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Does cell polarity matter during spermatogenesis?
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ABSTRACT
Cell polarity is crucial to development since apico-basal polarity conferred by the 3 polarity protein
modules (or complexes) is essential during embryogenesis, namely the Par (partition defective)-, the
CRB (Crumbs)-, and the Scribble-based polarity protein modules. While these protein complexes
and their component proteins have been extensively studied in Drosophila and C. elegans and also
other mammalian tissues and/or cells, their presence and physiological significance in the testis
remain unexplored until the first paper on the Par-based protein published in 2008. Since then, the
Par-, the Scribble- and the CRB-based protein complexes and their component proteins in the testis
have been studied. These proteins are known to confer Sertoli and spermatid polarity in the
seminiferous epithelium, and they are also integrated components of the tight junction (TJ) and the
basal ectoplasmic specialization (ES) at the Sertoli cell-cell interface near the basement membrane,
which in turn constitute the blood-testis barrier (BTB). These proteins are also found at the apical ES
at the Sertoli-spermatid interface. Thus, these polarity proteins also play a significant role in
regulating Sertoli and spermatid adhesion in the testis through their actions on actin-based
cytoskeletal function. Recent studies have shown that these polarity proteins are having
antagonistic effects on the BTB integrity in which the Par6- and CRB3-based polarity complexes
promotes the integrity of the Sertoli cell TJ-permeability barrier, whereas the Scribble-based
complex promotes restructuring/remodeling of the Sertoli TJ-barrier function. Herein, we carefully
evaluate these findings and provide a hypothetic model regarding their role in the testis in the
context of the functions of these polarity proteins in other epithelia, so that better experiments can
be designed in future studies to explore their significance in spermatogenesis.
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Introduction

Polarity protein complexes including Par (partition
defective)-, CRB (Crumbs)-, and Scribble-based pro-
tein modules are crucial to confer apico-basal (AB)
polarity during embryogenesis and development; and
they are also essential to cell polarity and regulating
tissue and/or cell function in adult animals including
spermatogenesis in mammals (for reviews, see1-4).
While these proteins were initially found in Drosoph-
ila and/or C. elegans, they are well conserved across
species and their homologs have since been identified
and found to play similar roles in mammals. Also,
studies have shown that their mutations in humans or
rodents lead to different diseases and pathological
conditions and they are critically involved in tumori-
genesis and/or metastasis (for reviews, see5-8). The
core components of the Par-based protein module are
Par3, Par6, atypical protein kinase C (aPKC) and

