
Actin binding proteins, spermatid transport and spermiation*

Xiaojing Qian1,2, Dolores D. Mruk1, Yan-Ho Cheng3, Elizabeth I. Tang1, Daishu Han2, Will M.
Lee4, Elissa W. P. Wong1, and C. Yan Cheng1,5

1The Mary M. Wohlford Laboratory for Male Contraceptive Research, Center for Biomedical
Research, Population Council, 1230 York Ave, New York, New York 10065

2Institute of Basic Medical Sciences, Chinese Academy of Medical Sciences, School of Basic
Medicine, Peking Union Medical College, Beijing, 100005, China

3Richmond University Medical Center, Staten Island, New York 10301

4School of Biological Sciences, University of Hong Kong, Hong Kong, China

Abstract

The transport of germ cells across the seminiferous epithelium is composed of a series of cellular

events during the epithelial cycle essential to the completion of spermatogenesis. Without the

timely transport of spermatids during spermiogenesis, spermatozoa that are transformed from step

19 spermatids in the rat testis fail to reach the luminal edge of the apical compartment and enter

the tubule lumen at spermiation, thereby entering the epididymis for further maturation. Step 19

spermatids and/or sperms that remain in the epithelium will be removed by the Sertoli cell via

phagocytosis to form phagosomes and be degraded by lysosomes, leading to subfertility and/or

infertility. However, the biology of spermatid transport, in particular the final events that lead to

spermiation remain elusive. Based on recent data in the field, we critically evaluate the biology of

spermiation herein by focusing on the actin binding proteins (ABPs) that regulate the organization

of actin microfilaments at the Sertoli-spermatid interface, which is crucial for spermatid transport

during this event. The hypothesis we put forth herein also highlights some specific areas of

research that can be pursued by investigators in the years to come.
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2. Introduction

Spermatogenesis is a complex cellular process [1–4]. It is composed of several discrete

cellular events that take place cyclically in the epithelium of the seminiferous tubule in

mammalian testes, which include: (i) self-renewal of spermatogonia via mitosis, (ii) meiosis,

(iii) spermiogenesis, and (iv) spermiation. In the seminiferous epithelium, spermatogonia

that lie on the basement membrane in the basal compartment derived from spermatogonial

stem cells located at the stem cell niche [5] undergo rapid expansion via mitosis after

puberty, some of which differentiate into type A spermatogonia [6,7]. Some type A

spermatogonia differentiate to type B, which are the germ cells that transform to

preleptotene spermatocytes that are connected in “clones” by intercellular bridges (called

known as tunneling nanotubes, TNT) to be transported across the blood-testis barrier (BTB)

while differentiate into leptotene spermatocytes [8], so that spermatocytes undergo meiosis I

and II to form haploid spermatids at the adluminal compartment behind the BTB (Figure 1).

Spermatids (step 1) are then transformed into elongated spermatids (step 19) via

spermiogenesis which are then lined up at the luminal edge of the tubule lumen. Thus,

spermatozoa differentiated from step 19 spermatids are released into the tubular lumen at

spermiation that takes place at late stage VIII of the epithelial cycle [9–13] (Figure 1).

As germ cells differentiate into more advanced stages during the epithelial cycle of

spermatogenesis, they are also being transported by the Sertoli cell across the seminiferous

epithelium from the basal to the adluminal (apical) compartment, so that spermatozoa

transformed from step 19 spermatids at stage VIII of the epithelial cycle can be released to

the tubule lumen at spermiation, entering the epididymis for further maturation (Figure 1).

However, since germ cells per se, unlike fibroblasts, macrophages, neutrophils and other

mammalian cells, are immotile cells, lacking the apparatus to elicit active locomotion, such

as lamellipodia and filopodia found in other motile cells. Thus, germ cells that are analogous

the “cargoes” must rely on actin microfilaments in the Sertoli cell that serve as the “vehicle”

to be transported from the basal to the adluminal compartment along the microtubules that

act as the “railroad track” [14–16] during the epithelial cycle of spermatogenesis. Studies

have shown that the unique anchoring junction in the testis known as ectoplasmic

specialization [ES, an actin microfilament-rich anchoring device using F-actin for

attachment, also a testis-specific adherens junction (AJ)] serves as the “vehicle” and the

microtubule acts as the “railroad track” to transport the cargo (germ cell) along the

epithelium during the epithelial cycle [7,8,17–21]. ES is found at the Sertoli cell-cell

interface and co-exists with actin-based tight junction (TJ) and gap junction (GJ) known as

the basal ES. These junctions together with the intermediate filament-based desmosome

constitute the blood-testis barrier (BTB) [7,22,23], one of the tightest blood-tissue barriers in

the mammalian body [24–26], which also anatomically divides the seminiferous epithelium

in the basal and the apical (adluminal) compartment. On the other hand, ES is also found in

the apical compartment at the Sertoli-spermatid interface called the apical ES. Apical ES

first appears in step 8 spermatids, however, once it assembles, unlike basal ES which

coexists with TJ and GJ, it replaces both desmosome and GJ at the Sertoli-spermatid (step

1–7) interface [13,19,27], and it remains to be the only anchoring device until at late stage

VIII when it undergoes complete degeneration to facilitate spermiation [17,21,28,29].
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However, both apical and basal ES undergo restructuring at late stage VII to VIII so that

proteins at the “old” ES can be endocytosed, transcytosed and recycled to assemble “new”

apical and basal ES, in which giant endocytic vesicles are formed at both sites known as

apical and basal tubulobulbar complex (TBC) [28,30–32] (Figure 1). In short, TBC is the ES

that undergoes endocytic vesicle-mediated trafficking so that “old” ES proteins can be

recycled for the assembly of “new” ES both in the basal (at the basal ES) and the apical (at

the apical ES) compartment. Furthermore, TBC is also used to eliminate unwanted

cytoplasmic debris in particular from the head region of late spermatids or Sertoli cells at the

