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Article history: In adult mammalian testes, spermatids, most notably step 17-19 spermatids in stage IV-VIII tubules,
Received 23 May 2017 are aligned with their heads pointing toward the basement membrane and their tails toward the tubule
Received in revised form 4 September 2017 lumen. On the other hand, these polarized spermatids also align across the plane of seminiferous epithe-
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alignment of developing spermatids during spermiogenesis is important to support spermatogenesis,
such that the maximal number of developing spermatids can be packed and supported by a fixed pop-

I;:;":rds; ulation of differentiated Sertoli cells in the limited space of the seminiferous epithelium in adult testes.
Planar cell polarity In this review, we provide emerging evidence to demonstrate spermatid PCP in the seminiferous epithe-
Spermatogenesis lium to support spermatogenesis. We also review findings in the field regarding the biology of spermatid
Sertoli cell cellular polarity (e.g., head-tail polarity and apico-basal polarity) and its inter-relationship to spermatid
Blood-testis barrier PCP. Furthermore, we also provide a hypothetical concept on the importance of PCP proteins in endocytic
vesicle-mediated protein trafficking events to support spermatogenesis through protein endocytosis and
recycling.
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movement, cell proliferation, cell survival/apoptosis, and cell
differentiation [1-6]. On the other hand, cell polarity is a distin-
guishable feature of highly differentiated cells in some organs,
such as in elongating/elongated spermatids and spermatozoa in the
testis. Elongated spermatids and spermatozoa are highly polarized
cells with the head that contains the genetic materials in highly
condensed chromosomes on one end, and a long tail constituted
by actin- and microtubule (MT)-based cytoskeletal elements at

1. Introduction

Cell polarity plays a pivotal role in multiple cellular events
to support tissues and organs during embryogenesis, post-natal
development and cell homeostasis, including directional cell
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renewal and differentiation of spermatogonia stem cells at the stem
cell niche located near the basement membrane of the seminiferous
epithelium, at the site where seminiferous tubules meet, adjacent
to the microvesselsin the interstitium [7-9]. Phase Il denotes devel-
opment of spermatocytes, such as preleptotene spermatocytes
derived from type B spermatogonia, which must be transported
across the blood-testis barrier (BTB) to enter the adluminal com-
partment while differentiating into leptotene spermatocytes, and
transform into zygote, pachytene and diplotene spermatocytes
to undergo meiosis I and II to generate haploid spermatids [10].
In phase III, post-meiotic haploid spermatids undergo a series of
morphological, molecular, and cellular differentiation to form elon-
gated spermatids via spermiogenesis (including steps 1-16, 1-19
and 1-6 spermatids in mouse, rat and human testes, respectively
[11-16]), to be accompanied by their transport across the adlu-
minal compartment of the seminiferous epithelium, whereas fully
developed spermatids (i.e., spermatozoa) line-up at the luminal
edge and are eventually released into tubule lumen at spermiation
[17-19]. It is of interest to note that during spermiogenesis, devel-
oping spermatids exhibit a unique dual-level cell polarity. On a
single cell level, the seemingly symmetric round spermatids (steps
1-7 spermatids in the rat testis) initiate unique polarization in step
8-19 spermatids wherein the head at the proximal end containing
the cell nucleus is accompanied by the elongating flagellar at the
tail (i.e., distal growing end), exhibiting head-tail polarity. On the
multi-cellular level, those elongating and elongated spermatids are
uniquely oriented with their heads point basally towards the base-
ment membrane of the seminiferous epithelium while their tails
extend apically to the tubule lumen of the seminiferous tubule as
groups of cells (such as in stage V tubules) or as an entire popula-
tion of cells (such as in stage VIII tubules), displaying apico-basal
polarity. These two levels of polarity thus guarantee functional
specialization of the developing spermatids and to ensure that a
maximal number of spermatids are packed in the limited space of
the seminiferous epithelium along the seminiferous tubules. It is
of interest to note that the length of all seminiferous tubules in an
adult rat testis was estimated to be ~26-m when combined and
each tubule has a diameter of ~280 wm [20,21], thereby capable
of producing as much as ~70 million sperm daily per testis pair
[22]. Without the highly polarized orientation of spermatids in the
tubules, it is not possible to maintain such an enormous output in
adult animals.