Cdc42, and the CRB-based module are CRB1, 2 or 3,
Protein associated with Lin-7 1 (PALS1) and PALS1-
associated tight junction protein (PATJ). These two
polarity complexes are usually localized adjacent to
one another near the apical region of a cell epithelium
at or close to the tight junction (TJ), and these 2 pro-
tein modules are mutually exclusive regarding their
spatial localization and/or functionality in reference to
the basally localized Scribble protein complex com-
prised of Scribble, Lethal giant larvae (Lgl) and Discs
large (Dlg) (for reviews, see1-3,9). The structures of
Par-, CRB- and Scribble-based polarity proteins are
shown in Figure 1. Since there are numerous partner
proteins that can be recruited to these protein com-
plexes, each polarity protein module can thus create a
huge protein complex and due to their cellular spatial
differences in localization such as between Par-/CRB-
based complexes and Scribble-based complex, this
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Figure 1. A schematic drawing that illustrates some common functional domains in component proteins of the Par-, CRB- and Scribble-
based polarity protein complexes. Based on studies in the testis, the Par-based polarity protein complex is constituted by Par6, Par3,
aPKC and Cdc42-GTP, whereas the CRB3-based polarity complex is composed of CRB3, PALS1 and PATJ. Furthermore, there are exten-
sive interactions between Par- and CRB3-based protein complexes via the corresponding protein domains. The Scribble-based polarity
complex consists of Scribble, Lgl2 and Dlg1. Abbreviations used: Par, partitioning defective; aPKC, atypical protein kinase C; PB1 domain,
Phox and Bem1 domain; C1 domain, protein kinase C conserved region 1; Kinase, kinase domain; Semi-CRIB, semi-Cdc42/Rac interactive
binding motif; PDZ domain, PSD-95/Discs large/ZO-1 (PDZ) domain; CR1, conserved region 1. CRB, Crumbs; PALS1, protein associated
with Lin-7 1; PATJ, PALS1 associated tight junction protein; FERM-binding domain, protein 4.1/ezrin/radixin/moesin-binding domain;
L27 domain, Lin2 and Lin7 binding domain; SH3 domain, Src homology domain 3 domain; GUK domain, Guanylate kinase domain; Dlg,
Discs large; Lgl, Lethal giant larvae; LRR repeats, leucine-rich repeats; LAPSD, LRR and PDZ specific domain. WD40, tryptophan-aspartic
acid (WD) 40 repeats.
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thus creates apico-basal polarity during development
and also confers cell polarity in adult epithelial cells
and tissues. In the rat testis, all 3 polarity protein mod-
ules known to confer cell polarity in Drosophila and C.
elegans including the Par-, Scribble- and CRB-based
complexes including their corresponding component
proteins, such as the Par3/Par6/aPKC/Cdc42 com-
plex,10-12 the Scribble/Lgl2/Dlg1 complex,13 and
CRB3/PATJ/PALS110,14 have all been identified, and
their functional significance in spermatogenesis such
as by conferring spermatid polarity have been studied.
These earlier studies have shown that polarity pro-
teins, besides conferring Sertoli cell and spermatid
polarity, are involved in endocytic vesicle-mediated
protein trafficking,10-12 actin microfilament organiza-
tion at the ectoplasmic specialization (ES, an actin-
rich, testis-specific adherens junction (AJ) which can
be found in the apical compartment at the Sertoli-
spermatid interface called apical ES vs. the basal ES
restricted to the Sertoli cell-cell interface at the blood-
testis barrier (BTB) near the basal compartment),13,14

thereby playing a crucial role in conferring spermatid
and Sertoli cell adhesion, as well as spermatid trans-
port during the epithelial cycle of spermatogenesis.

Other studies have shown that besides serving as
polarity proteins, Scribble such as Scrib 1 is also a pla-
nar cell polarity (PCP) protein, which is working in
concert with Lgl2 and other PCP proteins (e.g.,
Vangl2) to confer PCP.15,16 PCP, in particular the
highly conserved non-canonical Wnt-Frizzled-
Dishevelled PCP signaling, unlike cell polarity which
confers apico-basal polarity during development, is
crucial to convergent extension (CE) during embry-
onic development in which the tissue narrows (con-
verge) along an axis concomitant with elongation
(extension) along a perpendicular axis due to polar-
ized cell movement to generate the anteroposterior
axis.17,18 PCP proteins are also involved in the devel-
opment of the nervous system (e.g., neural tube for-
mation),19,20 the kidney,21 hair cells of the inner
ear,22,23 skin epidermis,24 female reproductive tract,25

and the heart.26 PCP proteins are also involved in
endocytic vesicle-mediated protein trafficking
events,27 and cancer metastasis.28 In adults, PCP is
known to maintain directional alignment and polari-
zation of a field of cells within the plane of a cell epi-
thelium, most notably in conferring PCP to the hair of
wing hair cells in Drosophila, and also hair cells of the
cochlear (inner ear) in mammals.22,23,29 Interestingly,

PCP is less studied in adult animals under normal
physiological conditions except for a report illustrat-
ing its role in hair alignment in adult mice.30 However,
multiple diseases are associated with mutation and
deletion of different PCP genes in humans, such as
neural tube defects,31 tumorigenesis32 and metasta-
sis,33 and skin disease.24 In the testis, the role of PCP
remains virtually unexplored since no reports are
found in the literature unraveling the role of PCP pro-
teins in spermatogenesis. Yet the unique spatial align-
ment of polarized elongating/elongated spermatids in
the plane of seminiferous epithelium during spermio-
genesis in particular at stages VII-VIII of the epithelial
cycle implicates the likely role of PCP proteins packag-
ing the maximal number of developing spermatids in
seminiferous tubules to support daily production of
millions of sperm from an adult male.

