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ABSTRACT

The transport of germ cells from the base of the seminiferous epithelium toward the luminal edge of
the tubule lumen in the adluminal compartment during the epithelial cycle is an essential cellular
event to support spermatogenesis. Thus, fully developed elongated spermatids (i.e., spermatozoa)
can be released at spermiation in late stage VIl in rodents versus late stage Il in humans. Earlier
studies to examine the molecular mechanism(s) that support germ cell transport, most notably the
transport of preleptotene spermatocytes across the blood-testis barrier (BTB), and the transport of
elongating spermatids across the adluminal compartment during spermiogenesis, is focused on the
adhesion protein complexes at the cell-cell interface. It is generally accepted that cell junctions at
the Sertoli cell-cell interface at the BTB, including the actin-based tight junction (TJ), basal
ectoplasmic specialization (basal ES, a testis-specific adherens junction) and gap junction (GJ),
as well as the intermediate filament-based desmosome undergo constant remodeling to
accommodate the transport of preleptotene spermatocytes across the barrier. On the other hand,
similar junction dynamics (i.e., disassembly, reassembly and stabilization/maintenance) take place at
the Sertoli-spermatid interface. Emerging evidence has shown that junction dynamics at the Sertoli
cell-cell vs. Sertoli-germ cell interface are supported by the 2 intriguingly coordinated cytoskeletons,
namely the F-actin- and microtubule (MT)-based cytoskeletons. Herein, we provide a brief summary
and critically evaluate the recent findings. We also provide an updated hypothetical concept
regarding germ cell transport in the testis utilizing the MT-conferred tracks and the MT-specific
motor proteins. Furthermore, this cellular event is also supported by the F-actin-based cytoskeleton.
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Introduction

During spermatogenesis, the best studied cellular
events are: (i) self-renewal of undifferentiated
spermatogonia via mitosis, (ii) differentiation of
spermatogonia to spermatocytes to prepare for
meiosis, and meiosis I/II, (iii) differentiation of
post-meiotic haploid spermatids through spermio-
genesis to spermatozoa, and (iv) the release of
spermatozoa into the tubule lumen at spermia-
tion."* Besides these notable events, preleptotene
spermatocytes differentiated from type B sper-
matogonia are transported across the blood-testis
barrier (BTB).”” Elongating spermatids are also
being transported back-and-forth across the adlu-
minal compartment during the epithelial cycle of

spermatogenesis before fully developed elongated
spermatids (i.e., spermatozoa) which are being
lined up at the adluminal edge of the epithelium
at state VIII of the cycle before their release into
the tubule lumen at spermiation. While this is a
notable cellular phenomenon to support spermato-
genesis, its biology and the underlying molecular
mechanisms remain virtually unknown until
recent years. Studies have shown that germ cell
transport during the epithelial cycle is supported
by the intimate but also intriguing coordination
between the microtubule (MT)- and F-actin-based
cytoskeletons in Sertoli cells but also at the Ser-
toli-germ cell interface.*'® This likely involves
MT- and F-actin-specific cytoskeletal regulatory
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proteins (e.g., nucleation proteins, severing, cross-
linking, bundling proteins), motor proteins, and
signaling proteins so that the organization of MTs
and actin microfilaments can be rapidly altered,
modifying from a linear and bundled network,
to a branched and unbundled network. These
changes, in turn, confer plasticity to the cytoskele-
tons, making them flexible enough to support the
timely and efficient transport of germ cells across
the BTB and/or the adluminal compartment dur-
ing the epithelial cycle. Herein, we briefly review
some new findings in the field regarding germ cell
transport in the seminiferous epithelium since
many of the background information can be found
in a recent review from our laboratory."'

Role of microtubule (MT)-based cytoskeleton

Microtubules (MTs) are polarized cylindrical struc-
tures composed of protofilaments of - and 3-tubulin
heterodimers via the head-to-tail (i.e., + to - end)
addition of o/f3-tubulin dimeric subunits. These
a-/3-dimers are arranged laterally to form a hollow-
tube like structure (Fig. 1)."*'* Each a- or §3-tubulin
monomer is a ~450 amino acid-protein with a molec-
ular weight of ~55 kDa. In short, each MT is a long,
straight, polarized and hollow cylindrical structure,
composed of 13 laterally associated protofilaments
with a lumen having a diameter of ~17 nm."> The
fast-growing end is the plus (+) end where §3-tubulin
is exposed vs. the slow-growing end, the minus (-) end
where a-tubulin is exposed (Fig. 1A). Polymerization
takes place through interaction of the -subunit of an
incoming dimer with the {3-subunit of a preexisting
dimer on a MT protofilament (Fig. 1). On the other
hand, y-tubulin is located at the minus end to consti-
tute a protein complex known as the y-tubulin ring
complex, which is necessary for MT nucleation and is
also involved in MT stabilization (Fig. 1A). Studies
have shown that MTs serve as tracks, which work in
concert with proteins kinases and motor proteins
(e.g., dynein, kinesins), for the transport of cell organ-
elles, such as endocytic vesicles, mitochondria, lipids,
proteins and others, across cell cytosol in response to
changes in cell environment or external cues.'*'® For
instance, cytoplasmic dynein complex (CDC) and
kinesin-14 family members are the only 2 motor pro-
teins utilizing energy release from hydrolysis of ATP
in mammalian cells known to move their cargoes to