BTB [31,32]. In this context, it is of interest to note that many proteins at the desmosome

and GJ that are found at the Sertoli-spermatid (step 1–7) interface (i.e., apical ES), and also

many TJ- and GJ-proteins at the Sertoli cell-cell interface (i.e., basal ES), are being

assimilated into the ES, even though ultrastructural features typical of TJ and GJ are not

detected at the ES. Furthermore, proteins that are usually restricted to focal adhesion

complex [FAC also known as focal contact, an actin-based anchoring junction at the cell-

extracellular matrix (ECM) interface], such as focal adhesion kinase (FAK), c-Src (Rous

sarcoma transforming virus or proto-oncogene tyrosine-protein kinase Src) and c-Yes

(Yamaguchi sarcoma viral oncogene homolog1), are also found at the apical and/or basal

ES, making the ES a hybrid anchoring junction, having the properties of AJ, GJ, TJ,

desmosome and also FAC [33–35]. For instance, desmosome proteins desmoglein-2 and

plakoglobin; GJ proteins connexin 43 and connexin 33; and TJ proteins JAM-C and CAR;

are found at the apical and/or basal ES [36–39]

When examined by electron microscopy, ES is constituted by a tripartite ultrastructure

composed of: (i) hexagonally arranged actin filament bundles that lie perpendicular to the

Sertoli cell plasma membrane, which sandwiched in-between (ii) cisternae of endoplasmic

reticulum and (iii) either the apposing Sertoli cell plasma membranes (basal ES) or the

apposing Sertoli-spermatid plasma membranes (apical ES) [20,30] (Figure 1).

Morphologically, apical and basal ES are indistinguishable even at the ultrastructural level

under electron microscope except that the typical tripartite structure is found in both sides of

adjacent Sertoli cells at the basal ES, but only in the Sertoli cell at the apical ES, not at the

spermatid [20]. In fact, spermatids do not appear to contribute to the apical ES

ultrastructurally even though they express many of the similar ES proteins found in Sertoli

cells (e.g., nectin-2, afadin, N-cadherin, β-catenin) as well as unique proteins (e.g., nectin-3,

laminin-α3, -β3, -γ3) not found in Sertoli cells [29,40]. Interestingly, constituent proteins at

the apical vs. the basal ES are quite different [29,40]. Apical ES appears to mechanically

grasp the head of spermatids which undergo rapid elongation and maturation via

spermiogenesis, and to confer spermatid polarity so that the head of spermatids are pointing

toward the basement membrane [20,41]. On the other hand, TBC consists of a cylindrical

double-membrane core composed of the plasma membranes of two adjacent cells, cuffed by

a network of actin microfilaments [8,30,42] (Figure 1). Basal TBC develops between

adjacent Sertoli cells, which undergoes regressive changes during the epithelial cycle. Most

membranous complexes arise during the early stages of the epithelial cycle at II–V and

develop into large bulbous endings. At midcycle, namely stages VI–VII, most basal TBC

display regressive changes and are eventually resorbed by Sertoli cell lysosomes. Basal TBC

resorption is related to the impending breakdown of the “old” BTB above spermatocytes as
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these cells are being transported upward, crossing the BTB [30] (Figure 1). It is noted that

basal TBC is not clustered at any specific and predictable location at the belt-like junctions,

somewhat difficult to distinguish from elements of other junctional complexes [43].

Since both ES and TBC are actin-based ultrastructures, and the regulation of actin dynamics

in unique testicular junctions are crucial to spermatogenesis, we focus on actin-binding and

actin regulating proteins and their relationship with actin and other proteins at the ES in this

review. We also focus our discussion herein on the spermatid transport across the

seminiferous epithelium utilizing the apical ES since the biology of preleptotene

spermatocyte transport at the basal ES/BTB has recently been reviewed [21,44,45].

3. Actin binding proteins (ABPs)

Actin is an essential component of the cytoskeleton, it is found in mammalian cells

including Sertoli cells in the testis, existing in one of the two forms: globular, monomeric

actin (G-actin), and filamentous polymeric actin (F-actin) [46–50]. G-actin is polymerized

and assembled into double helices, forming F-actin. F-actin, also known as microfilament,

has inherent polarity in which the rapidly growing end is the “barbed end” and the slow

growing end the “pointed end” [51], which acts as the “vehicle” to transport the “cargo”

which is the spermatid. Microfilaments can be cross-linked into higher order structures of

meshes, bundles or composite bundled networks. These changes in the organization of the

actin cytoskeleton thus confers plasticity to cells besides mechanical integrity, which also

induces changes in the localization of the adhesion protein complexes at the TJ, such as

occludin-ZO-1(zonula occludens-1) and claudin-ZO-1, apical ES such as integrin-laminin

and nectin-afadin, which all use F-actin for their attachment [44]. Actin re-organization also

enable cells to carry out various functions, including cell division, motility, contraction,

phagocytosis and endocytic vesicle-mediated protein trafficing, besides conferring cell

shape, polarity, adhesion and signal transduction [46,52]. Actin dynamics are tightly

regulated by over 150 actin binding proteins (ABPs) that modulate localization,

polymerization, cleavage, cross-linking, and organization of microfilaments, and they can be

classified into two broad groups. One is proteins that regulate F-actin assembly and

disassembly such as nucleation, barbed end capping, depolymerization, and monomer-

binding. The other group is proteins that regulate higher-order F-actin structures, including

F-actin bundling and F-actin cross-linking. Actin bundling proteins confer either parallel or

antiparallel alignment of actin microfilaments and bundle F-actin into linear arrays. Some

cross-linking proteins (e.g., filamin A) generate branched arrays of actin [46,51]. Since

many proteins that are known to regulate cytoskeletal dynamics have not been studied in the

testis, we limit our discussion herein on two functional groups of proteins that are intimately

related to the organization of actin microfilaments at the ES pertinent to spermatogenesis.