Based on these earlier studies, we critically evaluate
findings in the field herein particularly the Par-, Scrib-
ble- and CRB-based cell polarity proteins, putting
forth a concept that the actin-based cytoskeleton is
one of the ultrastructures in Sertoli cells which serves
as the target regulated by the concerted efforts of 3
polarity protein complexes.

Why cell polarity is important during
spermatogenesis?

1. To provide an orderly arrangement of germ cells
and to maintain the proper Sertoli:germ cell ratio
in the limited space of seminiferous epithelium to
meet the sperm output during spermatogenesis.
The daily sperm production is about 8, 70, and
200 million spermatozoa per pair testes in
mouse, rat and human, respectively,34-36 indicat-
ing that an enormous number of developing
spermatids are packed in the seminiferous epi-
thelium of the testes under development to sus-
tain the sperm output during the epithelial cycle
of spermatogenesis.37,38 Thus, spermatids must
be properly arranged and aligned in the limited
space of the seminiferous epithelium in which
their heads are pointed toward the basement
membrane and their tails to the tubule lumen,
so that they can be supported and nurtured by
the fixed number of Sertoli cells at about 434,
30–4039-41 and 300–50042 million Sertoli cells
per testis in the mouse, rat, and human, respec-
tively. As it is known that Sertoli cells cease to
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divide but terminally differentiated after puberty
by 15–17 dpp (day postpartum) in rodents vs.
»12-year-old in humans, unless Sertoli cells are
exposed to serum proteins such as fetal calf
serum (5–10%) when cultured in vitro.43-45 The
presence of serum proteins in culture medium
can de-differentiate these Sertoli cells, rendering
them capable of mitotic proliferation. Morpho-
metric analysis in the rat testis has shown that
each Sertoli cell can nurture the development of
»30–50 germ cells46 simultaneously during all
stages of germ cell development in the seminif-
erous epithelium throughout the epithelial cycle
to sustain spermatogenesis following puberty.

2. To provide an orderly arrangement of cell organ-
elles in Sertoli vs. germ cells in the seminiferous
epithelium. Besides specific transporters, such as
MCT2 (monocarboxylate transporter 2) that
transports lactate from Sertoli to developing
germ cells in particular spermatids for provision
of energy for development (for a review, see47),
the intimate contact between Sertoli cells and
developing germ cells and the corresponding
cellular domain compartmentalization conferred
by polarity proteins are also necessary to ensure
proper, timely and efficient signal or chemical
communications at the Sertoli-Sertoli, germ-
germ and also Sertoli-germ interface via gap
junction (GJ),48,49 intercellular bridges,50 also
known as tunneling nanotubes (TNTs)51,52 and
ES53-56 to coordinate and/or synchronize differ-
ent cellular events across the seminiferous epi-
thelium during spermatogenesis. For instance, it
is noted that elongating/elongated spermatids in
the adluminal (apical) compartment during
spermiogenesis are metabolically quiescent cells
vs. undifferentiated spermatogonia, type A and
B spermatogonia and spermatocytes in the basal
compartment. As such, the precise spatial
arrangements between Sertoli and germ cells in
particular post-meiotic spermatids are physio-
logically important to sustain spermatogenesis,
illustrating the significance of polarity proteins
that confer cell alignment and compartmentali-
zation of cell organelles in Sertoli and germ cells
in the seminiferous epithelium to sustain sper-
matogenesis. Besides the obvious polarized
alignment of developing spermatids in the epi-
thelium with their heads pointing toward the

basement membrane and their elongating tails
toward the tubule lumen, plus the polarized
development of acrosome, packaging of genetic
material in the spermatid head, and elongation
of the tail; organelles in the Sertoli cell are also
highly polarized. For instance, Sertoli cell
nucleus that serves as the command center for
various cell functions is localized at the base of
the Sertoli cell near the basement membrane in
the tunica propria. Furthermore, many of the
protein/glycoprotein synthesis ultrastructures
such as Golgi apparatus for de novo protein syn-
thesis, and phagosomes destined to undergo
intracellular degradation are also found near the
basement membrane. On the other hand, resid-
ual bodies to be engulfed by the Sertoli cell at
late stage VIII when the release of spermatozoa
takes place at spermiation57,58 are located in the
adluminal (apical) compartment near the tubule
lumen, which must be transported to the basal
compartment for degradation as phagosomes at
stage IX.59 This compartmentalization conferred
by polarity protein is necessary to maintain effi-
cacy for cell-cell communication to sustain rapid
germ cell development throughout the epithelial
cycle.