the minus-end and plus-end directionally, respec-
tively'” (Fig. 1B-E; Fig. 2A-B). Studies of axonal trans-
port (also known as axoplasmic transport, is
responsible for the transport of mitochondria, lipids,
synaptic vesicles and proteins to and from a neuron
cell body through the cytoplasm of its axon) have
shown that kinesins mediate MT-dependent antero-
grade transport (from the neuronal cell body to the
axon tip) whereas CDC induces retrograde transport
(from the cell periphery to the cell body).'"* More
important, studies have shown that MT-dependent
anterograde (from neuronal cell body to cell periphery
in the axon) and retrograde (from cell periphery back
to the neuronal cell body) transports are regulated by
several protein kinases, which include Akt (PKB),
Cdk5, CK2, ERK1/2, GSK-3f3, JNK, p38 MAPK,
PINK1, PKA and PKC."* Many of these protein kin-
ases have been found in the testis, and many of them
are associated with the F-actin-rich ultrastructure
ectoplasmic specialization (ES)."**° Some are recently
shown to be actively involved in F-actin organization
at the basal ES at the Sertoli cell-cell interface, such as
Akt1/2,>*? which was earlier shown to be a putative
component of the apical and basal ES* in the rat tes-
tis. In short, the MT-based tracks are analogous to
2-way highways that modulate in-coming and out-
going traffic to maintain cellular homeostasis. Perhaps
the back-and-forth transport of developing spermatids
during spermiation also involves the participation of
different protein kinases that dictate the directional
transport of spermatids during the epithelial cycle.
This possibility must be carefully evaluated in future
studies.

Motor proteins and MT-based cytoskeleton to
support spermatid transport - the dynein-dynactin-
MT complex

It is generally accepted by investigators that MTs serve
as the tracks for cellular transports in the seminiferous
epithelium, in particular spermatids during spermio-
genesis. Studies in mammalian cells have shown trans-
port of cargos along the MT-based tracks require
dyneins, which are a large family of motor proteins
that utilize the energy derived from ATP hydrolysis to
move cargos along MTs in the minus end direction
(Fig. 1B-D; Fig. 2A). Cytoplasmic dynein-1 (ie,
dynein) is responsible for MT-minus-end-directed
transports of cellular organelles including proteins,



TISSUE BARRIERS €1265042-3

@ «— ~450 amino acids, ~55 kDa
" o o-tubulin

B - C
dimerization Shoulder (p24, p50, p150°"*%)
domain 1
Tail
HC :
(Blue) Linker ) Tetex
AAA
ring
62 Arp11 B-Actin
Buttress i P P i B ii i
MST‘S'; Pointed ()  Arp1 filament Barbed (+)
= end end
Cytoplasmic Dynein Dynactin
D E
4
Lo Tail (C-terminal) domain:
A cargo binding
()
Light chainl
Dynactin adaptor :
)
()
) Heavy chain - coiled-coil o
™ helix (stalk)
\
Dynein ()
0
()
()
0
() Motor head
{ (N-terminal heavy
a5 5 - chain): ATP
Dynein-dynactin-cargo adaptor- Kinesin-cargo  hydrolysis, binding
to MTs