It is noted that the alignment of steps 17-19 spermatids dur-
ing stage V-VIII of the epithelial cycle in the rat testis also reveal
another type of polarity known as planar cell polarity (PCP),
referring to the alignment of highly polarized cells (i.e., elongat-
ing/elongated spermatids) on the plane of seminiferous epithelium,
analogous to cuticle cell hair or cell hair found in insects or inner
ear (cochlea) of rodents and humans. Herein, we review some of
the latest findings in the field, examining the functional relation-
ship of PCP and spermatogenesis, including the likely underlying
mechanism(s) that support PCP during spermiogenesis.

2. Planar cell polarity (PCP) of elongating/elongated
spermatids during spermiogenesis

In adult rat testes, any typical cross-section of the seminiferous
tubule along the longitudinal axis illustrates the alignment of polar-
ized spermatids across the plane of polarized epithelial Sertoli cells
which support spermatid development, differentiation, and trans-
portacross the epithelium, such as noted in Fig. 1. Due to the unique
association of developing spermatids with Sertoli cells in the sem-
iniferous epithelium, spermatogenesis has been divided into 6, 12
and 14 stages in the human, mouse and rat testes, in which unique
stages of developing spermatids and cellular events are associated

with Sertoli cells in the epithelium [11,13-15,23,24]. For instance,
in the rat testis, spermiation takes place at stage VIII of the epithe-
lial cycle with the concomitant appearance of step 8 spermatids,
plus transport of preleptotene spermatocytes across the BTB; while
meiosis I/II takes place in stage XIV tubules [13]. Furthermore, step
5 round spermatids and step 17 elongating spermatids are both
found in stage V tubules, whereas step 19 elongated spermatids
are seen in the stage VII and VIII tubules.

When the cross-section of a seminiferous tubule, such as the one
at stage VIII of the seminiferous epithelial cycle, is closely examined,
step 19 elongated spermatids exhibit typical apico-basal polarity
in which their heads point basally to the basement membrane,
whereas their tails extend apically to the tubule lumen (Fig. 1).
Furthermore, spermatid heads containing the condensed genetic
materials in rodents are not round- or oval- shaped as noted in
human sperm, instead they are curve-shaped at the tip of the
head, analogous to a hook-like structure, and the alignment of
these hook-like structures are all uniform across the plane of Ser-
toli cell epithelium. We have used confocal microscopy and the
Imaris software package (Version 9; Bitplane, Concord, MA) for
subsequent 3D-reconstruction of the images obtained along the
longitudinal axis of a stage V-VI (containing step 17 and 18 sper-
matids) (Fig. 1A) and stage VII-VIII (containing step 19 spermatids)
(Fig. 1B) seminiferous tubule to assess the presence PCP regarding
spermatid alignment across the seminiferous epithelium. It was
noted that polarized step 17, 18 and 19 spermatids in stage V,
VI and VII-VIII tubules, respectively, displaying PCP (Fig. 1A-H).
Among step 17-19 spermatids, step 19 spermatid heads (Fig. 1A)
were shown to align with strict and uniform PCP across the plane
of the seminiferous epithelium (Fig. 1B, D, E& Hvs. A, C, F & G).
In short, polarized step 19 elongated spermatids in stage VII-VIII
tubules display strict PCP by aligning onto the plane of the semi-
niferous epithelium, whereas PCP is also detected in stage V and VI
tubules in step 17 and 18 spermatids as these spermatids progres-
sively to assume their proper alignment to prepare for their release
at spermiation.