3. To maintain polarized cell junction ultrastruc-
tures and the underlying polarized cytoskeletal
elements to facilitate spermatid and organelle
(e.g., phagosome) transport across the epithelium.
Besides polarized arrangement of cellular organ-
elles as noted above, various cell junction types
are also polarized ultrastructures in the seminif-
erous epithelium. For instance, tight junction
(TJ), and basal ES are co-existing ultrastructures
and restrictively confined to the BTB which
physically divides the seminiferous epithelium
into the apical (adluminal) and basal compart-
ments. On the other hand, desmosome and GJ
are also integrated components of the BTB at
the Sertoli cell-cell interface. Interestingly, des-
mosome and GJ are also found at the Sertoli-
germ cell (including spermatogonia, spermato-
cytes and step 1–7 spermatids) interface. It is
noted that once apical ES appears, it is the
only anchoring device that replaces GJ and des-
mosome at the Sertoli-spermatid (step 8–19)
interface in the adluminal compartment of the
rat testis (for reviews, see53,55,60,61). Besides
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serving as an anchoring device, apical ES also
confers spermatid polarity and to facilitate sper-
matid transport. It is noted that apical ES, simi-
lar to basal ES, is an actin-rich ultrastructure,
typified by the presence of actin microfilament
bundles that are sandwiched perpendicular to
the Sertoli cell plasma membrane and sand-
wiched in-between cisternae of endoplasmic
reticulum and the Sertoli cell plasma mem-
brane.53,62 However, studies have shown that
the apical ES found in the adluminal compart-
ment is also constituted by proteins of the TJ
(e.g., CAR, ZO-1), GJ (e.g., connexin 43), focal
adhesion complex (FAC or focal contact, e.g.,
p-FAK-Tyr397, p-FAK-Tyr407), illustrating ES is
a hybrid atypical AJ, possibly it can execute
functions conferred by TJ, GJ and FAC (for
reviews, see54,56,63). Interestingly, it is also noted
that integral membrane proteins of TJ (e.g.,
CAR, ZO-1), ES (e.g., E-cadherin, ß-catenin),
and FAC (e.g., ß1-integrin) at the apical ES uti-
lize F-actin for attachment. Studies in the rat
testis have shown that polarized proteins, such
as Par6, are integrated components of the apical
and basal ES, associated with PALS1, PATJ, and
JAM-C,10 whereas CRB3 is restrictively
expressed at the basal ES/BTB but not the apical
ES.14 However, some prominent CRB3 staining
is also detected as “stalk-like” structures in the
adluminal compartment in stages I-VII tubules,
but not in stage VIII-XIV tubules.14 Interest-
ingly, PATJ, a component of the CRB3-based
polarity complex, is prominently expressed at
the apical ES, besides the basal ES, in stage VII
tubules but considerably diminished at stage
VIII.14 These findings thus illustrate that
there are structural interactions between the
Par- and CRB3-based polarity complexes to
maintain ES function in the seminiferous
epithelium of rat testes. On the other hand,
Scribble is restrictively expressed at the basal
ES/BTB in all stages of the epithelial cycle
but most prominently in stages VII-VIII
tubules.13 Collectively, these findings illustrate
the significance of polarity proteins in
conferring polarized and restrictively expression
of junction proteins in the seminiferous
epithelium during the epithelial cycle of
spermatogenesis.