cargo complex complex

Figure 1. (A) schematic drawing illustrating the organization of microtubule (MT) and the 2 MT-specific motor proteins. (A) Poly-
merization of a MT takes place through the interaction of the «a-tubulin of an incoming dimer with the B-tubulin of a pre-exist-
ing dimer on a MT protofilament at the rapid growth plus (+) end. y-tubulins form a ring complex at the minus (-) end
responsible for nucleation and stabilization of the MT. (B) A functional dynein complex is a dimeric protein. Each monomer is
composed of a heavy chain (HC) motor and several subunits: an intermediate chain (IC), a light intermediate chain (LIC), and 3
light chains called LC7 (light chain 7 also called Roadblock, DYNLRB1, or rob1), LC8 (also called DYNLL) and Tctex (also called
DYNLT1). Each HC has the N-terminus at the tail and the C-terminal motor unit contains 6 AAA (ATPase Associated with Cellular
Activities) domains, AAA1 to 6, and organized into a ring-like structure. The linker, an important mechanical element, connects
to AAA1. The coiled-coil stalk extends from AAA4 and leads to the microtubule binding domain (MTBD). The buttress is a
coiled-coil hairpin extending from AAA5 to connect to the stalk. (C) Dynactin is also a multi-subunit protein complex composed
of a shoulder consisting of p150°"ed 24 and p50 proteins which interacts with the heterodimer CapZa and CapZB at the
barbed end, and the dynactin Arp1 filament consisting of 8 Arp1 subunits and one B-actin, which in turn associate with the
pointed end composed of Arp11, p62, p27 and p25 proteins. (D) A simplified model of dynein-dynactin complex in which
dynein interacts with dynactin, which in turn interacts with the cargo adaptor to form a functional motor protein to support
cargo transport. (E) A schematic drawing illustrating the different domains of a dimeric kinesin motor protein. Each monomer is
composed of a heavy chain (HC) and the N-terminal region of the HC contains the motor head which is also the site for ATP
hydrolysis and MT binding. This is followed by the coiled-coil o helix that constitutes the stalk, and ends with the tail
(C-terminal domain). The two tail domains along with the 2 light chains constitute the cargo binding site to facilitate cargo
docking to facilitate cargo (e.g., spermatid, residual body, phagosome) transport. This figure was prepared based on earlier
findings as described in text, in particular several recent reports.>’-246°
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Figure 2. Dynein-dynactin-cargo adaptor complex and microtubule (MT)-based cytoskeleton to support spermatid transport in
the testis. (A) The dynein-dynactin-cargo adaptor complex that binds to the MT-conferred track to support cargo transport,
including spermatids so that the cargo (i.e., spermatid) can be transported along the MT-based track. The dynein-dynactin-cargo
adaptor is responsible to transport cargo to the minus (-) end of the MT track but the kinesin is responsible to transport cargo
to the plus (+) end of the MT track. As such, cargo (e.g., spermatid) can be transported across the seminiferous epithelium dur-
ing the epithelial cycle depending on the polarity of the MT-based track vs. different motor proteins. (B) It is noted that the
dynein-dynactin-adaptor complex and the kinesin can compete for the same cargo in a tug-of-war. The eventual winner to
move the cargo either to the — or + end of the MT-track is determined by protein kinases, phosphatases and/or Rab GTPases
associated with the motor protein which modify the activity of a motor protein through changes in the adaptor proteins or
other microtubule-associated proteins (MAPs, e.g., +TIP or —TIP proteins) at the site. (C) A study by fluorescence microscopy
that illustrates the presence of track-like structures conferred by MTs, as noted by a-tubulin (green fluorescence), the building
block of MTs, in the cross sections of the testis in tubules at different stages of the epithelial cycle (left 3 panels). Scale bar, 60
um, which applies to all other micrographs in this panel. a-tubulin is also visualized by immunohistochemistry in which MTs
appear as reddish-brown precipitates (fourth column from the left). Scale bar, 60 wum, which applies to other micrographs in
this panel. The last column is a schematic drawing illustrating the directional transport of spermatids in the specified stages.
This experiment was performed using the reagents and antibodies reported earlier from our laboratory.?
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and it is likely applicable to the minus-
end-directed transport of spermatids along MT during
spermiogenesis. A schematic drawing of the cyto-
plasmic dynein is shown in Fig. 1B. The dynein com-
plex is composed of 2 dynein heavy chain motors
(HGC, 500 kDa each) and other subunits. Each HC also
binds to a light intermediate chain (LIC, 60 kDa), an
intermediate chain (IC, 70 kDa), and 3 light chains
(LCs) of LC7, LC8 and Tctex 1. Each heavy chain
(HC) contains the N-terminal tail essential to provide
intra-dynein ~ subunit  interactions, and a
C-terminal motor unit with 6 AAA (ATPase associ-
ated with cellular activities) domains (1-6) organized
into a ring-like structure with the linker that connects
to AAA1 (Fig. 1B). A coiled-coil stalk extends from
AAA4, leading to the MT-binding domain (MTBD),
and the buttress is a coiled-coil hairpin extends from
AAAS to make contact with the stalk (Fig. 1B). AAA1
is the major site of ATP hydrolysis with other AAA
sites involved in regulatory roles. Dynein, in turn,
interacts with its cofactor called dynactin to form the
functional dynein-dynactin complex, in which dynein
IC binds to the p150°"**! dimer of dynactin®® (Fig. 1C,
D). Recent structural analysis,”’28 have shown that
dynactin is composed of several subunits. The most
notable subunit is the p150%"**? dimer with a microtu-
bule binding domain (MTB) at its N-terminus
(Fig. 1C, D). Its C-terminus interacts with the p50/p24
subunits, which in turn interact with the Arp filament.
