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ARTICLE INFO ABSTRACT

Keywords: Few reports are found in the literature regarding the role of planar cell polarity (PCP) in supporting sper-
Testis matogenesis in the testis. Yet morphological studies reported decades earlier have illustrated the directional
Spermatogenesis

alignment of polarized developing spermatids, most notably step 17-19 spermatids in stage V-early VIII tubules
in the testis, across the plane of the epithelium in seminiferous tubules of adult rats. Such morphological features
Cytoskeletons have unequivocally demonstrated the presence of PCP in developing spermatids, analogous to the PCP noted in
Foactin hair cells of the cochlea in mammals. Emerging evidence in recent years has shown that Sertoli and germ cells
Microtubules express numerous PCP proteins, mostly notably, the core PCP proteins, PCP effectors and PCP signaling proteins.
In this review, we discuss recent findings in the field regarding the two core PCP protein complexes, namely the
Van Gogh-like 2 (Vangl2)/Prickle (Pk) complex and the Frizzled (Fzd)/Dishevelled (Dvl) complex. These findings
have illustrated that these PCP proteins exert their regulatory role to support spermatogenesis through changes in
the organization of actin and microtubule (MT) cytoskeletons in Sertoli cells. For instance, these PCP proteins
confer PCP to developing spermatids. As such, developing haploid spermatids can be aligned and orderly packed
within the limited space of the seminiferous tubules in the testes for the production of sperm via spermato-
genesis. Thus, each adult male in the mouse, rat or human can produce an upward of 30, 50 or 300 million
spermatozoa on a daily basis, respectively, throughout the adulthood. We also highlight critical areas of research
that deserve attention in future studies. We also provide a hypothetical model by which PCP proteins support
spermatogenesis based on recent studies in the testis. It is conceivable that the hypothetical model shown here
will be updated as more data become available in future years, but this information can serve as the framework
by investigators to unravel the role of PCP in spermatogenesis.

PCP proteins
Sertoli cells

Abbreviations: Arp2/3, actin-related protein2/3; BTB, Blood-testis barrier; Celsr, cadherin, EGF LAG seven-pass G-type receptor; Dsh, Dishevelled (in Drosophila);
Dvl, segment polarity protein dishevelled homolog (in vertebrates); Dvl1, dishevelled segment polarity protein 1; Dgo, Diego (in Drosophila); Ds, Dachsous (in
Drosophila); Dchs, Dachsous cadherin-related protein (in vertebrates); ES, Ectoplasmic specialization; Eps8, epidermal growth factor receptor pathway substrate 8; Fz,
Frizzled (in Drosophila); Fzd, Frizzled (in vertebrates); Fzd1, frizzled class receptor 1; Ft, Fat (in Drosophila); Fatl, FAT atypical cadherin 1 (in vertebrates); Fj, Four-
Jointed (in Drosophila); Fjx1, four-jointed box kinase 1 (in vertebrates); Fmi, Flamingo; Fw, Furrowed; Invs, Inversin; Mwh, Multiple wing hairs; MT, microtubule;
MARK, microtubule affinity regulating kinase 2; MAPs, microtubule associated proteins; MAP1a, microtubule associated protein 1a; PKCE, atypical protein kinase C;
PCP, planar cell polarity; Pk, Prickle; Pk1, Pricklel; Pricklel, prickle planar cell polarity protein 1; Stbm, Strabismus; Stan, Starry Nigh; TJ, Tight junction; TM,
Transmembrane; Vang, Van Gogh; Vangl, Van Gogh-like; Vangll, Van Gogh-like 1; ZO-1, Zonula occludens-1.
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1. Introduction

Planar cell polarity (PCP), or tissue polarity, refers to the directional
alignment of polarized cells across the plane of an epithelium [1-3],
such as steps 17-19 spermatids in stage V-VIII tubules of the rat testis
[4]. Other notable examples of PCP structures in vertebrates such as
rodents and humans are hair cells in the cochlea, cilia that mediate
convection currents in the oviduct, and feathers or fur in the epidermis;
but also the bristles that cover the insect body, and Drosophila pupal
wing epithelium [5-9]. PCP is also crucial to support collective cell
movements during tissue morphogenesis, such as gastrulation and axis
elongation for convergent extension during embryonic development. On
the other hand, PCP transmits directional and signaling information
across the tissue plane so that groups of cells can migrate coordinately
along a common axis, generally orthogonal to the apico-basal axis
[10-13].

During spermatogenesis, most notably spermiogenesis, developing
spermatids at stages V-VIII of the epithelial cycle in rodent testes, groups
of polarized elongating/elongated spermatids (with their heads aligned
to the basement membrane but tails pointed to the seminiferous tubule
lumen, displaying head-to-tail apico-basal polarity) are directionally
aligned across the plane of the seminiferous epithelium [4,14], dis-
playing PCP. On the other hand, elongate spermatids are being trans-
ported either toward the tubule lumen (in stages VI-VIII tubules) or
toward the basement membrane (at stage IV-V of the cycle) [15-17].
These morphological features have been demonstrated in 3 dimensional
(3D)-constructed images by confocal microscopy [18]. Subsequent
biochemical and molecular studies have also demonstrated unequivo-
cally the significance of spermatid PCP [15]. For instance, a knockdown
of PCP protein Vangl2 (Van Gogh-like 2) (Table 1) by RNAI in the testis
in vivo led to considerable loss of spermatid PCP wherein elongated
spermatid alignment was in disarray, impeding spermatid adhesion and
apico-basal polarity, but also perturbing intracellular protein trafficking
due to defects in the actin and microtubule (MT) cytoskeletons [15,18].
It is likely that such defects in cytoskeletons following Vangl2

Table 1
Planar cell polarity ( PCP ) proteins in Drosophila and their orthologs in
mammals.

Drosophila PCP Symbol (in Mammalian PCP Symbol (in
proteins Drosophila) protein orthologs mammals; including
different isoforms)
Core Pathway
Strabismus/ Stbm/Vang Van Gogh-like Vangl (Vangl1,
Van Gogh Vangl2)

Prickle Pk Prickle Pk (Pk1, Pk2, Pk3)
Frizzled Fz Frizzled class Fz/Fzd (Fzd1 to 10)
receptor
Dishevelled Dsh Dishevelled Dvl (Dvl1, Dvl2,

Dvl3)
Diego Dgo Inversin Invs
Diversin Diversin (Ankrd6)
Flamingo/ Fmi/Stan Cadherin, EGF LAG Celsr (Celsrl,
Starry Night seven-pass G-type Celsr2, Celsr3)
receptor
Furrowed Fw — —
Ft/Ds/Fj Pathway
Fat Ft Fat atypical Fat (Fatl, Fat2,
cadherin Fat3, Fat4)
Dachsous Ds Dachsous Dchs (Dchsl,
Dchs2)
Four-Jointed Fj Four-jointed box Fjx1

kinasel

All the PCP proteins listed above are integral membrane proteins (boldfaced)
including the corresponding orthologs in rodents/humans which can be classi-
fied into two pathways of either the Core Pathway or the Ft/Ds/Fj Pathway.
Except for Prickle, Dishevelled and Diego, which are adaptor proteins and
cytosolic proteins that form a functional complex with the corresponding inte-
gral membrane proteins.
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knockdown (KD) perturb proper transport of nutrients to developing
spermatids, but also removal of unwanted cellular components such as
residual bodies and phagosomes through intracellular degradation to
maintain seminiferous epithelial homeostasis.