In this context, it is of interest to note that step 19 spermatids
displaying PCP are similar to other polarized epithelia. For instance,
Drosophila wing hair also align and point strictly to a uniform
direction along the tissue axis which is perpendicular to the apico-
basal axis of the cell plane [25]. The cochlea (inner ear) in rodents
and humans is another example of PCP in which the actin-based
stereocilia on the apical surface of sensory hair cells are precisely
oriented [26]. However, unlike Drosophila wing hair in wing cells,
and the stereocilia of the sensory hair cells in cochlea, in which
wing hair and stereocilia are integrated components of the corre-
sponding hair cells, step 19 spermatids are not organelles of the
Sertoli cells. Instead, spermatids are separate entities and indepen-
dent cells per se even though they rely exclusively on Sertoli cells for
nutritional, paracrine/hormonal and structural supports. Nonethe-
less, elongated spermatids exhibit PCP polarity and it is supported
by the fact that numerous PCP proteins expressed by Sertoli and
germ cells [27] across the plane of the seminiferous epithelium.

3. Regulation of spermatid head-tail and apico-basal
polarity

As briefly discussed above, spermatids exhibit polarity on both
single- and multi-cellular levels. These two levels of polarities
emerge as early as in the step 1 round spermatids during the onset
of spermiogenesis in which the genetic materials begin to undergo
condensation and tightly pack into the head region to form the
nucleus, concomitant with the preparations of the: (i) genesis of
the acrosome located in front of the spermatid nucleus and (ii)
elongation of the tail in which the spermatid head also begin to



H. Chen et al. / Seminars in Cell & Developmental Biology 81 (2018) 71-77 73

}\:‘_Stﬁge‘v-v kule (step 17-18 spermatids)

< ﬁ-.. e o

’,
» Concave

V4
Step 19 spermatids

Fig. 1. The organized alignment of polarized spermatids across the plane of the seminiferous epithelium in adult rat testes, supporting the concept of spermatid planar
cell polarity (PCP) during spermiogenesis. I[solated rat seminiferous tubules were obtained from adult testes as earlier described [84], stained with DAPI (4',6-diamidino-
2-phenylindole) and images were obtained by confocal microscopy, illustrating spermatid PCP across the seminiferous epithelium (A-B). Images were obtained using an
inverted Zeiss LSM 880 NLO laser scanning confocal/multiphoton microscope (Carl Zeiss Microlmaging, Thornwood, NY). Optical sections of 20-100 wm of the seminiferous
tubule were collected at 0.83-pum intervals along the z-axis to obtain Z-stack image series. Images were then deconvoluted using Autoquant X deconvolution software
(Media cybernetics), and 3D images were subsequently obtained using Imaris (Bitplane) software package (Version 9) by using only the DAPI channel to show the alignment
of polarized spermatid heads across the plane of seminiferous epithelium. White pseudo color was applied to the DAPI channel to obtain optimal image contrast (A-B).
For other tubule images shown in C-H, deconvolved images of the Z-stack series were reconstructed in Imaris with the blue channel for DAPI. Red arrows annotate the
directional (head-tail polarity) orientation of spermatid heads by pointing toward the basement membrane. As noted in H, the convex (dorsal) and concave (ventral) sides
of the spermatid head were also annotated. Scale bar, 100 wm in A, B; 12 wm in C-E; 3 wm in F-H.

orientate by pointing towards the basement membrane. However,
spermatid PCP is not readily detectable until around step 17 sper-
matids at stage IV-V of the cycle in adult rat testes when polarized
spermatids align across the plane of the seminiferous epithelium
(Fig. 1). By stage VII-VIII of the epithelial cycle, step 19 elongated
spermatids display obvious PCP as noted in Fig. 1. These obser-
vations also suggest that different regulatory machineries and/or
signaling proteins may be involved to support these changes dur-
ing the epithelial cycle. We fist briefly review literature regarding
the regulation of the head-tail polarity in spermatids at the sin-
gle cellular level, and also apico-basal polarity of spermatids at the
multi-cellular level.

