
Summary. The microtubule (MT) cytoskeleton in
Sertoli cells, a crucial cellular structure in the
seminiferous epithelium of adult mammalian testes that
supports spermatogenesis, was studied morphologically
decades ago. However, its biology, in particular the
involving regulatory biomolecules and the underlying
mechanism(s) in modulating MT dynamics, are only
beginning to be revealed in recent years. This lack of
studies in delineating the biology of MT cytoskeletal
dynamics undermines other studies in the field, in
particular the plausible therapeutic treatment and
management of male infertility and fertility since studies
have shown that the MT cytoskeleton is one of the prime
targets of toxicants. Interestingly, much of the
information regarding the function of actin-, MT- and
intermediate filament-based cytoskeletons come from
studies using toxicant models including some genetic
models. During the past several years, there have been
some advances in studying the biology of MT
cytoskeleton in the testis, and many of these studies were
based on the use of pharmaceutical/toxicant models. In
this review, we summarize the results of these findings,
illustrating the importance of toxicant/pharmaceutical
models in unravelling the biology of MT dynamics, in
particular the role of microtubule-associated proteins
(MAPs), a family of regulatory proteins that modulate
MT dynamics but also actin- and intermediate filament-
based cytoskeletons. We also provide a timely
hypothetical model which can serve as a guide to design
functional experiments to study how the MT
cytoskeleton is regulated during spermatogenesis
through the use of toxicants and/or pharmaceutical
agents.
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Introduction

MAPs (microtubule-associated proteins) are
comprised of multiple families of proteins known to
regulate microtubule (MT) dynamics, namely MT
assembly, nucleation or polymerization, disassembly or
depolymerization and shrinkage (also called
catastrophe), rescue, and stabilization. MAPs are present
in virtually all mammalian cells, most notably Sertoli
cells in the testis, to support spermatogenesis by
conferring changes of MT cytoskeletal organization in
the seminiferous epithelium during different stages of
the epithelial cycle. The dynamic changes of MTs across
the seminiferous epithelium are necessary to support
extensive cellular changes during self-renewal of
undifferentiated spermatogonia via mitosis, and meiosis
to produce haploid spermatids, to be followed by
changes in cell shape, packaging of genetic materials,
and development of the acrosome and spermatid head, as
well as elongation of the tail (Hermo et al., 2010a-e).
However, few in-depth reports are found in the literature
that probe the role of MAPs in modulating MT
cytoskeletal function in the testis to support
spermatogenesis until recent years (O'Donnell and
O'Bryan, 2014; Tang et al., 2016a). Based on their
different actions, MAPs can be categorized into: (i)
structural MAPs (Figs. 1-3; Table 1) which stabilize MTs
(Bodakuntla et al., 2019; Melková et al., 2019) and are
involved in modulating MT dynamics (Fig. 4); (ii) motor
proteins that drive the transport of germ cells and
cargoes (e.g., phagosomes, residual bodies) along the
MT-based tracks (Fig. 1) (Hirokawa and Noda, 2008;
Hirokawa et al., 2009; Bhabha et al., 2016) such as
dynein 1 as noted in Fig. 5; (iii) end-binding proteins
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that associate with plus (+) or minus (-) ends of MTs to
stabilize MTs (Akhmanova and Steinmetz, 2015; Mao et
al., 2020) (Fig. 1); (iv) proteins that depolymerize or
cleave/severe MTs (e.g., katanin, spastin, fidgetin)
(Goodson and Jonasson, 2018; McNally and Roll-
Mecak, 2018) (Figs. 1, 4); and (v) MT nucleators
(Roostalu and Surrey, 2017; Tovey and Conduit, 2018)
(Fig. 1). These various functions of different categories
of MAPs thus illustrate the physiological significance of

MAPs in modulating MT cytoskeleton organization and
MT dynamics in the testis to support spermatogenesis.
Nonetheless, the precise roles of these proteins in
supporting spermatogenesis in the testis remain largely
unexplored (O'Donnell and O'Bryan, 2014; Tang et al.,
2016a). Herein, we place emphasis of our discussion on
structural MAPs, MT-dependent motor proteins and the
end-binding proteins since abundant emerging evidence
in these several research areas should spark interest
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Fig. 1. Schematic drawing that
illustrates the different functions of
MAPs to modulate MT dynamics
to support spermatogenesis in the
testis. Based on studies in the
testis, but mostly in other epithelia
and tissues/organs, at least 8
different functions, namely (i)
through (viii) can be ascribed to
different MAPs to support MT
dynamics.



among reproductive biologists. Interestingly, some of the
observations discussed here were unintended discoveries
and obtained based on the use of toxicant and/or

pharmaceutical models originally aimed at other
purposes. As such, studies based on the use of these
models should be of great help to reproductive biologists
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Fig. 2. Schematic drawing that illustrates
the relative molecular sizes and functional
domains of different structural MAPs in
mammalian cells and tissues that
modulate MT dynamics. Representative
structural MAPs are shown here, although
many of these remain to be investigated
in the testis.

Table 1. Functions of various structural MAPs in mammalian cells and tissues.

Function Related proteins and references

1. Structural MAPs bind to MTs to block
MTs from cleavage/severing by katanins,
spastins, and related MT severing proteins

MAP4 from Xenopus laevis can inhibit katanin-mediated microtubule severing in vitro (McNally et al., 2002);
Tau, MAP2, and MAP4 can protect microtubules against severing by overexpressed katanin in mammalian
cells (Qiang et al., 2006); overexpression of tau protects against spastin-induced MT-severing in cells (Yu
et al., 2008).