Earlier genetic studies in Drosophila [19] and recent studies in the rat
testis [15,18] have identified several PCP core proteins and protein
complexes as follows (Table 1). In order to simplify discussion, we only
refer to the vertebrate orthologs of PCP proteins here unless otherwise
specified since the corresponding Drosophila proteins are noted in
Table 1. (i) The four-pass transmembrane proteins, namely Van
Gogh-like 1 (Vangl1) and Vangl2, are the vertebrate orthologs of Vang.
In rat testis, the Vangl2 integral membrane protein forms a complex with
Prickle (Pk) which is the cytoplasmic adaptor/scaffold protein(s). Three
Prickle orthologs in vertebrates are known to date namely Pk1, Pk2 and
Pk3. (ii) Ten seven-pass transmembrane proteins called Frizzled (Fzd),
from Fzd1 to Fzd10 are known. Each Fzd in vertebrates, such as in rat
testes, bind to the cytoplasmic adaptor/scaffold proteins Dishevelled
(Dvl1, 2 or 3), Diversin and/or Inversin to form a protein complex. (iii)
Three seven-pass transmembrane proteins Celsr1, Celsr2 and Celsr3 are
expressed in the testis. (iv) A single-pass transmembrane protein Fur-
rowed (Fw) is noted in Drosophila but its vertebrate ortholog has not
been identified. At present, the adaptor/scaffold protein(s) for Celsr in
vertebrates are not known. Studies in Drosophila have shown that both
Fmi and Fw are crucial to support the intercellular interactions of Fz and
Vang to maintain the corresponding function of Fz and Vang to support
PCP in Drosophila [20] (Fig. 1). Additionally, there are three other
transmembrane proteins in the Fat/Dchs/Fjx1 Pathway comprised of Fat
(Fatl, 2, 3 and 4), Dchs (Dchsl and Dchs2) and Fjx1 (Table 1). The
function of this group of PCP proteins in the testis remains to be inves-
tigated. Studies have shown that Prickle [21,22] is working in concert
with Vangl2 to create the Vangl2/Pk protein complex to modulate PCP
function through multiple wing hairs (Mwh) [23] to regulate actin
and/or microtubule (MT) cytoskeletal function [24-26] in Drosophila.
Interestingly, recent studies in the testis have shown that Vangl2 [15,18]
exert its effects to modulate spermatid PCP, through the PKC{ and
MARK?2 signaling pathway [18], which in turn affect the actin- and
MT-based cytoskeletal organization across the seminiferous epithelium.
On the other hand, Dvl3 also exerts its regulatory effects to modulate
spermatid PCP function in the testis through the actin and MT cyto-
skeletons in the testis [27]. Collectively, these findings have shown that
PCP proteins, similar to the cell polarity complexes, exert their regula-
tory effects through their actions on cytoskeletal organization [28,29].
In this review, we critically evaluate recent findings in the testis, and to
provide a hypothetical model regarding the role of PCP proteins in
spermatogenesis. It is conceivable that this model will be modified in the
years to come when more data are available. We also highlight some
much needed studies in the testis in order to unravel the physiological
function of PCP proteins in the biology of spermatogenesis.

2. PCP proteins in the testis

At the cellular and molecular level, planar cell polarity (PCP) is
conferred by intercellular protein complexes between adjacent cells
with distinctively different heterologous components, which, in turn,
are regulated by two discrete pathways: namely the Core Planar Polarity
pathway [2,30] and the Fat/Dachsous/Four-Jointed box kinase 1
(Fat/Dchs/Fjxt) pathway [31,32] (Table 1, Fig. 1). Based on studies in
cells of Drosophila and insects, and in hair cells of rodents and humans,
alignment of core PCP proteins are either axial (or bipolar) asymmetric
or vectorial (or unipolar) asymmetric [5,25] (Fig. 1). Axial asymmetry is
conferred by transmembrane proteins Celsr (e.g., Celsrl, Celsr2, Celsr3)
in vertebrates [known as Flamingo, Fmi, also called Starry Night (Stan),
in Drosophilal, and also Furrowed (Fw, a Drosophila selectin family
member but its ortholog in vertebrate is not yet known) (Fig. 1). The
intercellular Celsr- and Fw-based interacting proteins localize to both
poles along one planar axis (Fig. 1; Table 1) wherein Fw forms
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homophilic cell-adhesion intercellular bridges to mediate Fzd-Vangl2
intercellular interactions, analogous to Fmi which also facilitates
Fzd-Vangl2 interactions between cells [5,25] (Fig. 2). On the other hand,
vectorial asymmetry is conferred by transmembrane proteins Fzd and
Vangl in vertebrates (e.g., Vangll, Vangl2) in which they localize to one
pole of each cell preferentially to create the intercellular protein com-
plex but not adjacent to one another (Fig. 1, Table 1) [5,25]. Diego [Dgo
in Drosophila and its ortholog in vertebrate is comprised of two proteins
known as Diversin and Inversin (Invs)] and Dishevelled (Dsh in
Drosophila vs. Dvl in vertebrates including Dvll, Dvl2, Dvl3) are the
cytoplasmic adaptor protein of Fzd, whereas Prickle (Pk in Drosophila vs.
Pk1, Pk2 in vertebrates) is the cytoplasmic adaptor protein of Vangl2.
Fzd/Invs/Dvl and Vangl2/Pk also activate different downstream
signaling pathway and their cellular distribution are mutually exclusive,
but they work in concert to maintain vectorial asymmetry through their
differential action on actin cytoskeleton (Fig. 1). For instance, the
Vangl2/Pk complex exerts its effects downstream through Mwh (mul-
tiple wing hairs, a PCP effector molecule [33], but its vertebrate
ortholog is not known) [23] to inhibit F-actin polymerization. On the
other hand, the Fz/Dgo/Dsh complex promotes polymerization of actin
microfilaments through Rho-family GTPases and other effector proteins

i‘
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(e.g., ROK, Rho-associated kinase) [5,25,34,35] (Fig. 1). Additionally,
components of the core planar polarity proteins can interact with each
other. For instance, Vangl2 is known to interact with Fzd3 [36], Celsrl
[37] and Dv13 [38].