At the single cellular level, spermatid polarity is most obvi-
ous through its head-tail polarity in which spermatid heads align
toward the basement membrane uniformly across the epithelium
in step 9-19 spermatids from stages IX through VIII [12,13]. It was
shown that in mice deficient of junctional adhesion molecule-C
(JAM-C), a spermatid-specific and also apical ES-specific integral
membrane protein, spermatid elongation and development were

blocked at the level of round spermatids [28]. Since the spermatid
head-tail polarity is a prerequisite for the establishment of the
apico-basal polarity, it was not surprising that spermatid apico-
basal polarity in JAM-C deficient mice was also disrupted. However,
itis of interest to note that in mice with deletion of nectin-2, another
apical ES protein but expressed by both Sertoli and late staged
spermatids in VI-VIII tubules, spermatozoa from these mice dis-
played aberrant morphology including deformed sperm heads and
malformed mid-pieces, probably due to a disruption of actin micro-
filament organization at the apical ES [29]. While there were severe
spermatid head and mid-piece malformation, the head-tail polar-
ity persisted and maintained. Also, Drosophila spermatids lacking
polarity protein atypical protein kinase C (aPKC) had seemingly
normal elongation but with impaired alignment of spermatid heads
[30]. In RA175 (also known as IGSF4a, SynCAM, or cell adhesion
molecule 1 (Cadm1), which is a member of the immunoglobulin
superfamily with a PDZ-binding domain at its C-terminus, simi-
lar to JAM-C) deficient male mice, Par3 was absent and JAM-C was
either absent or abnormally localized, and these mice were infer-
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tile, displaying oligo-astheno-teratozoospermia [31,32].In contrast
to the JAM-C~/~ mice where formation of step 1-8 spermatids was
defective [28], round spermatids (steps 1-8) of RA175~/~ mouse
testes were morphologically normal — that is, head-tail polarity was
detected in early phase of spermigoenesis [32]. However, subse-
quent spermiogenesis that form step 9-16 spermatids was blocked,
due to the lack of RA175 in RA175~/~ testes, failing to recruit
Par-3 and JAM-C to create the RA175/Par-3/JAM-C complex to sup-
port spermiogenesis [31]. As such, acpico-basal polarity was not
detected in these RA175~/~ mouse testis [31].

In this context, it is of interest to note that the establishment
of spermatid head-tail polarity may rely on the polarized distribu-
tions of polarity proteins in developing spermatids. For instance,
in the JAM-C-deficient model, all three members of the Par-based
polarity protein complex including Par6, Cdc42 and aPKC had lit-
tle or no polarized distribution in developing round spermatids
vs. wild type round spermatids in which their polarized distri-
bution was notably displayed [28]. Furthermore, the distribution
of PATJ (palsl1-associated tight junction protein), a member of
the Crumbs (Crb)-based polarity protein complex was also sig-
nificantly affected in JAM-C-deficient round spermatids [28]. This
lack of polarized distribution of the Par- and Crumbs-based polar-
ity proteins in developing round spermatids thus failed to support
spermatid head-tail polarization in step 1-7 spermatids. During the
establishment of spermatid apico-basal polarity in step 8-16 sper-
matids in the mouse testis, apical ES plays a major role because this
is the only anchoring device at the Sertoli cell-spermatid interface
when it arises in step 8 spermatids. Interestingly, in the nectin-2-
deficient model, actin-bundling protein espin was absent, which
led to a failure in apical ES assembly [29]. Thus, it is not surprising
to note that a knockdown of actin nucleation protein formin1 in
rat testes that induced disruptive changes in actin microfilament
organization at the apical ES also impeded spermatid apico-basal
polarity [33]. Additionally, in another rat model in which adjudin,
known to target apical ES specifically when rats were treated with
a single oral gavage dose at 50 mg/kg b.w., was found to consider-
ably perturb spermatid apico-basal polarity, which was associated
with a notably reduction in the expression of polarity protein Par
6 [34], and actin barbed-end capping and bundling protein Eps8
(epidermal growth factor receptor pathway substrate 8) [35].

Taking collectively, these findings thus support the notion that
the establishment of spermatid head-tail polarity and apico-basal
polarity require different regulatory machineries. For instance, the
spermatid head-tail polarity requires the presence of JAM-C and
aPKC, whereas spermatid apico-basal polarity requires the pres-
ence of RA175/Par-3/JAM-C complex to properly maintain the
polarized distribution of the Par- and Crumbs-based polarity pro-
teins at the apical ES.