Polarized cytoskeletal elements
It is of interest to note that both apical and basal ES
are localized in close proximity with the polarized
actin microfilaments and microtubules (MT), which
in turn serve as the track and also to provide the
energy (through motor proteins such as myosin VII
in F-actin and dynein and kinesin in MT) (for
reviews, see64-68) to assist the transport of developing
spermatids across the seminiferous epithelium, so
that fully developed spermatids (i.e., spermatozoa)
can line up near the tubule lumen for their release at
spermiation at stage VIII of the epithelial cycle. Both
actin microfilaments and MT are polarized ultra-
structures with their fast growing end (plus (C)-end)
in the basal compartment near the basement mem-
brane of the tunica propria, and their slow growing
(minus (¡)-end) end in the apical compartment near
the tubule lumen.58,64-66 It is generally accepted that
MTs, probably working in concert with actin microfi-
laments, serve as the track to facilitate the transport
of spermatids and organelles (e.g., residual bodies,
phagosomes, endocytic vesicles) across the epithe-
lium.53,66,69 Studies have shown that many polarity
proteins, such as Scribble and CRB3 exert their regu-
latory function via their effects on F-actin organiza-
tion in Sertoli cells through changes in the
spatiotemporal expression of actin binding proteins
(ABPs),13,14 such as Arp370 (actin-related protein 3,
which together with Arp2 to form the Arp2/3 com-
plex, which when activated by N-WASP upstream
induces branched actin polymerization, effectively
converting bundled actin microfilaments into a
branched configuration) and Eps871 (epidermal
growth factor receptor pathway substrate 8, an actin
barbed end capping and bundling protein that con-
fers actin microfilaments their bundled configuration
at the ES). For instance, knockdown (KD) of CRB3
in Sertoli cells was shown to induce truncation of
actin microfilament in cell cytosol, which in turn
impeded the localization of TJ (e.g., CAR, ZO-1) and
basal ES (e.g., N-cadherin, ß-catenin) at the Sertoli
cell-cell interface, thereby destabilizing the Sertoli cell
TJ-barrier function.14 In contrast, triple KD of Scrib-
ble and its component proteins Lgl2 and Dlg1
induced re-organization of actin microfilaments in
Sertoli cells in which actin filaments were localized
more concentrated at the cell cortical zone near the
cell-cell interface,13 thereby strengthening the basal
ES, promoting the TJ-permeability barrier function,
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making the TJ-barrier tighter.13 In short, these 2
polarity complexes have distinctive but contrasting
effects on the organization of polarized actin microfi-
laments, illustrating their concerted efforts but antag-
onistic effects on the Sertoli cell TJ-barrier are
important to modulate the rapid conversion of actin
microfilaments between their branched/unbundled
and bundled configuration. This thus confers plastic-
ity to the actin microfilaments so that the F-actin
network can be rapidly altered in response to changes
of the epithelial cycle to sustain spermatogenesis.

Scribble- vs. CRB3- and Par6-based polarity proteins
have antagonistic effects on the Sertoli cell TJ-
permeability barrier function through their differential
effects on actin microfilament organization at the BTB
Sertoli cells cultured in vitro with an established TJ-
permeability barrier that mimics the Sertoli cell BTB
in vivo have been used to examine the consequence of
Scribble KD on the barrier function. A triple KD of
Scribble and its 2 component proteins Dlg1 and Lgl2
in Sertoli cells by RNAi using specific siRNA duplexes
(vs. non-targeting negative control siRNA duplexes as
controls) without any apparent off-target effects leads
to a tightening of the TJ-barrier function by promot-
ing better organization of actin microfilaments at the
Sertoli cell-cell interface.13 This thus strengthens the
F-actin filament bundles at the cell cortical zone to
support better basal ES/BTB function. This also facili-
tates better distribution of TJ proteins (e.g., occludin,
ZO-1), basal ES proteins (e.g., ß-catenin) at the Sertoli
cell-cell interface to promote the Sertoli cell TJ-barrier
function.13 More important, the findings that a triple
KD of Scribble, Dlg1 and Lgl2 that promotes the Ser-
toli cell TJ-barrier function are reproduced in vivo
when Scribble, Dlg1 and Lgl2 are silenced in the testis.
Since their simultaneously KD leads to recruitment of
more TJ integral membrane protein occludin at the
BTB through better organization of F-actin at the site
in which F-actin forms an almost undisrupted belt
surrounding the base of the seminiferous epithelium,
consistent with their localization at the BTB.13 In
short, a KD of the Scribble/Dlg1/Lgl2 complex by
RNAi promotes the Sertoli TJ-barrier, illustrating the
expression of Scribble-based protein complex at the
basal ES/BTB in normal testes can likely induce de-
stabilization of the Sertoli cell BTB integrity. On the
other hand, a KD of CRB3 perturbs the Sertoli cell TJ-
permeability barrier by causing mis-localization of TJ-