In the Fat/Dachsous/Four-Jointed (Ft/Ds/Fj) pathway, the atyptical
cadherins Fat and Dachsous (Dchs) are both single-pass transmembrane
proteins, which create an cell adhesion complex with Four-Jointed Box
Kinase 1 (Fjx1) [3,31,32] (Fig. 2). Fjx1 is a type II transmembrane
protein with a single transmembrane span and a protein kinase catalytic
domain, capable of phosphorylating Fat and Dchs. When Fat is phos-
phorylated by Fjx1, Fat binds better to the cadherin Dchs by creating a
strong adhesive protein complex of Fjx1/Dchs between adjacent cells,
but when Dchs is phosphorylated, it has a reduced affinity for binding to
Fjx1 [39-41] (Fig. 2). As such, Fjx1 is a crucial modulator of the
Fat/Dchs adhesive activity, which in turn, also modulates the intercel-
lular complexes of Fz/Dsh/Dgo and Vangl/Pk. In brief, Ft and Ds are
phosphorylated by the protein kinase Fx1j, but with opposing effects on
their heterophilic binding affinities. On the other hand, Dchs (e.g.,
Dchsl, Dchs2) and Fat proteins (e.g., Fatl, 2, 3 and 4) function as ligand
and receptor, respectively, for the intercellular signaling pathway that
regulates Hippo signaling to support PCP, which is essential to support

X

—— Furrowed (Fw) %

S== Frizzled (Fzd) @
= Vangl2 (.)

Diversin

Microtubules

Prickle (Pk)
Dishevelled (Dvl)

Inversin (Invs)

S Celsrt Fzd/Dvl/invs/diversin
& Actin filament complex
@ bundles Vangl2/Pk complex

Vectorial asymmetry

Axial asymmetry

Fig. 1. Asymmetric distribution of core PCP proteins. Asymmetric distribution of core PCP proteins support orientation of cuticular hair in hair cells in Drosophila
(right panel). However, this asymmetric distribution of core PCP proteins is also applicable to Sertoli cells (i.e., Sertoli-Sertoli cell interface) and developing sper-
matids (i.e., Sertoli cell-elongate spermatid interface) in the testis to support spermatid and Sertoli cell PCP during the epithelial cycle of spermatogenesis (left panel).
Core PCP proteins, namely Vangl2/Prickle (Pk) protein complex and Frizzled (Fzd)/Dishevelled (Dvl)/Inversin (Invs)/Diversin protein complex, adopt vectorial
asymmetries where each protein complex localizes to opposite poles of the cell; and do not form homophilic intercellular bridges. On the other hand, Celsr1 (or Fw)
displays axial asymmetry where it localizes to intercellular junctions via homophilic intercellular bridges and oriented along one tissue axis. However, it is estab-
lished in Drosophila that Celsr (or Fw) that forms homophilic intercellular bridges of Celsr-Celsr (or Fw-Fw) to mediate and/or stabilize Fzd-Vangl2 interaction. For
the testis, it is likely that Celsr-Celsr intercellular cell junction is sufficient to confer stabilization of the Vangl2/Fzd interactions to confer PCP in spermatids and
Sertoli cells since Fw remains to be identified in the testis or tissues/organs in mammals. For the left panel, it is noted that if the cell on the right side is an elongated
spermatid, the actin filament bundles and microtubule cytoskeleton are absent since elongated spermatids have virtually no cytosol, but components of the Vangl2/
Pk and Fzd/Dvl protein complexes have been identified in these germ cells [15,18,27].
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Fig. 2. Functional domains of the component proteins of the PCP Core Pathway protein complexes and Fat/Dchs/Fjx1 Pathway protein complex. For all the PCP
proteins shown here, the NH,-terminus is oriented on the left and the COOH-terminus is on the right. As noted in Table 1, the Core PCP protein complexes are:
Vangl1/Pk or Vangl2/Pk complex, Fzd/Dvl/Invs/Diversin (Ankrd6) complex which are known to form intercellular junction complexes via heterophilic intercellular
bridges of Vangl2/Pk-Fzd/Dvl/Invs/Diversin. These PCP intercellular junctions as noted in Fig. 1 are supported by Celsr-Celsr (and Fw-Fw) homophilic cell adhesion
intercellular bridges. The role of Fat/Dchs/Fjx1 complex in the testis remains to be investigated. Nonetheless, studies in Drosophila have shown that Fat and Dchs are
transmembrane protocadherins that localize to opposite sides of the cell where they form intercellular heterodimeric adhesion bridges between adjacent cells
[88-90]. The Fat/Dchs interaction is regulated by the cytoplasmic Fj, a Golgi-associated protein kinase, capable of phosphorylating Fat and Dchs, thereby modulating
their binding affinity [39,40,91]. On this note, it is noteworthy that except Fw, all the components of the two PCP Pathways have been identified in the testis
including components of the Fat/Dchs/Fjx1 complex, even though detailed investigations have only been conducted on the Vangl2/Pk and Fzd/Dvl complexes.
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Table 2
Phenotypes of genetic models following KO of PCP proteins in mice.
Gene Study model Phenotypes
Fzd1 Fzl17/~ Fz1”/~ mice were healthy and fertile, without notable developmental defects [92].
Fzd2 F227/~ 50% of Fz2/~ mice had a cleft palate and died at neonatal age, the other ~50% that survived had variable degree
of runting during development [92].
Fz17/7; Fa27/~ Cardiac defects in Fz1/~;F227~ embryos [92].
Fz1"/7;Vangl2"’*, F22/~;Vangl2"?/*, Fz1*/";Fz2"/~;  Neural tube defects (NTDs) [92].
Vangl2"’*, Fz27/~;Vangl2"*"*
Fzd3 F237/ Defects in axonal development and pathfinding in the CNS [93,94].
Fz3~/7; Fz6/~ Fz3~/ - F26~/~ embryos had defects in neural tube formation and died shortly after birth [95].
Fzd4 Fz4™/~ Progressive cerebellar, auditory, and esophageal dysfunction [96]; defects in inner ear development and defects
of the retinal vasculature [97].
Fzd5 Fzd5 ~/~, Fzd5 7/~ Heterozygotes were viable, fertile and appeared normal, homozygous embryos died in utero around 10.75 days
post coitum, owing to defects in yolk sac angiogenesis; loss of Fz5 also produces defects in placental angiogenesis
[98].
Fzd6 F267 In Fz6~/~ mice, global orientation of hair follicles was disrupted, leading to waves, whorls, and tufts [99].
Fzd7 Fz7” Fz7“/? mice had tail truncation and kinking with 100% penetrance and ventricular septal defects (VSDs) with
~15% penetrance [100].
F22”"; Fa7”" Fz2(-/-); Fz7(-/-) mice exhibit convergent extension defects and mid-gestational lethality with 100% penetrance
[100].
Fzd8 Fzd8”" Fzd8-deficient mice had defects in bone development [101].
Fzd9 Fzd9”" Fzd9”" mice had low bone mass due to defects in bone formation [102]; abnormal B-cell development [103]; mice
had normal gross anatomical hippocampal organization but displayed an increase in apoptotic cell death in the
developing dentate gyrus; severe deficits on tests of visuospatial learning/memory [104].
Fzd10 Not determined
Dvl1 DVi17; Dvi2”” Skeletal abnormalities and all Dvl1/2 double mutant embryos displayed craniorachischisis, a completely open
neural tube from the midbrain to the tail [105].
Dvi2 pvi2”” Defects in cardiac neural crest development; ~90% of DvI2”" mice had vertebral and rib malformations [105].
Dvi3 DVI3” DvI3”" mice died perinatally due to defects in heart development [106].
Invs Invs mutant mice Inv mutant mice displayed reversed internal organs (situs inversus), multiple renal cysts (polycystic kidney),
(Inv) jaundice and neonatal lethality [107,108].
Vangll Vangl18/" heterozygotes in mice, Vangl18/* Vangl18/" heterozygotes and Vangl18/$" homozygotes were viable and fertile, although Vangl18“¢ had defects in
homozygotes in mice polarity of hair cells of the cochlea [109].
Vangl18/* and Vangl2®/* mice Vangl18/*; Vangl2®/* double heterozygotes had developmental defects of the brain, inner ear and heart that led to
embryonic fatality [109].
Vangl2 Mutation of Vangl2 (formerly Lpp1/Ltap) in the loop- ~ Embryonic fatality due to neural tube defects [92,110-112].
tail mouse
Pricklel mpk1~/~ mutant mice (mouse pricklel also known Deletion of mpk1 led to early embryonic lethality at E5.5-E6.5 [113], with mislocalized extracellular matrix
as mpk1) (ECM) proteins, and disrupted orientation of mitotic spindles [113].
Beetlejuice (Bj) mutation in Pricklel (Pk1) Bj mutants had defects of heart, cochlea and brain development; Bj mutants died neonatally with cardiac outflow
(Pk1 missense allele called Beetlejuice (Bj)) tract (OFT) malalignment; Bj mutant fibroblasts failed to establish polarized cell morphology or engaged in
directional cell migration [114].
Pricklel+/—, Decreased seizure threshold in Pk1 deficient mice [115].
Pricklel+/Cys251X,
Prickle1+-/Phe141Ser
Prickle2 Prickle2™ ~mice, Prickle2™~ mice displayed higher seizure rates than Prickle2/~ mice [115].
Prickle2*/~mice.
Prickle2~/~( Pk27/7) Pk27/~ embryos died at E3.0-3.5 without forming the blastocyst cavity; GTP-bound active form of RhoA was
decreased in Pk2/~ embryos; defects in apico-basal polarity [116].
Prickle3 Prickle3”” Prickle3 KO mice had defects in visual development due to degeneration of retinal ganglion cells and abnormal
vasculature [117].
Celsr1 Missense mutations within the coding region of Mutation of Celsrl had PCP defects in hair cells of the cochlea and severe Neural Tube Defects [118].
Celsrl
Celsr2 Celsr2-deficient mice In Celsr2-deficient mice, development and planar organization of ependymal cilia were compromised, leading to
defects in CSF dynamics and hydrocephalus [119].
Celsr3 Celsr3 mutant mice Defects in brain development with constitutive mutation of Celsr3 [120,121].
Celsr2 and Celsr3 double mutant mice Celsr2 and Celsr3 double mutants led to ependyma, defects in ciliogenesis, resulting in lethal hydrocephalus
[119].
Celsr3”" Defects in brain development due to failure of axonal projections [121].
Fatl Fat1™/~ Perinatal death, defects in brain developmental [122].
Podocyte-specific deletion of Fatl in mice Induces abnormal glomerular filtration barrier development due to defects in podocyte foot process effacement
[123].
Fat2 Not determined Not known
Fat3 Conditional knockout (KO) of Fat3 in brains of adult Conditional KO of Fat3 in brains of adult mice was obtained using inducible Thy1Cre(ERT2) SLICK H line;
mice behavioral and biochemical analysis revealed that the brain of these had no abnormalities [124].
Fat4 Fat4™", Dchs1”~ Dual KO mice had defects in anterior pituitary morphogenesis [125].
Fat4 knockout mice Fat4 KO mice died at birth, defects of hair cell PCP in cochlea, and defects in brain and kidney development [126].
Dchs1 Dchs1 mutant mouse Homozygous KO of Dchs1 in mice led to neonatal lethality and multi-organ impairment [127]; defects in brain
development [128].
Dchs2 Dchs2”~ mouse mutants Dchs2”~ mutant mice were viable and fertile but with defects in pituitary gland [125].
Fjx1 Null mutation of Fjx1 Homozygous Fjx1 mutants had defects in hippocampus development [129].