The Arp filament contains a long strand of 5 subunits
of Arpl, and a short strand of 3 subunits of Arpl,
with the protomer at the pointed end of the short
strand being actin. The CapZ heterodimer caps the
Arp filament at the barbed end, and the pointed-end
complex (Arpll, p62, p27 and p25) caps the filament
at the pointed end (Fig. 1C). Together, these compo-
nent subunits of dynactin create the tail domain that
binds cargo (e.g., phagosomes, endosomes, residual
bodies), and the motor protein dynein utilizes energy
generated via ATP hydrolysis to propel cargo trans-
port as illustrated schematically in Fig. 2A-B. In this
context, it is noted that dynein can also bind to cargo
directly without the involvement of dynactin through
its intermediate chain or light chain. Studies by immu-
nofluorescence analysis and immunohistochemistry
(IHC) have demonstrated the distinctive presence of
stalk-like structures conferred by MTs (see green fluo-
rescence of «-tubulin or reddish immunoprecipitate
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of a-tubulin by IHC) which lay longitudinally across
the seminiferous epithelium at different stages of the epi-
thelial cycle of spermatogenesis to support spermatid and
other cargo (e.g., residual bodies, phagosomes, endocytic
vesicles) transport (Fig. 2C). While much research is
needed in the coming decade to unravel the precise
mechanism(s) by which spermatids are being transported
across the seminiferous epithelium, it is likely that the
cargo binding domain of the dynein-dynactin complex
interacts with a spermatid, making it analogous to a cargo
being transported, likely supported also by the F-actin-
based cytoskeleton (Fig. 3). As such, spermatids can be
propelled toward the minus-end of MT-based tracks
(Fig. 4). It is noted that these cellular events are also sup-
ported by the spatial expression of +TIP proteins (e.g.,
EB1, XMAP215)* vs. -TIP proteins (e.g, CAMSAP1
(calmodulin-regulated spectrin-associated protein 1),
CAMSP2, Patronin and Nezha (also known as CAM-
SAP3)*, which are being used to maintain stability and/
or dynamics (i.e., assembly, disassembly and stabilization)
of MTs. This thus confers MT plasticity to support cellu-
lar functions’', including spermatogenesis in the testis.
Furthermore, besides dynein, kinesin is another family
of MT-based motor proteins (> 40 kinesin proteins in
humans and organized into at least 14 families), responsi-
ble for MT-plus-end-directed transports of cell organ-
elles™ (Fig. 1E). Kinesin usually assembles as a
homodimeric or heterotrimeric protein and schematically
shown in Fig. 1E. In short, kinesin consists of N-terminal
motor domains with ATPase activity and the MT binding
site that moves to the plus-end of MTs, linked by a coiled-
coil rod (o helix stalk) to a cargo binding tail at the C-ter-
minus where accessory subunits of KAPs or KLCs are
found.** Taken collectively, developing spermatids can
either move up or down the seminiferous epithelium at
different stages of the epithelial cycle, perhaps by recruiting
either plus-end (i.e., kinesin) or minus-end (i.e., dynein)
directed motor proteins (Fig. 4). In this context, it is of
interest to note that plus-end-directed kinesin motors and
minus-end-directed dynein motors are sometimes simul-
taneously attached to the same cargo, engaging in a sto-
chastic ‘tug-of-war” (Fig. 2B). The eventual winning
motor protein that dictates the directional transport of a
cargo is determined by the presence of protein kinases,
phosphatases and/or Rab GTPases associated with the
motor protein, which can modify the activity of a motor
protein through changes in the adaptor proteins or other
microtubule-associated proteins (MAPs). Also involved is
the polarized F-actin microfilaments which also serve as
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Figure 3. Myosin Vlla and the F-actin-based cytoskeleton that support cargo transport in the testis. (A) Schematic drawing illustrating the
organization of an actin microfilament (F-actin) through polymerization G-actin subunits. Microfilaments are then bundled to form the net-
work of actin filament bundles that constitute the ectoplasmic specialization in the testis, which also serve as the attachment site for cell
adhesion protein complexes (e.g., N-cadherin-B-catenin, occludin-ZO-1, nectin-afadin) and to support the transport of spermatids or organ-
elles (i.e, cargoes) by serving as the track. (B) The functional domains of myosin Vlla, a dimeric motor protein associated with
F-actin specifically are shown herein. Each polypeptide chain can be divided into the N-terminal head region which also contains the
motor domain and the actin-binding site, and the C-terminal tail region contains the FERM (F, 4.1 protein; E, ezrin; R, radixin; M, moesin),
MyTH4 (myosin tail homology 4) and SH3 (SRC homology 3) domains and the globular tail domain (GTD) at the C-terminus.>' GTD in the
tail domain of myosin recognizes different cargos through direct interactions or mediated by adaptor proteins, such as vezatin in the testis.
GTD, supported by the FERM, MyTH4 and SH3 domains, provides the docking site for different cargoes (e.g., spermatids, residual bodies,
phagosomes). (C) A simplified model on the support of cargo transport by myosin Vlla in the testis using the F-actin filaments as tracks.
(D) Localization of F-actin (green fluorescence, visualized by FITC-phalloidin as earlier described®) in the cross-section of an adult rat testis
of a stage VIl tubule, when step 19 spermatids have lined up at the tubule lumen to prepare for their release at spermiation when F-actin
expression at the Sertoli cell-step 19 spermatid interface begins to diminish. F-actin is notably detected at the BTB (annotated by yellow
arrowheads) near the basement membrane. Also, noted are the track-like structures conferred by F-actin that lay longitudinally across the
seminiferous epithelium (annotated by white arrowheads). Scale bar, 60 ©m, which applies to other micrographs in this panel.