(e.g., CAR, ZO-1) and basal ES- (e.g., N-cadherin,
ß-catenin) proteins at the cell-cell interface, in which
these proteins no longer tightly associates with the cell
cortical zone but rapidly internalizes into the cell cyto-
sol, thereby destabilizing the TJ-barrier.14 Addition-
ally, these changes are mediated through a re-
organization of actin microfilaments across the Sertoli
cell cytosol in which actin filaments are grossly trun-
cated following CRB3 KD in Sertoli cells.14 As such,
the disrupted actin filament bundles no longer support
proper localization of TJ- and basal ES-proteins at the
BTB since these proteins utilize actin for their attach-
ment (for a review, see61). More important, these find-
ings in vitro are also reproduced in studies in vivo
since CRB3 KD in the testis also leads to a failure in
retaining basal ES proteins N-cadherin and ß-catenin
at the BTB through a re-organization of F-actin which
no longer highly expressed at the BTB to support the
proper localization of TJ- and basal ES-proteins at the
BTB.14 These phenotypes are also similar to the KD of
either Par6 or Par3 in the Sertoli cell epithelium with
an established functional TJ-permeability barrier in
vitro in which TJ proteins JAM-A and ZO-1 as well as
basal ES proteins N-cadherin and a-catenin no longer
tightly localized at the Sertoli cell-cell interface, but
internalized into the cell cytosol, the result of a disrup-
tion of the underlying actin cytoskeleton.10 The con-
clusion that Par3 or Par6 plays a role in regulating
actin-based cytoskeleton is also based on the use of
the adjudin model since defects in spermatid polarity
(and spermatid adhesion) following adjudin treatment
is associated with extensive defragmentation of actin
microfilaments as well as considerable down-regula-
tion on the expression and/or localization of Par6 at
the apical ES.10 Thus, KD of the CRB3 or Par6 (or
Par3) by RNAi perturbs the Sertoli cell TJ-barrier,
illustrating their expression at the basal ES in normal
testes is being used to promote BTB integrity. Collec-
tively, these findings illustrate the CRB3- and Par3/6-
based vs. the Scribble-based polarity complexes have
antagonistic effects on the Sertoli BTB function in
which the CRB3- and Par3/6-complexes promote the
tightening whereas the Scribble complex promotes the
disruption of the TJ-barrier. This conclusion is further
supported by the differential spatiotemporal expres-
sion of the CRB3 and Par6 vs. the Scribble at the BTB
during the epithelial cycle based on studies using
immunohistochemistry (IHC) and immunofluores-
cence microscopy. For instance, it was reported that
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Par610 and CRB314 were expressed at the basal ES/
BTB in the seminiferous epithelium since these pro-
teins were noted to promote BTB integrity based on
KD studies,10,14 however, their expression was consid-
erably diminished at stage VIII concomitant with the
remodeling/restructuring of the BTB at this stage to
facilitate the transport of preleptotene spermatocytes
across the immunological barrier. This pattern is in
sharp contrast to the stage-specific expression of
Scribble at the BTB when Scribble expression at the
basal ES/BTB was at its highest at stages VII-VIII at
the time of BTB remodeling/restructuring13 since the
KD of Scribble and its component proteins Lgl2 and
Dlg1 was found to promote BTB integrity.13 In short,
it is likely that through the restrictive spatiotemporal
expression of CRB3/Par6 vs. Scribble at the BTB that
modulates the F-actin organization, new BTB above
or below the preleptotene spermatocytes under trans-
port at the site can be assembled or disassembled,
respectively, providing a unique mechanism to modu-
late efficient closing or opening of the BTB. Based on
these findings, we propose a model shown in Figure 2
that depicts the antagonistic effects of the CRB3- and
Par3/6- vs. the Scribble-based polarity complexes to
regulate BTB restructuring in which the CRB3- and
the Par3/6-based protein complexes promote, whereas

the Scribble/Lgl2/Dlg1 perturbs the Sertoli cell TJ-bar-
rier function. This thus provides an efficient and novel
mechanism to streamline the transport of preleptotene
spermatocytes across the BTB during the epithelial
cycle, possibility via stage-specific and spatiotemporal
expression of these polarity proteins along the micro-
domains of the BTB depicted in Figure 2.