Fjx17", Fat4”"

Fjx1, Pkd1 double KO

Dual deletion of Fjx1 and Fat4 led to loss of PCP in the hair cells of cochlea, defects in neural tube, and cyst
formation in kidney [130].
Survive longer than single Pkd1 KO mice; reduced fibrogenesis caused by Fjx1 deletion [130].
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mammalian development [3,31,42]. Nonetheless, all the proteins of the
Fat/Dchs/Fjx1 pathway have not been studied functionally in the testis,
and such investigations are much needed in future studies.

2.1. The PCP Van Gogh-like 2 (Vangl2)/Prickle (Pk) protein complex

2.1.1. Background

The first core PCP protein complex that has been studied in the testis
is the Vangl2/Pk complex [15,18]. Mutation of Vangll or Vangl2 in mice
(Table 2), and also mutation of VANGL1 [43-45] or VANGL2 [44,46,47]
in humans lead to neural-tube defects (Table 3). Vangl2 knock-out (KO)
in mice led to embryonic fatality, which was the result of failure in
neural tube development [48-50], as well as defects in lung- [51] and
kidney- [52] branching morphogenesis. Interestingly, neural tube de-
fects found in Vangll-mutated mice, however, were less severe
compared to Vangl2 KO mice [50,53]. Vangl2 is a small integral mem-
brane protein of 60 kDa with four transmembrane domains. Studies
have shown that Vangl2 is involved in the assembly and stabiliza-
tion/maintenance of adherens junction (AJ) in the brain and kidney
[54-57]. Vangl2 knockdown (KD) by RNAi or through its over-
expression in epithelial cell lines HEK293T and MDCK was found to
perturb cell-cell and cell-substratum adhesion via changes in cytoskel-
etal function [58], illustrating the proper level of Vangl2 in cells and
tissues are necessary to maintain homeostasis and function of cyto-
skeletons in cells and tissues.