First, branched actin polymerization proteins that induce barbed end nucleation on existing

microfilaments, effectively turning actin filaments from a “bundled” to “un-bundled/

branched or mesh” configuration (Figures 2–4). Second, actin bundling proteins maintain ES

integrity (Figures 2–4). Since an accompanying paper [53] focuses on the role of non-

receptor protein tyrosine kinases on spermatid transport during the epithelial cycle, we limit

our discussion herein on actin binding proteins (ABPs) and how the cross-talk of ABPs and
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protein tyrosine kinases, in particular FAK, are crucial to the biology of spermatid transport

at spermiation.

4. Actin binding proteins (ABPs) that confer branched/meshed actin

network at the ES in the mammalian testis

4.1. Arp2/3 (actin related protein 2/3) complex and N-WASP (neuronal Wiskott-Aldrich
syndrome protein)

The Arp2/3 complex is a seven-subunit protein with of Arp2, Arp 3 and ARPC (Arp2/3

complex subunit) of 1 to 5. This 7-subunit Arp2/3 complex binds to the barbed end of an

existing actin microfilament and induces branched actin nucleation at a 70° angle, thereby

generating branched F-actin, effectively un-bundled an existing actin microfilament bundle

[54–56]. This re-organization of F-actin thus leads to the formation of a dense meshwork of

actin including lamellipodia leading edge in migrating cells [54,57]. However, the Arp2/3

complex is inactive until it is activated by cooperative interactions with ATP and nucleation-

promoting factors [47,55,58]. Proteins from the WASP family, such as WASP, N-WASP,

and the cortactin family are activators of Arp2/3 complex. Among these, N-WASP is

considered to be a more potent activator of the Arp2/3 complex than cortactin [47,59,60].

All WASP family proteins share a common C-terminus responsible for nucleation

promoting activity, which consists of the verprolin homology domain, cofilin homology

domain, and acidic region (VCA domain) (Figure 2). The verprolin sequence binds actin

monomers, whereas the acidic sequence binds to the Arp2/3 complex which induces changes

in its conformation. N-WASP possesses two tandem verprolin motifs (Figure 2), leading to a

more potent activity for Arp2/3 activation. WASPs also contain several other regulatory

domains in the N-terminus including a WASP homology domain (WH1), a basic region, a

GTPase-binding domain (GBD), and a proline-rich (PR) domain (Figure 2). These domains

allow intrinsic regulation of its activity via auto-inhibition or mediated by external signals.

N-WASP is auto-inhibited through interactions between the GBD and the VCA domain.

This interaction prevents full length WASP from binding to and activating the Arp2/3

complex [60,61]. N-WASP, in turn, can be activated by Cdc42, and Src family kinases (e.g.,

c-Src), and also by WASP interacting SH3 protein (WISH) and the adaptor protein GRB2

via their SH3 (Src homology 3) domains [60]. N-WASP is also involved in clathrin-

mediated endocytosis besides regulating endosome trafficking [60]. Arp3 is expressed in

both Sertoli and germ cells in adult rat testes at a similar level; however, N-WASP is more

abundant in germ cells, and cortactin is mostly found in Sertoli cells [62]. Spatiotemporal

expression of Arp3 in the seminiferous epithelium is noted in the rat testis during the

epithelial cycle: Arp3 is present at the BTB in various stages but barely detectable at stage

VI–VII when the BTB remains “dormant” without restructuring, its expression is up-

regulated considerably in stage VIII tubules when the BTB undergoes extensive

restructuring [62]. Thus, the elevated expression of Arp3 at the BTB in stage VIII tubules

facilitates the conversion of actin bundles to a mesh network to facilitate the transport of

preleptotene spermatocytes at the site. Interestingly, the pattern of Arp3 expression at the

apical ES at these stages is reciprocal of the BTB, being the highest at the concave (ventral)

side of the head of elongating spermatids in stage VII tubules, and gradually diminishes to

an undetected level at stage VIII prior to spermiation [62,63] (Figure 3). N-WASP is shown
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to co-localize with Arp3 at both the apical ES and BTB [62]. Cortactin and N-WASP are

also detected at the concave side of elongated spermatid heads at stage VII during TBCs

formation. Collectively, these findings suggest that activated Arp2/3 complex leads to actin

nucleation and branching, assembling actin mesh network around protrusions of apical

TBCs to facilitate protein endocytosis, transcytosis and recycling [62,64–66], with the likely

involvement of N-WASP since it is known to participate in endocytic vesicle-mediated

protein trafficking in other mammalian cells [60].

4.2. Drebrin E (Developmentally regulated brain protein E)

Drebrin was first identified in avians as neuronal drebrin A (adult) [67]. Thus, drebrin A is

the neuron-specific adult isoform, whereas drebrin E is expressed in the embryonic brain

and in a wide range of non-neuronal cell types including the testis [51,68]. Drebrin is an

actin-binding protein, involving in the formation of actin bundles, recruitment of proteins

(e.g., chemokine receptor CXCR4) via changes in actin polymerization, building of dendritic

spines and stabilization of gap junctions, actin remodeling via its interaction with Ras

GTPases, and formation of lamellipodia and filopodia [67]. Drebrin is a member of the

ADF-H (actin depolymerizing factor homology) domain family of actin-binding proteins.