4. Regulation of the spermatid PCP

As shown in Fig. 1, polarized step 17-19 spermatids that align
across the plane of the seminiferous epithelium in stage IV-VIII
tubules, display distinctive PCP. However, it is obvious that the
establishment of spermatid head-tail polarity and also spermatid
apico-basal polarity are also crucial to contribute to PCP. However,
similar to PCP found in other epithelia in particular hair cells in
Drosophila and cochlea in rodents, PCP is conferred and regulated
by distinctive sets of PCP proteins other than the Par-, Crumbs-
and Scribble-based polarity complexes. For instance, there is a
core group of PCP proteins found in Drosophila. These include Friz-
zled (Fz), Flamingo (Fmi)/Starry Night (Stan), Dishevelled (Dsh),
Diego (Dgo), Van Gogh (Vang)/Strabismus (Stbm), and Prickle (Pk)
that localize asymmetrically at the proximal (e.g., Vang, Pk, and
Fmi) vs. distal (e.g., Fz, Dgo, and Fmi) end of neighboring cells to

regulate wing hair, bristle and eye ommatidial polarity in con-
cert with atypical cadherins Fat and Dachsous (Dchs) signaling in
Drosophila [36-41]. Interestingly, PCP proteins are well conserved
from Drosophila to vertebrates. In vertebrates, the PCP core pro-
teininclude Frizzled, Van-Gogh like (Vangl), Celsr, Dishevelled (Dvl)
and Prickle are known to regulate convergent extension and neural
tube closure during embryogenesis [42-45], and also the orienta-
tion of stereociliary bundles of sensory hair cells in the inner ear in
adult animals including humans [45,46]. Several PCP proteins have
been identified in the testis including the PCP core protein Vangl2
[27,47,48], DvI2as well as other PCP components such as Wnt5a,
Fuzzy and Dchs1 [27]. Also, in mammals, Vangl2/Prickle and Friz-
zled/Dvl are two known PCP protein complexes, wherein Vangl2
and Frizzled are integral membrane proteins, and Prickle and Dvl
are the corresponding binding adaptor partners to create the two
PCP protein complexes [49,50]. In adult rat testes, Vangl2 localizes
at the apical ES and the basal ES at the blood-testis barrier (BTB).
At the apical ES, its expression gradually reduces from stage V to
IX, while it peaks at stage VIII at the basal ES at the BTB [27]. Inter-
estingly, knockdown of Vangl2 in the testis in vivo disrupted the
PCP-like polarity in step 19 spermatids since many spermatid heads
had deviated by almost 90° from the intended orientation vs. con-
trol testes. Furthermore, secreted frizzled-related protein 1 (sFRP1)
has been detected in the testis and shown to be a crucial regula-
tory of apical ES function [51]. Although not considered to be a PCP
core protein, sFRP1 contains a cysteine-rich domain (CRD), homol-
ogous to the putative Wnt-binding site of Frizzled proteins, and can
competitively bind to Wnts, thereby serving as a soluble modulator
of PCP signaling [52-54]. Indeed, intratesticular injection of sFRP1
recombinant protein was shown to cause defects in spermatogene-
sis by delaying spermiation [51], illustrating a potential regulatory
role of Wnt signaling in spermatogenesis.