2.1.2. Vangl2/Pk complex

In the testis, Vangl2 is localized at the Sertoli-Sertoli cell interface
but also Sertoli-germ cell interface across the seminiferous epithelium in
virtually all stages of the epithelial cycle based on immunofluorescence
analysis [15]. Vangl2 appears as track-like structures, similar to the
actin- and microtubule (MT)-based cytoskeletons that lay cross the
epithelium and align perpendicular to the basement membrane. Vanlg2
partially co-localizes with F-actin and a-tubulin (which together with
B-tubulin create the o-/B8-tubulin oligomers that serve as building blocks
of MTs) [15,18]. These findings suggest that Vangl2 may work in concert
with actin- and MT-based cytoskeletons to support spermatid PCP dur-
ing spermatogenesis. Indeed, a knockdown (KD) of Vangl2 by RNAIi [15]
was found to perturb elongated spermatid PCP wherein the orientation
of polarized spermatids that laid across the plane of seminiferous was
considerably perturbed [18]. For instance, elongated spermatids no
longer aligned correctly but disorganized, and spermatids were also
released into the tubule lumen before stage VIII of the epithelial cycle
when cellular organization and architecture of seminiferous tubules
were dissected and examined by 3D-reconstruction following confocal
microscopy [18]. This study thus provides the proof that Vangl2 is
indeed a PCP protein in the testis. More important, a KD of Vangl2 by
RNAI that reduced the expression of Vangl2 by 70% also altered elon-
gated spermatid adhesion to, and their transport across, the seminifer-
ous epithelium [15]. This conclusion was supported by the observation
that many mis-aligned step 19 elongated spermatids with defects in
polarity remained embedded across the seminiferous epithelium in
stages IX-X tubules [15] when spermiation had occurred at stage VIII of
the epithelia cycle. Interestingly, defects of meiosis were also noted in
stage XIV tubules when meiosis took place [15]. For instance, there was
a 50% reduction in the frequency of meiotic germ cells across the
epithelium in cross-sections of tubules in the rat testis following KD of
Vangl2 by RNAi vs. testes transfected with non-targeting negative con-
trol siRNA duplexes or normal testes [15]. However, it remains to be
determined if the reduction in the number of meiotic germ cells noted at
stage XIV was due to defects in meiosis, a reduced population of sper-
matocytes and related to changes in cell adhesion, or both. Nonetheless,
Vangl2 KD-induced defects in cytoskeletal organization could be
responsible for these changes. Indeed, when the organization of F-actin
and MTs across the seminiferous epithelium was examined following
Vangl2 KD in the testis in vivo, both cytoskeletons displayed
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considerable defects. For instance, these cytoskeletons failed to stretch
across the seminiferous epithelium as track-like structures, instead they
were extensively truncated, and fragments of the F-actin and MTs were
also mis-aligned [18]. Unlike the control testes (either normal testes or
testes transfected with non-targeting siRNA duplexes) where actin- and
MT-based tracks stretched across the entire epithelium and laid
perpendicular to the basement membrane [18]. Some fragments of
F-actin and MTs were found to be aligned parallel to the basement
membrane, making them impossible to serve as tracks to transport
cargoes (e.g., residual bodies, phagosomes) and developing spermatids
across the seminiferous epithelium. These defects in cytoskeletons thus
fail to support meiosis and spermatid PCP since both cellular events
require proper organizations of actin and MT cytoskeletons across the
epithelium. These findings in vivo are also supported by studies in vitro
using primary cultures of Sertoli cells. For instance, in control untreated
Sertoli cell epithelium, the linear F-actin and microtubules stretched
across the entire cell cytosol, but they were considerably truncated and
mis-aligned following Vangl2 knockdown by RNAi [15,18]. Addition-
ally, a study by co-immunoprecipitation (Co-IP) using corresponding
specific antibodies has shown that Vangl2 is structurally interacted with
Scribble but not other actin regulatory proteins, such as Arp3, Eps8 and
also N-cadherin [15]. Scribble is a master scaffolding protein in cell
polarity, and also known to confer PCP and cell adhesion [59] through
its effects on cytoskeleton [60]. Thus, it is likely that Vangl2 and
Scribble may exert their PCP regulating effects as a partner protein pair.
This possibility should be carefully evaluated in future studies.

2.1.3. Vangl2 regulates spermatogenesis through signaling proteins PKC{
and MARK2

Studies have shown that Vangl2 exerts its regulatory effects on actin
and MT dynamics through changes in the expression of PKC{ (protein
kinase C-{, a Ser/Thr protein kinase, also an atypical PKC (aPKC)
isozyme, known to modulate actin cytoskeletal organization [61,62])
and MARK2 (microtubule affinity-regulating kinase 2, also a Ser/Thr
protein kinase and a regulator of MT cytoskeleton [63]) [15,18]. These
changes, in turn, modify Sertoli cell function to support spermatid PCP
and spermatid adhesion in the seminiferous epithelium. For instance, a
KD of Vangl2 in testes in vivo by down-regulating Vangl2 expression by
~70% was found to considerably down-regulate the expression of
p-PKC(-T410 based on immunoblot analysis [18]. This change was
accompanied by a disruptive F-actin organization across the seminifer-
ous epithelium [18]. These findings are consistent with an earlier report,
illustrating that an imbalanced cellular level of PKC{ is known to perturb
the organization of stress fibers across cell cytosol in NIH3T3 cells
following overexpression of cDNA constructs encoding constitutively
active mutants of PKC{ [62]. Vangl2 KD also downregulated the
expression of p-MARK2-T595, which in turn, activated the intrinsic ki-
nase activity of MARK2 [18], thereby promoting structural MAP
(microtubule-associated protein, e.g., MAP1a) phosphorylation, causing
MAPs detachment from MTs [63]. Since the binding of structural MAPs
(e.g., MAP1a) onto MTs promote MT stability, their detachment from
MTs following phosphorylation by MARKs (e.g., MARK2) thus promote
MT catastrophe ( Figs. 3 and 4). These changes thus led to disorganized
MT-based tracks across seminiferous epithelium, which appeared as
broken and mis-aligned tracks in Vangl2 silenced testes, but also
disorganized actin filaments across the epithelium [18] (Figs. 3 and 4).
This latter observation was also noted in Vang2 KD Sertoli cells wherein
MTs across the Sertoli cell cytosol were grossly truncated, concomitant
with a considerable reduction in MT polymerization based on a
biochemical assay [18]. These changes in cytoskeletal organization
following Vangl2 KD thus perturbed spermatid PCP, which was
remarkably noted in 3D reconstructed images by confocal microscopy,
and was accompanied by distinctive phenotypes in the testis manifested
by extensive spermatid exfoliation from the seminiferous epithelium,
possibly as the result of disruptive cytoskeletons [18]. Thus, these
findings have unequivocally demonstrated that Vangl2 is a putative PCP
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Table 3
Genetic variations and/or mutations of PCP proteins that lead to pathological
conditions in humans.

Gene Phenotypes

name

FZD1 Not known

FZD2 Omodysplasia-2 or Robinow syndome-like phenotype [131];
autosomal dominant omodysplasia [132].

FZD3 Hirschsprung disease [133].

FZD4 Familial exudative vitreoretinopathy (FEVR) [134,135].

FZD5 Autosomal dominant non-syndromic coloboma [136].