The ADF-H domain is a structurally conserved protein motif, with the ability to bind to both

G- and F-actin (Figure 2) [51]. In addition to the N-terminal ADF-H domain, mammalian

drebrin has second actin-binding domain, charged/helical (CH) actin binding motif (Figure

2). This motif is mainly responsible for F-actin interactions, because the ADF-H domain

only binds F-actin weakly. The charged/helical domain seems to play a major role in

determining the correct subcellular localization and activity of drebrin. Drebrin bind actin

filaments in a 1:5 stoichiometry ratio, and the binding of drebrin to F-actin leads to

structural and mechanical changes in the microfilament, such as increased stiffness and

changes in the helical twist [51]. Drebrin stabilizes F-actin, modifies its structure, and

modifies the interactions of other actin-binding proteins to microfilaments. Drebrin is found

to regulate actin dynamics via the ability to compete with the binding of other actin

regulatory proteins, such as α-actinin, fascin and tropomyosin to F-actin, to maintain the

proper levels of other actin regulatory proteins in specific cellular domains in response to

changes in environment, growth and development, pathological conditions and toxicants

[51,67]. Drebrin also has PR domain near its C-terminus, serving as binding site for multiple

proteins [51]. In the seminiferous epithelium of adult rat testes, drebrin E displays a

restrictive stage-specific localization at the apical ES, as well as at the basal ES during the

epithelial cycle [68]. Drebrin E is highly expressed at the basal ES at stage V–VI, but it

diminishes considerably by stage VII–VIII and it remained almost non-detectable until stage

IV [68]. At the apical ES, drebrin E is first detected at stage V, surrounding the entire head

of elongating spermatids, but by stage VI its localization is “shifted” to localize most

intensely and almost exclusively to the concave (ventral) side of the spermatid head [68].

Drebrin E structurally interacts with Arp3, and co-localized with Arp3 in stage VII tubules

[68], these findings illustrate that drebrin E recruits the Arp2/3 complex to the apical ES.

Drebrin E may serve as a platform to recruit necessary actin regulatory proteins to apical ES

to affect F-actin filament bundles to confer apical ES dynamics to support spermatid

transport during spermiogenesis.
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4.3. Filamin A

Filamin A is a non-muscle ABP, an actin cross-linker and a scaffolding protein, which is

known to maintain and regulate cytoskeleton structure and function in many epithelia

including the seminiferous epithelium [69,70]. Filamin A is a dimeric protein composed of

two identical polypeptide chains of 280 kDa each, the two chains self-associate non-

covalently at the C-terminus via the dimerizing domain (DD) (Figure 2) to form a V-shaped

functional protein. Because each monomer of filamin A contains a spectrin-related actin-

binding domain at its N-terminus, each V-shaped dimeric filamin A binds to two F-actin,

which favors perpendicular (i.e. at 90°) branching of F-actin [70,71]. Each N-terminal actin-

binding domain followed by 24 Ig repeats, which contribute significantly to the actin

binding strength of filamin A [72]. Similar Ig domain has been reported in a small number

of vertebrate intracellular proteins, including myomesin, titin, and palladin [73]. Filamin A

also anchors various transmembrane proteins to the actin cytoskeleton and provides a

scaffold for a wide range of cytoplasmic and nuclear signaling proteins [69]. β1-Integrin and

vimentin are known binding ligands of filamin A involved in cell adhesion [74,75]. Integrin

tails connect to the actin cytoskeleton by binding directly to filamin A [76]. In the rat testis,

filamin A is expressed exclusively by Sertoli cells cultured in vitro, distributed in cytoplasm

in filamentous forms consistent with its function as an actin cross-linker [77]. In the testis,

filamin A is predominantly (and also exclusively) expressed at the BTB near the basement

membrane at the time the BTB begins to assemble at about 15–17 dpp (day postpartum), and

its expression is considerably diminished during testicular maturation [77]. By 20 dpp, the

expression of filamin A and its co-localization with F-actin in the epithelium begins to

decline, and very weak staining of filamin A is detected in the testis by 90 dpp. Knockdown

of filamin A in the testis by RNAi in vivo disrupts postnatal BTB assembly, which is

mediated via a disorganization of the F-actin filament network and mis-localization of TJ

and basal ES proteins at the BTB [77]. On 21 and 25 dpp after filamin A silencing,

junctional adhesion molecules-A (JAM-A) and ZO-1 fail to be recruited to the BTB,

localized diffusely at the BTB, thereby failing to recruit the BTB-associated proteins to the

site to assemble a functional BTB. These findings thus illustrate that filamin A, besides

serving as an organizer of actin-based cytoskeleton and cell structure, is involved in

regulating cell adhesion function by recruiting adhesion protein complexes (e.g. JAM-A-

ZO-1 and N-cadherin-β-catenin) to the BTB microenvironment for its assembly [77].

5. Actin binding proteins (ABPs) that confer actin filament bundles at the

ES in the mammalian testis

5.1. Eps8 (epidermal growth factor receptor pathway substrate 8)

Eps8 was originally identified as a substrate of the epidermal growth factor receptor

(EGFR), it belongs to a protein family that links growth factor stimulation to actin dynamics

[78]. Eps8 is also a product of oncogene and an emerging target of anticancer therapy [79].

Eps8 is an important regulator of F-actin organization, which induces actin barbed end

capping, actin bundling, and modulation of Rac GTPase-mediated actin remodeling [80,81].