the tracks to coordinately support cellular transport such ~ communicating (e.g., GJ) junctions in the testis,
as serving as a guide for MT growth*>** (Figs. 3and 4).  found at the Sertoli cell-cell interface that consti-
The net result of these changes thus favor either plus-end  tute the BTB, and the apical ES at the Sertoli-sper-
or minus-end directed motor-mediated directional cargo ~ matid (step 8-19) interface all utilize F
transport. (filamentous)-actin for attachment (Fig. 3). Each
actin microfilament is composed of polymerized G
(globular)-actin, and F-actin is also a polarized
ultrastructure, similar to a MT filament, containing
a fast growing barbed (+) end and a slow growing
Similar to other epithelia, many of the occluding  pointed (-) end’®>® (Fig. 3A). In the seminiferous
(e.g, TJ), anchoring (e.g., basal ES) and epithelium of the testis, actin microfilaments are

Role of motor protein myosin Vlla and F-actin-based
cytoskeleton to support spermatid transport
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Figure 4. Hypothetical model illustrating the transport of spermatids and other cargoes across the seminiferous epithelium during sper-
matogenesis is supported by motor proteins along the MT- and the actin-based tracks during spermatogenesis. On the left panel is a
stage IV-V tubule when an elongating spermatid is being transported down to the basal compartment assisted by the dynein-dynactin-
cargo adaptor complex, as well as other cargoes (e.g., residual bodies, phagosomes, endosomes) through the interactions between
motor proteins and the track-like structures provided by the MT- and the actin-based cytoskeletons. It is believed that Sertoli cell MTs
are nucleated in the apical cytoplasm and that their plus ends extend towards the base of the SC. However, there is a possibility that
the apically nucleated MTs bundles may also have a small population of MTs in which the plus ends extend towards the apex of cell,
allowing for directional transport of spermatids towards the base of the epithelium in stage V by the dynein complex, which moves
towards the minus end. Preliminary data suggest that dynein expression is elevated at stage V, when spermatids move down to the
base of the Sertoli cell, which may provide evidence for the existence of MTs nucleated in the apical cytoplasm, but towards the base of
the cell. The right panel depicts the spermatid being transported up to the apex of the SC by the dynein complex along the MT track
towards the minus end during stage VI-VIl. Again, the small population of MTs with the plus ends extend towards the Sertoli cell apex
in the seminiferous epithelium can also be involved in a tug-of-war (see Figure 2) to support spermatid transport across the epithelium
(see both panels), and such possibility will require additional investigations in the years to come. Furthermore, the use of different
motor proteins, such as dynein (directed a cargo to the minus-end of a MT-based track) and kinesin (directed a cargo to the plus-end of
a MT-based track) can also carry the spermatid either to the basal or the apical compartment of the epithelium. The relative localization
of apical ES at the Sertoli cell-elongating/elongated spermatid interface and the BTB at the Sertoli cell-cell interface are shown. The api-
cal ES is constituted by apical ES-specific protein complexes (e.g., «6B1-integrin-laminin-«3B83y 3 complex, nectin 2/3-afadin complex),
whereas the BTB is composed of TJ- (e.g, occludin-ZO-1, claudin 11-Z0O-1), basal ES- (e.g., N-cadherin-B-catenin) and GJ- (e.g., Cx43-
PKP2) proteins. Abbreviations; Cx43, connexin 43; BTB, blood-testis barrier; ES, ectoplasmic specialization; GJ, gap junction; PKP2, plako-
philin-2; TJ, tight junction; ZO-1, zonula occludens 1.