FZD6 Neural tube defects [137]. Isolated recessive nail dysplasia [138].
Autosomal recessive nail dysplasia [139].

FZD7 Not known

FZD8 Not known

FZD9 Williams-Beuren syndrome with multiple manifestation including low
bone mass [140-143].

FZD10 Not known

DVL1 DVL1 frameshift mutations clustering in the penultimate exon cause
autosomal-dominant Robinow syndrome (DRS) [144]; mutations in
DVLI cause an osteosclerotic form of Robinow syndrome (RS-OS)
[145].

DVL2 DVL mutations, especially DVL2 p.R633W, may contribute to human
neural diseases such as neural tube defects (NTDs) and Dandy-Walker
malformation (DWM) by obstructing Wnt signaling pathways [146].

DVL3 DVL3 alleles resulting in a —1 frameshift of the last exon lead to
Autosomal-Dominant Robinow Syndrome [147]; and NTDs [146].

INVS INVS mutations cause nephronophthisis Type 2 [148]; juvenile
nephronophthisis with abnormal reactivity of the Wnt/f-catenin
pathway [149].

VANGL1 Neural tube defects [45,150].

VANGL2 Defects in cranial neural-tube defects [151]; neural tube defects [46].

PRICKLE1 Homozygous mutation in PRICKLE] causes an Autosomal-Recessive
Progressive Myoclonus Epilepsy-Ataxia Syndrome [152]; and also
autosomal dominant progressive myoclonus epilepsy (due to a single
variant in the PRICKLE1 gene) [153].

PRICKLE2 Myoclonic seizures; ataxia; developmental delay; epilepsy; autisic
disorder [115].

PRICKLE3 Leber’s hereditary optic neuropathy [117].

CELSR1 Hereditary lymphedema [154]; pina bifida [155]; and neural tube
defects [156].

CELSR2 Joubert syndrome and growth hormone deficiency [157].

CELSR3 Hirschsprung disease (HSCR) [133]; Tourette disorder [158].

FATI Glomerulotubular nephropathy [123]; homozygous frameshift
mutations in FATI cause a syndrome characterized by
colobomatous-microphthalmia, ptosis, nephropathy and syndactyly
[159]; acute lymphoblastic leukemia [160,161]; and
facioscapulohumeral dystrophy-like phenotype [162].

FAT2 Spinal meningioma [163]; esophageal squamous cell carcinoma
(ESCC) associated with mutated genes such as FAT1, FAT2 [164].

FAT3 External auditory canal squamous cell carcinoma associated with

mutated genes such as FAT1 and FAT3 [165]; Hirschsprung disease
[166].
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Table 3 (continued)

Gene Phenotypes

name

FAT4 Mutations in the atypical cadherin FAT4 cause Van Maldergem
syndrome, associated with congenital anomalies of the kidney and
urinary tract [167,168]; Hennekam syndrome[167]; periventricular
neuronal heterotopia [168]; pituitary developmental defects [125].

DCHS1 Mitral valve prolapse[169,170]; DCHS1 mutations also cause recessive
Van Maldergem syndrome, with pleiotropic phenotypes including
neuronal periventricular heterotopia [168]; and Myxomatous disease
(MMVP2) [171].

DCHS2 Pituitary developmental defects [125]; frameshift mutations of
cadherin genes DCHS2, CDH10 and CDH24 lead to gastric and
colorectal cancers [172].

FJX1 Not known

protein in the testis to support spermatid PCP during spermatogenesis
through organized cytoskeletons of microtubules and F-actin. This
orderly alignment of elongate spermatids during spermiogenesis is
necessary to pack the maximal number of developing spermatids across
the epithelium to support the production of millions of functional
haploid spermatids on a daily basis through the epithelial cycle of
spermatogenesis.

Pkl and Pk2 have been identified in the mouse and human testes
[64]. As such, the Vangl2/Pk complex likely maintains spermatid
(Fig. 3) and Sertoli cell (Fig. 4) PCP, such as in stage VII tubules, by
activating PKC{ (most notably PKC{-T410), which in turn up-regulates
MARK2-T595, rendering MARK2 incapable of phosphorylation struc-
tural MAPs (e.g., MAP-1a) [18]. As such, MAPla binds onto MT to
maintain its stability (Figs. 3 and 4). At stage VIII of the epithelial cycle
(or when Vangl2 is KD by RNAi [18]), PKC(-T410 is down-regulated (or
inactivated), MARK2 is thus activated, which, in turn, phosphorylates
MAPs (e.g., MAP1a), causing their detachment from MTs. As such, MTs
are destabilized, undergoing catastrophe (Figs. 3 and 4). F-actin fila-
ments are also disrupted due to disruptive changes in the spatial
expression of Arp3 (the branched actin polymerization protein that
converts actin filaments from a bundled to a branched configuration,
destabilizing apical and basal ES function) and Eps8 (an actin barbed
end capping and bundling protein) [15]. These disruptive changes in
microtubule and actin cytoskeletons thus contribute to the release of
sperm at spermiation and remodeling of the basal ES/BTB to facilitate
the transport of preleptotene spermatocytes across the BTB in stage VIII
tubules as noted in the hypothetic model shown in Figs. 3 and 4.

2.2. The PCP Frizzled (Fzd)/Dishevelled (Dvl)/Inversin (Invs)/Diversin
protein complex

2.2.1. Background

As noted in Fig. 1, the Fzd/Dvl/Inv/diversin is another crucial
intercellular complex of the Core Planar Polarity pathway (Table 1). Fzd
proteins, namely Fzd1 to 10 (Fig. 2), are transmembrane receptor pro-
teins which interact with the Wnt ligands to induce signaling function
[65-67]. FZD3 (FRIZZLED 3) is highly expressed in human testes [68],
and FZD9 in mouse testes [69]. Besides the Frizzed receptor protein,
there are proteins in the secreted frizzled-related protein (sFRP) family,
and at least five secreted proteins have been identified in humans,
including sFRP1, sFRP2, sFRP3, sFRP4 and sFRP5. Among these, sFRP1,
sFRP2 and sFRP4 have been detected in mouse testes [70,71]. Unlike
Fzd, sFRPs are secreted proteins and act as extracellular signaling li-
gands. However, sFRPs bind to Wnt proteins and Fzd receptors, thereby
preventing Wnt proteins from binding to Fzd receptors [72],
down-regulating Wnt signaling [73]. Wnt signaling has been shown to
be crucial to support embryonic development, cell proliferation and cell
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Fig. 3. A hypothetical model on the involvement of Core PCP proteins to support spermatid PCP and sperm release at spermiation through the downstream signaling
protein PKCC. In this model, as noted in the left panel of a stage VII tubule, elongated spermatid PCP and spermatid adhesion are maintained by intercellular adhesion
bridges of Vangl2/Pk and Fzd/Dvl/inversin/diversin, coupled with the apical ES protein complex of a6R1-integrin (Sertoli cell) and laminin-a3/83/y3 (elongated
spermatid). Integrity of the apical ES is also supported by the actin filament bundles, as well as the adjacent microtubule (MT) and actin cytoskeletons. Furthermore,
the Vangl2/Pk complex (and possibly the Fzd/Dvl/Invs/Diversin complex) also promotes (and up-regulates) PKC{ which in turn inactivates MARK2 [18], making
MARK?2 incapable of phosphorylating structural MAPs (e.g., MAP1a) so that MAPs remain tightly bound to MT filaments to confer MT stability. The Vangl2/Pk
complex also promotes F-actin and actin filament bundle stability through its effects on the spatial expression of actin bundling proteins (e.g., palladin, Eps8) to
maintain integrity of the actin filament bundles at the apical ES and the actin filaments across the epithelium. At early stage VIII (middle panel) through late VIII (right
panel) of the cycle, a reduction of Vangl2 expression at these stages down-regulates PKC(, activating MARK2, which in turn, capable of phosphorylateing structural
MAPs (e.g., MAP1a) [18], causing detachment of MAPs (e.g., MAP1a) from microtubules. This detachment of structural MAPs from microtubules thus promotes MT
catastrophe as noted in the right panel, factiliating spermiation, apical ES degeneration, loss of spermatid PCP and also loss of spermatid adhesion. A reduced Vangl2
expression also promotes changes in the spatial expression of branched actin polymerization proteins (e.g., Arp2/3 complex) and down-regulates the expression of
Eps8. These changes thus promote unbundling of actin filaments at the apical ES to become a branched network, including F-actin defragmentation [15], to support
sperm release at spermiation.