Structurally, Eps8 contains several functional domains: a phosphotyrosine binding (PTB)

domain, an EGFR binding region, two proline-rich (PR) sequences, a Src homology 3 (SH3)

Qian et al. Page 7

Semin Cell Dev Biol. Author manuscript; available in PMC 2015 June 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



domain and a Sterile α motif/Pointed domain (SAM–PNT domain) overlapped by a C-

terminal ‘effector’ region (Figure 2). PR sequences can interact with IRSp53 (insulin

receptor tyrosine kinase substrate p53). The SH3 domain also interacts with Abi-1 (Abelson

interacting protein-1, a scaffold protein), RN-tre and IRSp53. When Eps8 binds to Abi-1,

accompanied by Sos-1 (son of sevenless 1, a Rac-specific guanine nucleotide-exchange

factor) and PI3K (phosphatidylinositide 3-kinase), it activates Rac-mediated actin

remodeling [82,83]. However, when Eps8 binds to RN-tre via the same SH3 domain, it

inhibits Rab5-mediated receptor endocytosis. The core barbed end capping activity of Eps8

is encoded within the highly conserved C-terminal effecter region. The integrin cytoplasmic

domain can also interact with Eps8 C-terminal effecter region, such as in colon cancer cells,

it is likely that Eps8 plays a role in integrin signaling [81]. Eps8 is also associated with the

late endosomal/lysosomal compartment. Eps8 also co-immunoprecipitates with Hsc70 and

lysosomal associated membrane protein-2 (LAMP-2), which are key elements of the

chaperone-mediated autophagy degradative pathway [80].

In adult rat testes, Eps8 is expressed in Sertoli and germ cells along with its functional

partners, Abi-1, IRSp53, and Sos1, and is localized most prominently at the edges of

spreading Sertoli cells cultured in vitro [81]. In the seminiferous epithelium, Eps8 is highly

expressed at the F-actin-rich basal ES at the BTB and the apical ES at stage V–VI of the

cycle. At stage VII, it shifted to the concave (ventral) side of elongated spermatids heads

[81] (Figure 3). Eps8 is considerably diminished both at the basal ES and apical ES in stage

VIII tubules, coinciding with BTB restructuring and apical ES disassembly at stage VIII

[63,81]. This spatiotemporal expression of Eps8 in seminiferous epithelium during the

epithelial cycle illustrates that Eps8, at stages V to early VII, may work as an actin barbed

end capping protein and bundling protein, participate in the formation and maintenance of

the characteristic actin filament bundles at the ES, which together with the Arp2/3 complex

may facilitate the transport of spermatids across the epithelium. However, at late VII to VIII,

it is involved in regulating endocytic vesicle-mediated protein trafficking via endocytosis

and recycling of apical and basal ES in the seminiferous epithelium. This postulate is

supported by findings via the knockdown of Eps8 by RNAi in Sertoli cells cultured in vitro

with an established TJ-permeability barrier that mimics the BTB in vivo [81]. For instance,

silencing of Eps8 leads to F-actin disorganization in Sertoli cells, such as stress fiber

truncation, disorganization, and overgrowth [81], since actin microfilaments can no longer

be capping and bundled, leading to barbed end nucleation possibly induced by the Arp2/3

complex. Eps8 knockdown also causes TJ protein mis-localization in which occludin and

ZO-1 diffuse away from the cell-cell interface and internalized with occludin appears to

form discrete cytoplasmic aggregates in the cell cytosol [81]. More importantly, Eps8

knockdown in vivo leads to germ cell loss from the epithelium and also BTB disruption [81],

illustrating that Eps8 is a crucial regulator of actin dynamics by conferring germ cell

adhesion and BTB integrity [81].

5.2. Palladin

Palladin is an actin binding protein closely co-localized with α-actinin in stress fibers and

focal adhesion complex (FAC) in mammalian cells [84,85]. It is widely expressed in

vertebrate cells, besides stress fibers and FAC, palladin is also found in cell junctions,
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podosomes, lamellipodia and other actin-based subcellular structures [84,86]. In rodents and

humans, palladin is expressed as several isoforms of 200-, 140-, 90-kDa [86]. All isoforms

of palladin contain at least one PR region near its N-terminus, and three immunoglobulin

(Ig)-like domains near its C-terminus (Figure 2). PR region serves as the docking site for

proteins containing the SH3 domain, such as Src and Eps8, or Ena-Vasp homology domain

1 (EVH1)-containing proteins, such as vasodilatator-stimulated phosphoprotein (VASP)/

WASP protein family, this thus targets Ena/VASP/WASP proteins to actin microfilament to

modify its organization. Palladin is physically associated with Src SH3 domain which in

turn activates Src via tyrosine phosphorylation in vivo [87]. The Ig domains in palladin can

bind to actin and some actin binding proteins. The Ig domain of palladin contains actin

binding sites, illustrating palladin can associate with F-actin directly to induce bundling/

cross-linking of actin filaments [73,88]. Palladin modulates the morphology and viscoelastic

response of actin network in a concentration-dependent manner. Increasing palladin

concentrations cause structural transitions in actin network from a weakly cross-linked phase

to a strongly bundled phase in which branched bundles span the entire network [52]. The Ig

domain also binds directly to other actin binding proteins, such as ezrin (component of the

cortical actin cytoskeleton) and α-actinin [84–86,89]. α-Actinin is also an actin cross-linking

protein, and also a scaffold that recruits other signaling molecules to the cytoskeleton.

Binding of palladin to α-actinin may offer more actin binding sites in a smaller volume,

enabling the formation of tighter actin bundles, and facilitating bundle interconnectivity

[52]. The ability of palladin to connect other molecules suggests its role as a cytoskeletal

scaffold that brings other proteins with different functional modalities into higher-order

molecular complexes [87]. Palladin, a 90–95 kDa polypeptide, is expressed by Sertoli and

germ cells in the rat testis, co-localizing with actin filaments with a typical fibrillar

punctuate staining in Sertoli cells in vitro [90]. Palladin is mostly found at the apical and the

basal ES/BTB in the seminiferous epithelium, displaying a restrictive stage specific pattern.

In stage IV–VII tubules, palladin is expressed at the apical ES, covering both the convex and

the concave side of the head of spermatids, co-localizing with F-actin (Figure 3); however,

from stage VII to stage VIII, palladin expression shifted and concentrated to the tip of

spermatid heads and it is considerably diminished to a level almost not detectable at late

stage VIII [90]. These findings thus suggest that palladin is used to maintain the actin

filament bundles at the apical ES via changes in their localization during the epithelial cycle.