Interplay of CRB3-, Par-, and Scribble-based polarity
proteins to regulate spermatid transport through
changes in the organization of actin microfilaments at
the apical ES
Since CRB3, Scribble/Lgl2/Dlg1 and Par6 exerts one of
their regulatory effects through actin microfilament
organization at the basal ES/BTB, it is envisioned that
actin microfilaments at the apical ES restrictively
expressed at the Sertoli-spermatid (step 8-19) interface
is also one of the targets of polarity protein complexes
since the ultrastructural features of the basal and api-
cal ES are similar. Indeed, following a KD of CRB3 in
the testis in vivo using Polyplus in vivo-jetPEI as a
transfection medium with high transfection efficiency,
F-actin organization at the apical ES was disrupted
since F-actin no longer conspicuously detected in the
epithelium vs. control testes transfected with the non-
targeting negative control siRNA duplexes.14 These

Figure 2. A schematic model that illustrates the antagonistic effect of CRB/Par-based polarity complex vs. Scribble-based polarity com-
plex at the BTB. Par- and CRB3-based polarity complexes are highly expressed at the BTB from stages IV-VII. These two complexes
directly interact with each other, and they both stabilize actin network and promote BTB integrity. At stage VIII, Par- and CRB3-based
complexes are diminished at the BTB, whereas Scribble-based complex is highly expressed. Scribble complex disrupts actin cytoskeleton
organization, thereby disrupting BTB integrity. Blue arrow, stabilization/promotion; red dash line, inhibition/disruption.
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findings are also consistent with the data that rats
treated with adjudin to induce defects in spermatid
polarity via considerable downregulation of Par6 is
mediated through defragmentation of actin microfila-
ments at the apical ES in vivo,10 illustrating CRB3 and
Par6 are also playing similar role in maintaining the
integrity of the apical ES through their action on the
organization of actin microfilaments in the testis in
vivo. These changes were shown to be the result of
changes in the spatiotemporal expression of Arp3 and
Eps8 in which these actin binding proteins no longer
tightly associated with the apical ES but either consid-
erably down-regulated or diffused away from the api-
cal ES.14 As such, adhesion proteins ß1-integrin (a
Sertoli cell-specific apical ES protein) and laminin-g3
chain (a spermatid-specific apical ES protein) at the
apical ES no longer tightly attached to the spermatid
head to support spermatid anchorage following CRB3
KD in the testis,14 as these apical ES proteins utilize F-
actin for their attachment.61 This thus de-stabilized
the apical ES, and elongated spermatids were shown
to undergo premature spermiation, since step 18 sper-
matids at stage VI and step 19 spermatids at stage VII
were being released into the tubule lumen, reducing
the frequency of stage VII tubules but more stage VIII
tubules14 as stages VII and VIII tubules are mostly dis-
tinguished based on the relative location of polarized
spermatids.37,72 Due to the defects of actin microfila-
ment organization, the transport of phagosomes and
spermatids were also grossly affected following CRB3
KD in the testis.14 Thus, while elongated spermatids
found near the tubule lumen at stage VII tubules were
induced to undergo spermiation, those spermatids
embedded inside the epithelium at stage VI-VII failed
to be transported to the tubule lumen, and they
remained clearly visible inside the epithelium in stage
IX to XII tubules.14 Furthermore, phagosomes
remained to be seen near the tubule lumen even in
stage IX tubules14 when they should have been trans-
ported to the base of the epithelium for degradation
via the lysosomal pathway.59 While CRB3- and Par6-
vs. Scribble-based polarity proteins have antagonistic
effects on the BTB function, the triple Scribble/Lgl2/
Dlg1 KD in the testis was also found to perturb apical
ES integrity,13 similar to CRB3 KD in the testis14 (or
Par6 down-regulation induced by adjudin treat-
ment10), illustrating actin microfilaments at the basal
vs. the apical ES respond differently following the
knockdown of either one of the 3 polarity protein