In this context, it is of interest to note that the apical ES in
the testis is typified by the presence of an array of actin filament
bundles in the Sertoli cell that sandwiched in-between apposing
plasma membranes of the Sertoli cell/spermatid and cisternae of
the endoplasmic reticulum [55,56]. These actin filament bundles
thus serve as anchors that confer structural and mechanical sup-
port to ES. It is also conceivable that in steps 17-19 spermatids that
interact with Sertoli cells via apical ES, which in turn confer sper-
matid PCP polarity, the actin network at the ES is playing a crucial
role. In fact, emerging evidence has shown that PCP proteins exert
their effects through changes in actin-based cytoskeletal organi-
zation. For instance, the PCP signaling pathways which involve
both PCP core proteins and effectors to maintain PCP [57-59] have
been shown to modulate actin network remodeling [60-62]. For
instance, in Drosophila, Fz/Dsh-mediated PCP signaling that affects
wing cell hair PCP is mediated by modulating the assembly of
F-actin bundles through Rho-associated kinase [63]. One of the
PCP effectors called Wdpcp has been shown to co-localize with
actin filaments which induces actin filament stabilization through
its interaction with Sept2 [64]. Thus, a loss of Wdpcp negatively
affects Sept2 localization, thereby disrupting the actin cytoskele-
ton [64]. In kidneys, similar to the ES, slit diaphragms (CDs) are
specialized actin-based anchoring junctions formed by neighboring
foot processes (FPs) of glomerular podocytes which are also highly
polarized cells [65,66]. Many PCP core proteins are expressed in
podocytes such as Vangl1, Vangl2, Dvl1, 2 and 3 and also Prickle.
Activation of PCP signaling by Wnt5a/Dvl was shown to induce
actin re-organization in podocytes in which more actin filaments
were found in the cell cortical region [67]. On the other hand, a
knockdown of Vangl2 led to a considerable reduction of actin fil-
ament bundles in podocytes [67]. This finding is consistent with
phenotypes observed in the Sertoli cells in vitro and testis in vivo
following Vangl2 knockdown. For instance, Vangl2 knockdown
in Sertoli cells reduced actin bundling activity considerably with
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Fig. 2. A hypothetical model illustrating the role of PCP proteins (e.g., Vangl2) at the apical tubulobulbar complex (apical TBC) to support protein endocytic vesicle-mediated
protein trafficking events. Studies have shown that there is a considerable reduction in the expression of Vangl2 on the apical ES in stage VII tubules, which appears to
facilitate the conversion of the apical ES at the concave side of spermatid head to a transient ultrastructure known as apical TBC [19,70,85] (left panel). Apical TBC represents
a giant endocytic vesicle machinery which supports endocytic-mediated protein trafficking event, facilitating protein endocytosis, transcytosis and recycling so that “old”
apical ES proteins (e.g., integrins, nectins, laminins, afadin) can be recycled to assemble “new” apical ES when step 8 spermatids appear in stage VIII tubules (right panel).
Abbreviations used: Vangl2, Van Gogh-like 2; Arp3, actin-related protein 3; Eps8, epidermal growth factor receptor pathway substrate 8.

more actin filaments concentrated at the cortical zones of Ser-
toli cells. Furthermore, Vangl2 knockdown in the testis perturbed
the spatiotemporal expression of actin nucleation protein Arp3
(actin-related protein 3) and actin barbed end capping protein
Eps8, facilitating actin filament branching at the apical ES [27].
These changes thus destabilized the function of adhesion protein
complexes such as nectin-3/afadin to promote apical ES degener-
ation [27]. In Drosophila wing hair cells, Vang/Prickle and Fz/Dsh
localize at the opposing sides of the adjacent wing cells, and it
is now generally accepted that the Vang/Prickle complex and the
Fz/Dsh complex promotes F-actin re-organization and maintains
actin organization, respectively, through their antagonizing roles
in mediating PCP signaling [49,50].

In the testis, step 19 spermatids are transformed to sperma-
tozoa at late state VIII when the release of sperm takes places
at spermiation, concomitant with the disruption of the spermatid
PCP. It is likely that PCP proteins may be involved in the cellular
events of spermatid release at spermiation through the regula-
tory role of Vangl2/Prickle vs. Fzd/Dvl on actin organization at the
apical ES which are all expressed by Sertoli and/or germ cells in