usually bundled and associated closely with the  the Sertoli cell-cell interface called basal ES to sup-
ectoplasmic specialization (ES), both at the Sertoli-  port spermatid and Sertoli cell adhesion and sper-
spermatid interface known as the apical ES and at  matid/germ cell transport.’>*" Actin dynamics (i.e.,
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disassembly, reassembly and stabilization) are con-
ferred by actin nucleation proteins (e.g., formin 1),
bundling proteins (e.g., palladin, plastin 3, fascin
3), severing/cleavage proteins (e.g., cofilin-1) and
unbundling/nucleation protein (e.g., the Arp2/3
complex). Similar to MTs, the transport of cellular
organelles (e.g., endocytic vesicles, phagosomes,
residual bodies) and spermatids across the F-actin-
based tracks also require motor proteins such as
myosin VIIa found in the testis to move the cargo
(e.g., spermatids) (Fig. 3B, C). As noted in Fig. 3D,
F-actin is localized extensively at the BTB near the
basement membrane (annotated by yellow arrow-
heads), and at the apical ES at the Sertoli cell-elon-
gated spermatid interface to support these junction
structures. However, F-actin also confers track-like
structures (annotated by white arrowheads) that lay
longitudinally across the seminiferous epithelium
(Fig. 3D), consistent with the concept that these
track-like structures are working in concert with
the MT-based tracks, in coordination with motor
proteins (e.g., myosin VIla) (Fig. 3B, C) to support
transport of cell organelles (e.g., residual bodies,
phagosomes) and likely developing spermatids dur-
ing the epithelial cycle, similar to other mammalian
cells and/or epithelia® (Fig. 4). Similar to MT-spe-
cific motor proteins, there are many motor proteins
specific to actin-based cytoskeleton. The best stud-
ied F-actin-based motor proteins are myosins
which are products of at least 40 myosin genes and
can be categorized into at least 14 classes.*” Myosin
VIla is a member of the myosin superfamily found
in the testis but also expressed in the inner ear, ret-
ina, kidney, and lung.43 It is also a common com-
ponent of cilia and microvilli.** In the testis,
myosin VIIa forms a complex with vezatin®® and it
has been postulated to be involved in spermatid
transport.">*” Similar to other myosins, myosin
VIla is a dimeric protein. Each monomer is com-
posed of the distinctive head, neck and tail
domains (Fig. 3B-C). The N-terminal head and
motor domain interacts with actin through its actin
binding site, and capable of hydrolyzing ATP to
generate energy to propel the transport of cargos
along the actin-based track.*® The neck domain (or
lever arm) contains IQ motifs (having the consen-
sus IQXXXRGXXR
domain transduces and amplifies the force gener-
ated by motor support  cargo

sequence), and the neck

domain to

propelling.*>*° The tail domain is the cargo binding
site which contains the FERM, SH3 and MyTH4
domains to recruit and provide the docking site for
cargos, and also the C-terminal globular tail
domain (GTD).”" GTD in the tail domain of myo-
sin recognizes different cargos through direct inter-
actions or is mediated by adaptor proteins, such as
vezatin in the testis, which in turn interacts with
organelle (e.g., phagosome)-specific Rab GTPase for
organelle-specific cargo transport.”

Coordination of MT- and actin-based cytoskeletons
to support spermatid transport during the epithelial
cycle of spermatogenesis

The track-like structures conferred by MTs and
F-actin in the seminiferous epithelium as shown in
Fig. 2C and Fig. 3D support the notion that they are
important to support spermatid and organelle (e.g.,
residual bodies, phagosomes - the cargos) transport
since these are analogous to “freeways,” with the
motor proteins serving as the engines (Fig. 4). It is
noted that there are virtually no functional studies in
the literature to support this concept, however, find-
ings based on the use of several animal models based
on several recent reports support the concept that the
MT- and F-actin-based cytoskeletons are involved in
spermatid and organelle transport during the epithe-
lial cycle of spermatogenesis.