complexes. Collectively, these findings illustrate that
actin microfilaments at the apical ES could be regu-
lated via different signaling pathways vs. the basal ES.
This postulate is indeed supported by the observations
that p-FAK-Tyr397 is exclusively expressed at the api-
cal ES to regulate spermatid adhesion and polarity73,74

whereas p-FAK-Tyr40774 is expressed both at the api-
cal and basal ES/BTB stage-specifically but more
important to the basal ES function at the BTB based
on studies using phosphomimetic mutants.74 For
instance, overexpression of p-FAK-Y407E, a constitu-
tively active p-FAK-Tyr407 phosphomimetic mutant,
or p-FAK-Y397F, a constitutively inactive p-FAK-
Tyr397 non-phosphorylatable mutant, in Sertoli cell
epithelium was both found to promote the Sertoli cell
TJ-barrier function, making it tighter74; whereas over-
expression of p-FAK-Y407F, a constitutively inactive
p-FAK-Tyr407 non-phosphorylatable mutant per-
turbed the Sertoli TJ function.74 On the other hand,
overexpression of p-FAK-Y397E, a constitutively
active p-FAK-Tyr397 phosphomimetic mutant, in
adult rat testes in vivo was found to promote F-actin
at the apical ES by maintaining the organization of
actin microfilaments at the site, thereby delaying
degeneration of adhesion protein complexes, retaining
elongated spermatids in the epithelium75. These find-
ings thus support the notion that different signaling
molecules/pathways are involved in regulating actin
microfilament organization at the apical vs. the basal
ES.

Concluding remarks and future perspectives

As reviewed herein, it took almost a decade since the
late 2000s to unfold some of the function of the Par-,
the Scribble- and the CRB-based polarity protein com-
plexes in the mammalian testis. Based on these find-
ings, an interesting concept is emerging as noted
above that the Par6- and the CRB3-based polarity
modules are working in concert to maintain and pro-
mote the Sertoli cell TJ-permeability barrier function
(i.e., making the TJ-barrier tighter), whereas the Scrib-
ble-based complex is to promote BTB remodeling/
restructuring (i.e., making the barrier leaky) during
the epithelial cycle through their action on the organi-
zation of the actin microfilaments at the basal ES/
BTB. Due to the antagonistic effects of the Par6-/
CRB3- and the Scribble-based polarity complexes,
their combined actions thus fine-tunes the dynamic
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restructuring of the actin microfilaments at the basal
ES/BTB to support the transport of preleptotene sper-
matocytes, and plausibly other necessary biomolecules
and/or hormones, across the immunological barrier.
For instance, proteins (e.g., occludin, JAM-A, claudin
11, ZO-1) at the “old” BTB located above the prelepto-
tene spermatocytes connected in clones via intercellu-
lar bridges under transport at the BTB can be
efficiently recycled for the assembly of the “new” BTB
located behind the spermatocytes. Their synchronized
and concerted efforts not just streamline the transport
of preleptotene spermatocytes across the BTB as sum-
marized in Figure 2, they also maintain the integrity
of the BTB during this series of cellular events since
the immunological barrier must be fully functional
and maintained at all stages of the epithelial cycle.
However, much work is needed in future studies to
better understand the precise molecular mechanism(s)
by which these polarity proteins regulate ES function.
These include the identification of the downstream
signaling molecules and/or pathways utilized by these
polarity protein complexes. For instance, are p-FAK-
Tyr397 and p-FAK-Try407 being used in concert with
c-Src and c-Yes as the molecular switches by these
polarity proteins? Are mTORC176,77 and mTORC278

involved in the polarity protein-mediated BTB
restructuring since these 2 signaling complexes are
also shown to have antagonistic effects on the BTB
function in the testis? Since the adaptor proteins in
these polarity complexes such as PALS1 and PATJ,
can recruit other protein partners including signaling
protein kinases to create a giant protein complex to
serve as the platform for signal transduction, it is
anticipated that many of these apparently unrelated
signaling proteins are physiologically linked to work
in concert to modulate BTB, polarity and adhesion
function in the seminiferous epithelium. More impor-
tant, what is the role of PCP in these events? Are PCP
proteins working in concert with polarity proteins or
independently? It is likely that many of these ques-
tions will be answered in the coming decade.
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