differentiation during development and tumorigenesis, and also cellular creates an intercellular complex with Vangl2/Pk to support PCP (Fig. 1;
homeostasis in cells and tissues during adulthood [65,74-76]. However, Table 1). More important, the Fzd/Dvl/Inv-Vangl2/Pk intercellular
the role of Wnt signaling with regard to PCP proteins in the testis re- complexes are stabilized by Celsr and/or Fw, but Fzd/Dvl/Inv and
mains largely unexplored. It has been reported that sFRP1 is a crucial Vangl2/Pk are mutually exclusive such that they do not lay adjacent to
37 kDa protein that regulates spermatid adhesion in the testis through each other within the same cellular domain (Fig. 1).

its effects on FAK and nectin-3 adhesion protein complex [71]. Based on
the available information in the literature, the Fzd/Dvl/Inv complex
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Fig. 4. A hypothetical model on the involvement of Core PCP proteins to support BTB remodeling to facilitate the transport of preleptotene spermatocytes across the
barrier through the downstream signaling protein PKCC. In this model, as noted in the left panel of a stage VII tubule wherein the BTB is intact. The BTB stability is
maintained by the adhesion protein complexes of the actin-based TJ and basal ES, in particular the two arrays of actin filament bundles on both sides of the adjacent
Sertoli cells, as well as the intermediate filament-based desmosome. Most importantly, the Vangl2/Pk promotes (and up-regulates) PKC{ which in turn inactivates
MARK2 through an up-regulation of p-MARK2-T595, making MARK2 incapable of phosphorylating structural MAPs (e.g., MAP1a) so that MAPs remain tightly bound
to MT filaments to confer MT stability. The Vangl2/Pk complex (and most likely Fzd/Dvl complex) also promotes stabilization of the actin filament bundles at the
basal ES/BTB, but also F-actin across the seminiferous epithelium. The combined action of these two cytoskeletons across the seminiferous epithelium thus confers
BTB/basal ES stability to maintain the BTB integrity. At early stage VIII (middle panel) through late VIII (right panel) of the cycle, a reduction of Vangl2 expression at
these stages thus down-regulates PKC(, activating MARK2, which in turn, capable of phosphorylating structural MAPs (e.g., MAP1a). This change in turn causes
detachment of structural MAPs from microtubules, thereby promoting MT catastrophe as noted in the middle panel and right panel. At the same time, a reduced
Vangl2 expression also promotes spatial expression of branched actin polymerization proteins (e.g., the Arp2/3 complex) to unbundle actin filaments to become a
branched network and to promote F-actin defragmentation, thereby destabilizing the actin filament bundles and F-actin network at the site. These changes of the
actin- and microtubule cytoskeletons thus promote the transport of preleptotene spermatocytes across the “old BTB” undergoing disassembly. However, a “new” BTB
is being assembled behind the spermatocyte due to an increase in Vangl2/Pk complex spatial expression (see middle and right panels). This in turn up-regulates PKCC,
which inactivates MARK2 [18], promoting the attachment of structural MAPs (e.g., MAP1a) onto microtubules to confer MT stability, and to confer F-actin stabi-
l‘ization [15] to maintain the overall integrity of the basal ES/BTB.

2.2.2. Fzd/DvI3 complex profoundly perturbed the organization F-actin and microtubules across

While the identity of the Fzd(s) in the testis and the interaction of Fzd the Sertoli cell cytosol [27]. For instance, specific KD of Dvl3 without
with Dvl to create the corresponding Fzd/Dvl intercellular complex(es) perturbing the expression of either Dvl1 or Dvl2 in primary Sertoli cells
remains to be investigated, studies have shown that Dvl 1, DvI2 and/or cultured in vitro, F-actin across the Sertoli cell was extensively
Dvl3 are all expressed in rodent testes including the mouse [77,78] and branched, truncated and mis-aligned [27]. These changes were shown to
rat [27] testes, but also germ cell tumors in humans [79]. In the mouse be mediated through disruptive spatial expression of Arp3 (a branched
testis, Dvl1 displays stage-specific expression [77]. A study by immu- actin polymerization protein), and accompanied by a considerable
nohistochemistry (IHC) and fluorescence microscopy have shown that reduction in actin polymerization and bundling activity based on
Dvl1 is localized to the cytoplasm of pachytene spermatocytes but also biochemical analysis [27]. These changes thus impeded the organization
the perinuclear region of developing haploid spermatids, suggesting a of actin filaments across Sertoli cells to support Sertoli cell TJ-barrier
role in regulating spermatid morphological transformation during function. On the other hand, Dvl3 specific KD also considerably per-
spermiogeneis pertinent to the formation of spermatid head [77]. In the turbed microtubule protofilaments since microtubules no longer
rat testis, Dvl3 is robustly expressed surrounding the entire spermatid stretched across the cell cytosol but grossly truncated and retracted to
heads during spermiogenesis in stage I-V tubules, besides the basal ES at the cell nuclei in Sertoli cells. These changes are possibly mediated by
the BTB [27]. However, Dvl3 staining progressively moves away from changes in the spatial expression of detryosinated a-tubulin [27] which
the perinuclear region of spermatid head, relocating to the tip of sper- is known to promote microtubule stabilization [82].