Palladin is also found to be highly expressed at the basal ES/BTB at stage I–V but

diminished at stage VII–VIII when the BTB undergoes restructuring [63,90]. A knockdown

of palladin in Sertoli cells in vitro by RNAi disrupts the TJ function, which is associated

with a disorganization of actin filaments [90]. This, in turn, impedes protein distribution at

the TJ [90]. Its knockdown in vivo also perturbs F-actin organization that lead to a loss of

spermatid polarity and adhesion, causing defects in spermatid transport and spermiation

[90]. Palladin structurally interacts with Eps8 and Arp3, and co-localized with these proteins

at the basal ES and at the concave side of spermatid heads in stage VII tubules [90].

Interaction of palladin and Eps8 may be mediated via the PR domain in palladin and the

SH3 domain of Eps8. It has been reported that full length Eps8 is auto-inhibited and does

not cap barbed ends of microfilaments, while the binding of Abi-1 alters the conformation of

Eps8 and releases its barbed-end actin capping activity. The binding of palladin to Eps8 may

be involved in a similar mechanism that modulates Eps8 barbed-end capping activity [91].
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Palladin may interact with Arp3 through its binding with N-WASP. Thus, the precise

interactions between palladin, Arp3 and Eps8 can induce rapid remodeling of the network of

actin filaments at the ES to facilitate transport of spermatids across the seminiferous

epithelium and of preleptotene spermatocytes across the BTB.

6. ABPs and spermatid transport during spermatogenesis

6.1. Introduction

As discussed above and shown in Figure 2, these ABPs are either actin bundling (e.g., Eps8,

palladin) proteins, branched actin polymerization (N-WASP, drebrin) or branched actin-

inducing (e.g., filamin A) proteins which bind to F-actin via different actin binding domains.

For instance, filamin A has a spectrin-related actin-binding domain [71], drebrin E uses its

ADF-H domain and charged/helical motif for actin binding [51], whereas palladin binds F-

actin using the Ig domain [73] (Figure 2). Beside actin-binding, these ABPs also possess

domains that allow them to interact with other proteins by recruiting additional functional

proteins to the site to elicit remodeling of the actin cytoskeleton during the epithelial cycle.

For example, Eps8, N-WASP, palladin all contain PR regions, whereas Eps8 and some other

ABPs (e.g. cortactin) have SH3 domain [46]. Src family kinases are possess SH3 domains,

and it is known that interactions of PR regions and SH3 domains are essential for signal

transductions, such as between palladin and non-receptor kinases that regulate cell

proliferation, differentiation, migration and transformation [92]. There are studies in the

literature reporting that Eps8, Arp3 and palladin can be regulated by kinases and

phosphatases that modulate their phosphorylation status, which, in turn, affect their intrinsic

activities [87,91,93]. For instance, Eps8 can be tyrosine phosphorylated by a variety of

protein tyrosine kinases [91]. Eps8 overexpression promotes the activity of FAK and c-Src,

whereas Src can enhance tyrosine phosphorylation and protein synthesis of Eps8 which, in

turn, up-regulate the expression and activity of FAK [79]. FAK has been shown to influence

Arp 2/3 complex-mediated actin nucleation, modulating actin cytoskeleton organization at

the basal ES of the Sertoli cell BTB through two likely mechanisms [93]. These include

blockade of N-WASP from entering the nucleus following FAK-mediated phosphorylation,

as well as the direct interaction of FAK 4.1/ezrin/radixin/moesin domain with Arp3, which

enhances Arp2/3 activity [93]. In short, there are functional cross-talks between actin

bundling proteins (e.g., Eps8, palladin), actin barbed end nucleation proteins (e.g., the

Arp2/3 complex) and branched actin-inducing proteins (e.g., filamin A), which are likely

mediated by non-receptor protein kinases as summarized in Section 6.2.

6.2. A current concept on cross-talks between non-receptor protein kinases (e.g., FAK)
and ABPs that regulate spermatid transport during the epithelial cycle of spermatogenesis

As noted in the sections above, actin filament bundles at the apical ES surrounding the head

of spermatids during spermiogenesis confer both adhesion and polarity to developing

spermatids. However, these actin filament bundles (Figure 1) must be re-organized by

alterning their configuration from “bundled”, “branched” and “un-bundled” as illstrated in

Figure 4A via spatiotemporal expression of bundling-inducing proteins (e.g., Eps8, palladin)

and branched actin-inducing proteins (e.g., Arp3, drebrin E and filamin A), thereby

unbundling actin microfilaments at the apical ES to facilitate the transport of spermatids
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across the seminiferous epithelium. Based on the available data thus far, it is likely that the

two phosphorylated forms of FAK, p-FAK-Tyr407 and p-FAK-Tyr397, and Src family

kinases in particular c-Yes and c-Src, are playing crucial role in these events. This postulate

is supported by the following observations. First, p-FAK-Tyr397 [94,95] and c-Yes [96] are

highly and restrictively expressed at the convex (dorsal) side of spermatid heads which

persists from stage VII–VIII until the degeneration of apical ES at late stage VIII when

spermation takes place (Figure 3). p-FAK-Tyr397 also structurally interacts with c-Src, β1-

integrin and vinculin at the apical ES [94] whereas c-Yes with Eps8 but not Arp3 or drebrin

E [97]. Second, p-FAK-Tyr407 is predominantly expressed at the concave (ventral) side, but

some can be detected at the convex (dorsal) side, of spermatid heads at stage VII–VIII

(Figure 3) [93], and p-FAK-Tyr407 structurally associated with N-WASP and Arp3 [93].