The adjudin model

A recent report,” using an animal model based on
treatment of rats with adjudin (at 50 mg/kg b.w.,,
by oral gavage) known to induce exfoliation of germ
cells (beginning with elongating/elongated spermatids
within ~6 to 9 hr following drug administration, to be
followed by round spermatids (in ~3 days) and sper-
matocytes (in ~6.5 days)),” due to initial disruption
of the actin-rich testis-specific apical ES to be followed
by desmosome and/or gap junction by this drug,”* has
shed light on the role of these cytoskeletons to support
spermatid transport. This animal model, similar to
other drug models such as treatment of rats with envi-
ronmental toxicant cadmium or other toxicants (e.g.,
carbendazim, 2,5-hexanedione, colchicine), is known
to induce germ cell exfoliation from the testis.”>™” Tt
was noted that while spermatids near the tubule
lumen at stage VI to early VIII were depleting from
the epithelium, analogous to the release of sperm at



spermiation, many step 19 spermatids remained
entrapped deep inside the epithelium.® These step 19
spermatids were consistently found in the epithelium
of stages IX, X, XI and XII tubules, until they were
eventually engulfed and degraded by Sertoli cells.®
More striking is the observation that the actin-based
apical ES that anchored these spermatids deep inside
the epithelium was found to be degenerated wherein
the apical ES adhesion proteins (e.g., 81-integrin, nec-
tin-3) and the underlying F-actin were either downre-
gulated or grossly disorganized or mis-localized.”
These findings suggest that even though apical ES and
the underlying F-actin cytoskeletal network that sup-
ported step 19 spermatid adhesion had been compro-
mised by adjudin treatment, these spermatids located
deep inside the epithelium failed to be transported to
the tubule lumen for their release, unlike those sper-
matids that resided near the tubule lumen which were
emptied into the tubule lumen earlier. A careful exam-
ination of the seminiferous epithelium from these
adjudin-treated rats vs. control testes had shown that
the F-actin- and the MT-based track-like structures
were virtually non-existent in tubules undergoing pre-
mature spermiation in the adjudin treated rats as soon
as ~3-6 hr following treatment.® These findings thus
suggest that the presence of these track-like structures
are necessary and essential for the transport of sper-
matids across the epithelium. As such, even though
the only anchoring device, namely the apical ES, that
supports step 19 spermatids was compromised, the
lack of track-like structures rendered these spermatids
incapable of being transported to the tubule lumen,
confirming the functional significance of these MT-
and F-actin-based tracks for spermatid transport.

The F5-peptide model

Of course, one could argue that while this hypothesis
is of interest, interpretation of these observations may
have been oversimplified due to the fact that adjudin
is a drug not locally produced in the body and could
have other yet-to-be identified effects. There are 2
additional lines of evidence based on recent studies to
support the notion that these track-like structures are
necessary and crucial to support spermatid transport.
First, overexpression of an F5-peptide - a biologically
active peptide derived from apical ES protein laminin-
y3 during apical ES breakdown to prepare for sper-
miation and is known to perturb BTB remodeling to
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coordinate the events of spermiation and BTB restruc-
turing across the seminiferous epithelium at stage VIII
of the cycle®® - in the testis was shown to induce F-
actin- and MT-based disorganization.”® Similar to
findings from the adjudin model,’ virtually all the
track-like structures conferred by F-actin and MTs
were no longer visible that laid longitudinally across
the epithelium in the tubules examined following
overexpression of F5-peptide in the rat testis.”® More
striking was that many step 19 spermatids remained
entrapped deep inside the epithelium in stage IX-X
and XI-XIII tubules even though the apical ES and the
underlying F-actin network were compromised.”
Collectively, these findings illustrate that even though
the apical ES has been compromised, step 19 sperma-
tids failed to be depleted from the epithelium due the
lack of track-like structures to support their transport
to the edge of the aluminal compartment to be
released into the tubule lumen.

