploration should be of great 

interest, because like the majority of genes [2], the PPE/CPLANE genes have yet to draw 

that much attention from embryologists, but it is clear that they are terribly important to 

embryos.
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Outstanding Questions Box

What was the ancestral role for the PPE/CPLANE proteins? Did this complex evolve 

initially to control ciliogenesis or PCP or both? The ultimate answer to this question is 

not knowable, but a deeper analysis of PPE/CPLANE function in diverse organisms, 

including basally branching animals will be informative.

What are the biochemical activities of the PPE/CPLANE proteins? These genes all 

encode novel proteins with no obvious catalytic domains. While it is now clear that the 

proteins interact, the activity of this complex remains entirely unknown.

What are the other components of the PPE/CPLANE complex, and are these cell-type 

specific? A few interactors have been described for the PPE/CPLANE proteins, but no 

clear picture of this complex has yet emerged. It is possible that by interacting with 

different proteins in different cell types, the PPE/CPLANE complex can execute diverse 

cell biological processes.
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Trends Box

The PPE/CPLANE proteins are evolutionarily conserved proteins that govern planar cell 

polarity (PCP) in Drosophila but predominantly control ciliogenesis in vertebrates.

At least one CPLANE protein also controls PCP in vertebrates.

PPE/CPLANE proteins strongly interact in both Drosophila and in vertebrates, arguing 

that they function as a complex.

PPE and CPLANE proteins are implicated in control of actin assembly.

CPLANE proteins are required for normal intraflagellar transport.

CPLANE proteins are mutated in human birth defects.
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Figure 1. 
A. Planar cell polarity in the Drosophila wing. Wild type wing cells extend a single distally-

directed actin-based hair under the control of asymmetrically localized PCP/PPE proteins 

(see colors). Mutation of core PCP genes disrupts both polarity of wing hairs and PCP/PPE 

protein localization. Mutation of PPE genes leads to disrupted polarity as well as multiple 

wing hairs, but core PCP protein localization is unaffected. Mutation of Mwh disrupts 

polarity and elicits multiple wing hairs, while core PCP and PPE protein localization is 

unaffected. B. The PPE proteins act via Mwh to restrict actin assembly to the distal vertex of 

wing cells.
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Figure 2. 
A. CPLANE proteins control multiple steps of ciliogenesis, acting with Daam1 and RhoA to 

control actin-dependent apical migration and docking of basal bodies and also recruitment of 

IFT-A proteins to the base of cilia. The protein structures show here are based on 

computational modeling reported in [51]; the interaction interfaces in the assemblage 

depicted are speculative,. B. Both Drosophila PPE proteins and vertebrate CPLANE proteins 

reciprocally interact in biochemical and proteomic assays. CPLANE proteins also interact 

with Jbts17 and Rsg1, proteins which appear not be encoded in the Drosophila genome. PPE 

proteins interact with the formin-related protein Mwh, CPLANE proteins act via the formin 

Daam1 and the GTPAse RhoA
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