More important, it was shown that p-FAK-Tyr407 modulates actin polymerization rate via its

action on the N-WASP/Arp2/3 complex since overexpression of the FAK Y407E

phoshomimetic mutant facilitated the interaction between N-WASP and Arp3 and

significantly induced actin polymerization rate at the ES [93]. Third, a knockdown of c-Yes

also induces actin polymerization rate at the ES [97]. Collectively, these findings thus

illustrate that Eps8, palladin and Arp3, which are highly expressed at the concave side of

spermatid heads at stage VII (Figure 3), can be selectively turned “on-or-off” by p-FAK-

Tyr407, depending on the need in the microenvironment to accommodate spermatid transport

during the epithelial cycle. Thus, their coexistence at the same site, namely the concave side

of spermatid heads, do not necessarily cause a conflict of differential activity to induce

changes in the organization of actin microfilaments. Instead, this represents a simple but

efficient system to induce re-organization of actin filament bundles in response to the need

of spermatid transport during the epithelial cycle. For instance, these protein kinases can

selectively activate (or inactivate) either Eps8, palladin, Arp3, filamin A or drebrin E, so that

only actin bundling or branched actin polymerization activity can be induced at the site. This

possibility is supported by reports that palladin is a phosphoprotein that can be activated via

phosphorylation on its Ser/Thr and/or Tyr residues. When Akt1 (also known as PKB, and it

is a component of the apical ES in the rat testis [98]) phosphorylates palladin at Ser507, this

in turn induces palladin to exert its activity to confer cross-linking of actin microfilaments

into bundles [99]. On the other hand, palladin is also involved in subcellular targeting of c-

Src [87], which can affect endocytic vesicle-mediated protein trafficking [100], such as

those that take place at the apical TBC in stage VII–VIII of the epithelial cycle [28]. While

the precise role of p-FAK-Tyr407 or -Tyr397 on the activation of palladin remains to be

explored, p-FAK-Tyr397 structurally interacts with c-Src, thus, c-Src can be recruited to the

apical ES to activate palladin to confer actin bundling.

Based on the available data summarized herein, we now provide a model shown in Figure 4

to depict the likely events of spermatid transport pertinent to spermiation during

spermatogenesis. As noted in Figure 4A, B, actin filament bundles at the apical ES is

maintained by the concerted efforts of actin bundling proteins Eps8, palladin and others

(e.g., α-actinin), in which p-FAK-Tyr397, p-FAK-Tyr407 and c-Yes maintain the proper

phosphorylation status of these proteins so that these proteins are activated and they can

exert their actin bundling (or barbed end capping) activity to confer actin microfilaments in

a bundled configuration, such as at stage VII of the epithelial cycle (Figure 4A, B). These
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bundled actin microfilaments also support the proper localization of apical ES adhesion

proteins, such as β1-integrin, laminin-γ3 chain, nectin-3, and JAM-C, at the apical ES since

these proteins are using F-actin for their attachment to confer apical ES function (Figure 3).

On this note, it is worthy to mention that at early to mid-stage VII, Eps8 is expressed also at

the convex side, besides the concave side, of spermatid heads (see accompanied paper of

Wan et al. in this issue); and by late stage VII, Eps8 and α-actinin that confer actin

microfilament bundles are limited to the concave side of the spermatid head as shown in

Figure 3. However, palladin remains abundantly expressed at the convex side of spermatid

heads to confer actin microfilament bundles at late stage VII (Figure 3), illustrating the

spatiotemporal expression of these ABPs that confer actin bundling across the spermatid

head at the apical ES provides a unique mechanism to induce actin microfilament

remodeling in the microenvironment. On the other hand, the Arp2/3 complex that is found at

the concave side of spermatid heads remains inactivated, likely induced by p-FAK-Tyr407

and/or c-Yes which are also expressed at the same site (Figure 4B vs. Figure 3). At late stage

VII of the cycle, when restructuring of the apical ES takes place at the concave side of the

spermatid head that leads to the formation of the apical TBC, representing giant endocytic

vesicles, is induced by the activation of the N-WASP/Arp2/3 complex via the action of p-

FAK-Tyr407 and/or c-Yes (Figure 4B). Eps8, palladin, and α-actinin, however, are

inactivated, even though they are expressed at the site, possibly via phosphorylation induced

by these two p-FAK-Tyr407 and c-Yes (Figure 4A, B). The inactivation of Eps8 and pallaind

(and also other actin bundling proteins, such as α-actinin) gradually spreads to the convex

side of the spermatid head, which is likely induced by p-FAK-Tyr397 since it is found

abundantly at this site (Figure 3), and bundles of actin microfilaments are replaced with the

un-bundled and branched F-actin, destabilizing the adhesion protein complexes at the site,

thereby facilitating the release of sperms at spermiation (Figure 4A, B). Similar events likely

take place at the microenvironment at the Sertoli-spermatid interface for the transport of

spermatid across the seminiferous epithelium. This model also highlights some areas of

research that deserve attention in future studies, such as the nature of protein

phosphorylation that activate and/or inactivate these ABPs.

7. Conclusing remarks and future persepctives

Herein, we provide an update on the likely involvement of ABPs and nonreceptor protein

kinases on the transport of spermatids across the seminiferous epithelium during the

epithelial cycle of spermatogenesis, in particular during the final steps of spermiation. We

also provide a hypothetical model based on findings in the field as depicted in Figure 4. We

envision that the activity ABPs that confer actin microfilaments their bundled or un-

bundled/branched configuration at the apical ES are regulated by p-FAK-Tyr407, p-FAK-