matid heads until it appears to be engulfed by the Sertoli cell in late stage

VII-VIII, but DV13 continue to express robustly at the basal ES/BTB near 2.2.4. Studies in vivo

the basement membrane [27]. This pattern of stage-specific expression The Dvl3 KD mediated defects in Sertoli cell actin- and MT-
of Dv13 [27] is similar to results of Dvl1 localization in the mouse testis cytoskeletons following its KD in Sertoli cell epithelium were repro-
of an earlier report [77]. Dvl3 also co-localizes with MTs (visualized by duced in the testis in vivo through the use of a triple KD of Dvll, DvI2
a-tubulin staining, which together with B-tubulin that create the and Dvl3 by transfecting testes with the corresponding siRNA duplexes

a-/B-tubulin oligomers, which are the building blocks of MTs), sug- using Polyplus in vivo-jetPEI® transfection reagent with a ~70% effi-
gesting its possible role in MT dynamics to support spermatogenesis cacy [27]. Following Dvl1/2/3 KD by RNAi, F-actin at the apical ES was
[27]. Studies using genetic models of DvI3”" mice have shown that considerably dis-organized so that many elongated spermatids had de-
deletion of Dvl3 in mice led to perinatal fatality due to defects in cardiac fects in polarity, with groups of elongated spermatids were mis-aligned
outflow tract abnormalities [80]. DvI3”~ mice also had defects in the with their heads no longer pointed toward the basement membrane but
organ of Corti, a structure in the cochlea of the inner ear that produces were found to tilt away, by at least 90° to 180° from their intended
nerve impulses in response to sound vibrations to support hearing, orientation [27]. Also, the MT-based tracks that aligned perpendicular
wherein sterocilia were misorientated due to defects of PCP [80]. DvI3 to the basement membrane by stretching across the entire seminiferous
deletion in mice also had defects of transformation of the neural plate epithelium in all stages of the epithelial cycle were extensively trun-
into the neural tube, affecting embryonic brain development [80]. cated, and the remaining defragmented MT-based tracks were consid-
Taking collectively, these data indicate that Dvl3 is crucial to mediate erably mis-aligned. This thus impeded intracellular trafficking of
PCP signaling to maintain embryonic brain and cochlea development. organelles and/or cargoes (e.g.,endocytic vesicles, phagosomes, residual
But the functional significance of Dvl3 in the testis in these earlier re- bodies) and the transport of elongated spermatids across the seminif-
ports based on the use of genetic models was not known due to perinatal erous epithelium. As such, many multinucleated round spermatids were
fatality before these mice could reach maturity. noted in the seminiferous epithelium [27], due to intracellular traf-
ficking failure to support seminiferous epithelial homeostasis. This

2.2.3. Studies in vitro conclusion is supported by earlier studies of toxicant- or hormonal
Using RNAi with the corresponding specific siRNA duplexes to disturbance-induced testis injury [83-86] noted in animal models in
knockdown (KD) either Dvl1, Dvl2, Dvl3 or Dvl1/2/3 altogether via either rodents, dogs or monkeys. For instance, multinucleated round
triple KD, the role of Dvl1, DvI2 and Dvl3 on Sertoli cell TJ-permeability spermatids and/or spermatocytes were noted across the seminiferous
barrier function have been examined [27] using primary Sertoli cells epithelium in these animal models, due to defects in cytoskeletal orga-
cultured in vitro with an established functional TJ-barrier that mimics nization which in turn impeded intracellular trafficking [83,85,87].
the BTB in vivo [81]. DvI3 was found to be crucial to support Sertoli cell Furthermore, Dvl1/2/3 triple KD in the testis in vivo also led to
BTB function since Dvl3 KD alone was almost as effective as Dvl1/2/3 appearance of step 19 spermatids that were embedded deep inside the
triple KD to perturb Sertoli cell TJ-permeability barrier function whereas seminiferous epithelium, co-existing with step 9-12 spermatids in

KD of either Dvl1l or Dvl2 alone had a considerable minor effect on non-stage VIII tubules, such as stages IX, X, XI, and XII tubules [27]. As
Sertoli cell TJ-barrier function [27]. More important, Dvl3 KD these step 19 spermatids failed to be transported to the adluminal
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compartment near the tubule lumen to undergo spermiation at stage VIII
of the epithelial cycle [27]. In brief, these findings thus illustrate the
significance of PCP proteins in particular DvI3 in supporting spermato-
genesis, possibly through its involvement in maintaining the homeo-
stasis of actin and MT cytoskeletons.

3. Concluding remarks and future perspectives

We have evaluated recent findings regarding the role of Vangl2 and Dv13
in Sertoli cells and the testis in supporting spermatogenesis based on recent
studies in vitro and in vivo, as Vangl2 and DvI3 are the crucial components
of the PCP Vangl2/Pk and Fzd/Dvl3 intercellular protein complexes of the
PCP family (Table 1). Furthermore, recent data, including the signaling
proteins (e.g., PKC{, MARK2) and the signaling cascade downstream of the
Vangl2-based PCP complex that support spermatid PCP function in the testis
[15,18], have suggested that PCP proteins exert their regulating effects via
the actin- and MT-cytoskeletons. Additionally, data from studies of the
Fzd/Dvl3-based protein complex that supports PCP in the testis have also
shown the involvement of actin and MT cytoskeletons in mediating
Dvl3-conferred PCP [27] in the testis. Similar to functional studies of PCP
proteins in other epithelia and tissues/organs, it is likely that Vangl2/PK and
Fzd/Dvl form an intercellular binding partner to support PCP in spermatids
(Fig. 3) and Sertoli cells (Fig. 4) as noted in the hypothetic models. Needless
to say, the hypothetical models shown in Figs. 3 and 4 will be updated
rapidly when more data are available, but these models will provide a
framework to design functional experiments in future studies. These
include: identification of the Fzd(s) that create the functional PCP complex
with DvI3 (or Dvl1, Dvl2), inversin and diversin; the Pk (e.g., Pkl or Pk2)
that creates the functional complex with Vangl2; and the signaling proteins
and signaling cascade downstream of the Fzd/Dvl/Invs and Vangl2/Pk.
Also, the functional significance of Fat/Dchs/Fjx1 PCP complex in the testis
will need to be carefully evaluated. More important, the regulatory
biomolecule(s) upstream of these PCP protein complexes that work with
germ cells and/or Sertoli cells to modulate spermatogenesis will need to be
identified. We also provide a summary of the findings in the literature
regarding phenotypes detected in rodents following deletion (or mutation)
of specific PCP genes (Table 2) Pathological conditions due to mutation (or
genetic variation) of PCP genes in humans are noted in Table 3. Table 2 and
3 thus provide the necessary information to investigators who seek to design
experiments to explore the role of PCP genes in supporting spermatogenesis
using mouse Sertoli cell- or germ cell-specific KO models. Additionally, the
use of bioinformatics approach, such as scRNA-Seq transcriptome profiling
in rodent and human testes will likely provide many of the missing infor-
mation, which should be carefully investigated in future studies.
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