the testis [27]. On the other hand, on the concave side of sper-
matid heads (Fig. 2), at stage VII to early VIII of the epithelial cycle,
apical ES transforms into a testis-specific ultrastructure known as
the apical tubulobulbar complex (apical TBC) [68-70]. The apical
TBC represents a giant endocytic vesicle-based protein trafficking
device known to be involved in the elimination of cytoplasm from
the head region of late spermatids (i.e., residual bodies) but also
for endocytosis and recycling of apical ES proteins (e.g., integrins,
laminins, nectins) [69,70]. Thus, proteins pertinent to endocytic
vesicle-mediated protein trafficking, such as clathrins, cortactin, N-
WASP [71-74], Apr3 [75], and Eps8 [76] are abundantly expressed
at the apical TBC site. Since PCP protein Vangl2 has been robustly
expressed at the concave side of spermatid heads, namely the
site of apical TBC in stage VII tubules [27], plus the observation
that Vangl2 is involved in promoting F-actin disorganization [27],
we thus hypothesize that Vangl2 PCP signaling is involved in ES
dynamics by promoting residual body elimination and recycling of
apical ES proteins in late stage VII and earlier VIII tubules when the
engulfment of residual body by Sertoli cells takes place, concomi-
tant with the formation of step 8 spermatids which thus requires
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the assembly of new apical ES to support spermiogenesis (Fig. 2).
It is obvious that much work is needed to confirm and expand
this model during the events of spermiation, such as the involve-
ment of Fzd and Dvl. In this context, it is noted that Dvl1 has been
detected in the testis [47]. Although its localization at the apical
ES requires confirmation, Dvl1 has been shown to interact with
actin by co-immunoprecipitation [47]. Furthermore, disheveled-
associated activator of morphogenesis I (DAAMI) was localized at
the apical ES by immunofluorescence microscopy [48]. Moreover,
DAAMI has been shown to connect Dvl proteins with Rho GTPases
during PCP signaling [48,77], and Rho GTPases are known regula-
tors of actin remodeling [78,79]. Thus, activation of Dvl-mediated
PCP signaling pathway induced by Vangl2 down-regulation at the
apical ES at stage VII-VIII of the cycle may trigger Rho GTPase-based
activation to induce actin dynamics. These possibilities must be
carefully evaluated in future studies.

5. Concluding remarks and future perspectives

In this review, we have summarized findings in the field that
support spermatid PCP in the testis in particular step 17-19
spermatids in stages IV-VIII of the seminiferous epithelial cycle.
Spermatid polarity in step 1-7 spermatids, namely head-tail polar-
ity and apico-basal polarity, is supported by the Par, the Crumbs-
and the Scribble-based polarity complexes. However, a total differ-
ent set of PCP proteins confer spermatid PCP during spermiogenesis
from step 8-19 spermatids in the rat testis. Given the intimate
relationship between the head-tail, apico-basal polarity and PCP
polarity in step 17-19 spermatids, it is also possible that con-
ventional polarity protein complex such as the Par-, Crb- and
Scribble-based complex interact with the PCP proteins, at least
functionally, to confer spermatid PCP. Furthermore, besides actin-
based cytoskeleton, it remains to be established if microtubules
(MTs) are also involved in spermatid polarity and PCP. In fact,
emerging evidence supports this possible involvement of MTs in
PCP. For example, PCP core protein Dvl has been shown to regu-
late axon formation by direct binding to aPKC, and by subsequently
exerting its effects through an aPKC-based signaling on MTs [80].
Furthermore, Vangl2 and aPKC in Xenopus oocytes was shown to
modulate MT stability [81]. Moreover, both Wnt5a and Dvl were
involved in the re-orientation of the centrosome and Golgi appa-
ratus during epithelial cell polarization, which is a MT-dependent
cellular event, requiring the participation of Cdc42/Par6/aPKC to
promote polarized MT re-organization [82,83]. In short, much
research is needed to better understand the role of polarity pro-
teins and PCP proteins on MT dynamics since MTs are localized
adjacent to actin filament bundles at the ES, which is also the cru-
cial structure to support spermatid polarity and spermatid PCP.
Nonetheless, we have provided a hypothetical model as depicted in
Fig. 2, regarding the role of PCP in endocytic vesicle-mediated pro-
tein trafficking to support protein endocytosis and recycling during
spermiogenesis.
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