Tyr397, c-Yes and/or c-Src. There are many open questions remain to be answered. For

instance, what molecule(s) are responsible for the timely activation of these ABPs? Are

these molecules released from spermatids and sent to the Sertoli cells via hemi-channels of

gap junctions that induce phosphorylation of the specific class of ABPs to confer the

configuration of actin microfilaments at the site? Besides, actin cytoskeleton, the

involvement of tubulin-based cytoskeleton at the apical ES remains to be carefully

evaluated.
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Highlights

1. Remodeling of actin microfilaments at the ectoplasmic specialization (ES) is

crucial to confer spermatid transport

2. ES remodeling is regulated by the antagonistic effects of actin bundling and

branched actin polymerization-inducing proteins

3. Spermiation is an F-actin remodeling cellular event
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Figure 1. A schematic drawing that illustrates the cellular events of germ cell transport that
occur in the seminiferous epithelium pertinent to the release of sperms at spermiation in the rat
testis
During the epithelial cycle, such as at stage VI, both the apical ES and the basal ES/BTB are

intact in which actin microfilaments maintain the ES integrity via the formation of a bundled

configuration. At stage VII, apical tubulobulbar complex (TBC) appears in the concave

(ventral) side of the spermatid head, representing the site of apical ES that undergoes

restructuring, in which endocytic vesicle-mediated endocytosis occurs, which is facilitated

by the conversion of actin microfilaments from “bundled” to “un-bundled/branched”

configuration. As such, “old” apical ES proteins, such as β1-integrin and nectin-2 or -3, can
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be transcytosed and recycled to assemble “new” apical ES. Similar events take place at the

BTB in which “old” BTB above the preleptotene spermatocyte in transit at the BTB

undergoes restructuring, and “old” BTB proteins, such as occludin and JAM-A, are

transcytosed and recycled to assemble “new” BTB behind the preleptotene spermatocyte.

Apical ES surrounding the head of step 19 spermatids continue to undergo degeneration

until all the actin microfilaments are un-bundled and replaced with branched actin

microfilaments and a mesh network of F-actin so that newly transformed spermatozoa are

released into the tubule lumen at spermiation. Abbreviations used: SG-B, spermatogonium,

type B; SG, spermatogonium; PS, pachytene spermatocyte; RS, round spermatid; SC, Sertoli

cell; PLS, preleptotene spermatocyte; LS, leptotene spermatocyte; ES, elongating spermatid;

RB, residual body.
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Figure 2. A schematic drawing that depicts the functional domains of the actin binding proteins
(ABPs) that are known to regulate actin microfilaments at the ES in the mammalian testis
The functional domains of actin bundling proteins Eps8 (also a barbed end capping protein)

and palladin, as well as ABPs that are involved in creating branched microfilaments at the

ES including N-WASP, drebrin E and filamin A. Abbreviations: PTB, phosphotyrosine

binding domain; EGFR, epidermal growth factor receptor domain; PR, proline-rich region;

SH3, Src homology 3 domain; E, effector region; SAM–PNT, Sterile α motif/Pointed

domain; Ig, immunoglobulin-like domain; WH1, WASP homology domain; B, basic region;

GBD, GTPase-binding domain; V, verprolin homology domain; C, cofilin homology

domain; A, acidic region; ADF-H, actin depolymerizing factor homology domain; CH,

charged/helical domain; S, spectrin-related domain; DD, dimerizing domain.

Qian et al. Page 21

Semin Cell Dev Biol. Author manuscript; available in PMC 2015 June 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 3. Spatiotemporal expression and localization of ABPs versus F-actin and selected apical
ES proteins in the rat testis pertinent to the transport of spermatids for spermiation
In this micrographs, the spatiotemporal localization of F-actin at the apical ES, surrounding

the head of step 19 spermatids, in late stage VII tubules is compared to several ABPs, such

as Arp3, Eps8, palladin, α-actinin, versus apical ES proteins, such as β1-integrin, laminin-

γ3, nectin-3, JAM-C, and polarity protein Par6 as well as two ES regulatory proteins p-

FAK-Tyr407 and p-FAY-Tyr397. These proteins are shown in either green or red

fluorescence using corresponding specific antibodies as earlier reported

[41,62,63,81,90,93,101]. See text for explanation. Scale bar, 10 μm, applies to all other

micrographs in this panel.
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Figure 4. A hypothetical model depicting the likely events pertinent to the release of sperms at
spermiation involving dynamic conversation of actin microfilaments from their bundled to un-
bundled/branched configuration at the apical ES
(A) As described in text, the final events that lead to the release of sperms at spermiation

involve rapid conversion of actin microfilaments from their bundled to branched

configuration, thereby unbundling the actin filaments at the apical ES, forming branched

network. This, in turn, destabilizes the adhesion proteins, such as nectin-afadin, integrin-

laminin, JAM-C-ZO-1, leading to the release of spermatozoa once they are transformed

from step 19 spermatids in late stage VIII of the epithelial cycle (see Figure 1). (B) At early

stage VII, step 19 spermatid remains anchored to the Sertoli cell in the seminiferous

epithelium via cell adhesion proteins at the apical ES (see left panel), which is conferred by

the action of c-Yes and p-FAK-Tyr397 and also p-FAK-Tyr407 to activate Eps8, palladin

and/or α-actinin, so that these actin bundling proteins confer microfilaments the bundled

configuration. However, in late stage VII (see mid panel), actin microfilaments at the

concave (ventral) side of the spermatid head begin to undergo branched polymerization,

induced by N-WASP/Arp2/3 complex facilitated by drebrin E, and possibly filamin A, due

to a down-regulation of c-Yes and/or p-FAK-Tyr397 and –Tyr407. This site is also known as

the apical tubulobulbar complex (TBC) so that “old” apical ES proteins can be recycled for
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the assembly of “new” apical ES for step 8 spermatids that appear in stage VIII of the cycle.

While Eps8 and palladin are also expressed at the site, they are likely to be inactivated by p-

FAK-Tyr407, losing their capability to induce bundling of actin microfilaments.

Furthermore, these events of actin microfilament de-bundling rapidly spread over to the

entire spermatid head at late stage VIII (see right panel), which in turn facilitates the release

of sperms at spermiation.
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