The formin 1 knockdown model

A knockdown of formin 1 - an actin nucleation pro-
tein known to generate long stretches of actin microfi-
laments across cell cytosol,éo'62 such as in Sertoli
cells" and is also involved in MT dynamics via its MT
binding domain® - by RNAi was also found to grossly
perturb the organization of F-actin microfilaments
and MTs across the seminiferous epithelium.” For
instance, the track-like structures conferred by actin
microfilaments and MTs that laid longitudinally
across the epithelium virtually vanished in most of the
tubules examined following the knockdown of formin
1.” Similar to the other 2 models, step 19 spermatids
were found entrapped deep inside the epithelium in
many stage VIII-XII tubules when the apical ES was
grossly disrupted,” illustrating the lack of the track-
like structures analogous to the missing freeways, pre-
venting proper transport of cargos (i.e., spermatids)
deep inside the epithelium into the luminal edge (i.e.,
the port) for their release into the tubule lumen. Col-
lectively, findings from these 3 models conclusively
demonstrate the significance of the tracks conferred
by F-actin and MTs to support spermatid transport.
These findings also support the notion that actin
microfilaments and MTs likely function as a combined
entity to support spermatid transport collaboratively
(Fig. 4). This possibility is not entirely unexpected
since MTs and actin microfilaments at the ES are
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intimately associated based on studies by electron
microscopy.'>”” Recent studies suggest that the MT-
binding proteins, such as EB1 (end binding protein 1,
a +TIP, plus-end tracking protein) may serve as a cru-
cial cross-talker between the F-actin- and MT-based
cytoskeletons. For instance, a knockdown of EB1 by
RNAi not only perturbs the organization of MTs
across the Sertoli cell cytosol, it also impedes the orga-

nization of actin microfilaments across the Sertoli
cell.®

Concluding remarks and future perspectives

As briefly summarized here, the emerging concept
regarding the molecular mechanism(s) that supports
the transport of germ cells, mostly notably the trans-
port of preleptotene spermatocytes across the BTB and
the transport of developing spermatids across the adlu-
minal compartment during spermatogenesis, involved
more than cell adhesion protein complexes at the Ser-
toli cell-cell or Sertoli-germ cell interface. In fact, the 2
intimately localized F-actin and MT cytoskeletons are
working in concert to support germ cell movement. In
short, actin microfilaments provide the infrastructure
to support cell adhesion proteins, such as occludin-
Z0O-1 and claudin-ZO-1 at the TJ vs. N-cadherin-
8-catenin and nectin 2-afadin at the basal ES, and
a6f31-integrin-laminin-o343y3 and nectin 3-afadin at
the apical ES.*>*! However, F-actin and most notably
MTs provide the track-like structures that usually lay
longitudinally across the seminiferous epithelium, and
which work in concert with the F-actin- or MT-specific
motor proteins to support spermatid transport. The
directional transport of spermatid across the epithe-
lium, on the other hand, is supported by the polarized
actin filaments and MTs, such as through the involve-
ment of different motor proteins that induce direc-
tional transport of cargos (e.g., dynein or kinesin
moves its cargo to the -end or +end of MTs, respec-
tively). This also provides an efficient system to modu-
late directional transport of spermatids during the
epithelial cycle. Of course, other actin- and MT-bind-
ing proteins vs. +TIP and -TIP are also involved in this
process so that actin microfilaments and MTs can be
rapidly organized into either a bundled or unbundled
configuration with different extents of stability to con-
fer plasticity of the actin- or MT-based tracks by direct-
ing the transport of spermatids across the epithelium.
In this context, it is of interest to note that studies on a

small GTPase Rap1 also shed new insightful informa-
tion regarding the biology of spermatid transport in
the testis,”>*
reviewed.®® The most important breakthrough in these

which has recently been eminently

earlier studies regarding the functional significance of
Rapl in spermatogenesis is the generation of a trans-
genic mouse model in which spermatids from these
mice express an inactive Rapl mutant.®” These mice
are subfertile with considerably reduced sperm
counts,”” which is the result of extensive spermatid loss
from the epithelium due to an inability of spermatids
to anchor onto the Sertoli cells to sustain their develop-
ment via spermiogenesis.”” In short, the apical ES func-
tion is compromised in these Rapl mutant mice. It is
likely that other GTPases (or the Rapl expressed in
Sertoli cells continues to sustain low level of spermio-
genesis) supersede the lost function of Rapl due to its
inactivation in spermatids, at least in part, so that these
mice remain subfertile. However, this mouse model
provides a valuable tool for future studies to examine if
Rapl is involved in vesicle-based intracellular transport
to alter the spatial expression of actin- or MT-regula-
tory proteins, which in turn modulate the function of
cytoskeletons to confer spermatid transports and other
cellular events pertinent to spermiogenesis. Further-
more, Rapl expressed by spermatids during spermio-
genesis may also be involved in modulating Sertoli cell
function through intracellular trafficking events that
impede spermatid-Sertoli communication through gap
junctions or intercellular bridges. Such possibilities
must be carefully evaluated in future studies.
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