2. Structural MAPs bind to MTs to promote
MT parallel or anti-parallel bundling

PRC1, the human MAP65, crosslinks antiparallel microtubules (Bieling et al., 2010; Subramanian et al.,
2010); tripartite motif containing (TRIM) protein TRIM46 forms closely spaced parallel microtubule bundles
(van Beuningen et al., 2015); AtMAP65-5 and AtMAP65-1, both proteins promote the formation of a planar
network of antiparallel microtubules.(Gaillard et al., 2008).

3. Structural MAPs bind to MTs to stabilize
microtubules, preventing MTs from
undergoing shrinkage and catastrophe

MARKs, such as MARK2 and MARK4, can phosphorylate MAPs, causing their detachment from
microtubules, leading to MT shrinkage and catastrophe (Ramkumar et al., 2018).

4. Structural MAPs bind to MTs to confer
property MT spacing MAP2 (Chen et al., 1992), MAP4 (Nguyen et al., 1997) and Tau (Chen et al., 1992) with projection domain.

5. Structural MAPs bind to MTs to connect
to plasma membrane

Tau localizes to the inner side of the plasma membrane (Brandt et al., 1995), by connecting microtubules to the
plasma membrane; MACF1 also associates with the membrane of Golgi vesicles, mediating their transport from
the trans-Golgi network to the cell periphery (Kakinuma et al., 2004); MAP1B regulates the degradation of Rab35
(Villarroel-Campos et al., 2016), suggesting a role in membrane trafficking in neurons.

6. Structural MAPs bind to MTs to promote
cytoskeletal cross-linking, such as with
actin filaments or intermediate filaments

Microtubule-actin crosslinking factors 1(MACF1) was initially discovered as actin crosslinking factor 7
(ACF7) (Leung et al., 1999a,b; Karakesisoglou et al., 2000); all members of the MAP1 family (Halpain and
Dehmelt, 2006) including MAP1A (Pedrotti et al., 1994), MAP1B (Tögel et al., 1998), and MAP1S interact
with actin filaments through their corresponding actin binding domain.

7. Structural MAPs bind to MTs to
modulate the function of motor proteins
either by activating motor proteins or acting
as road blocks to inactivate motor proteins
dynein and kinesin

MAP7 family proteins regulate kinesin-1 through recruitment and activation (Barlan et al., 2013; Hooikaas
et al., 2019); MAP7 is a positive regulator of kinesin-1, and kinesin-3 (KIF1A) is inhibited by MAP7 but
MAP7 has no effect on dynein 1 (Monroy et al., 2018); doublecortin (DCX) and doublecortin-like kinase 1
(DCLK1) promote the motility of kinesin-3 motors in neurons (Liu et al., 2012; Lipka et al., 2016); neuronal
MAP tau reduces kinesin-1 activity. (Vershinin et al., 2007; Dixit et al., 2008).

8. Structural MAPs bind to MTs to control
the 13 protofilaments in MTs Doublecortin (DCX) (Fourniol et al., 2010).



in the years to come besides reproductive toxicologists. 
Structural MAPs

Introduction

Studies have shown that structural MAPs are
comprised of more than a dozen proteins (Bodakuntla et
al., 2019). Some representative MAPs are shown in Figs.
1-3, including the best studied Tau protein in the brain
which is crucial to promote MT stabilization, bundling
and polymerization based on studies in vitro (Murphy
and Borisy, 1975; Weingarten et al., 1975; Sloboda et al.,
1976; Kanai et al., 1989). Furthermore, studies on
MAP8, initially called VCY2-interacting protein 1
(VCY2IP-1) which interacts with a testis-specific protein
VCY2, have shown that MAP8 is crucial to support
spermatogenesis and male fertility (Wong et al., 2004).
Since the amino acid sequence of VCY2IP-1 (i.e.,

MAP8) shares 41.9% and 59.3% homology to MAP1A
and MAP1B in humans (Wong et al., 2004), it is now
referred to as MAP1S (Orbán-Németh et al., 2005) (Fig.
2). To date, structural MAPs have been shown to bind to
MTs, which in turn affect MT structure and function by
promoting MT stability through their effects (Figs. 2-4;
Table 1) (Barlan and Gelfand, 2017; Bodakuntla et al.,
2019) that: (i) block MT from severing by katanin or
related MT severing proteins (e.g., katanin-like protein,
spastin and fidgetin) (Sharp and Ross, 2012; McNally
and Roll-Mecak, 2018); (ii) promote MT parallel
bundling (e.g., TRIM46) or anti-parallel bundling (e.g.,
PRC1) (Walczak and Shaw, 2010; Royle, 2013;
Harterink et al., 2019); (iii) promote cytoskeletal cross-
linking, such as with actin filaments and also vimentin-
based intermediate filaments (Cammarata et al., 2016;
Miao et al., 2017); (iv) connect to plasma membrane
(Royle, 2013), (v) confer proper MT spacing (such as
MAP2 through its projection domains) (Chen et al.,
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Table 2. Phenotypes in the testis following KO of structural MAPs in mice.
Gene name Study model Phenotypes

Map1a
Map1a-/- mice Mice had learning and memory disturbances, due to defects in neuron synapse function (Takei et al., 2015).
Spontaneous mutation 
of nm2719 that disrupts 
Map1a gene in mice

Tremors, ataxia, and loss of cerebellar Purkinje neurons 
in aged homozygous mice (Liu et al., 2015a).

Map1b

Map1b-/- mice Map1b KO mice had defects in synapse formation in the brain (Bodaleo et al., 2016).
MAP1BΔ93, an allele 
carrying a deletion of most 
of the Map1b gene

Mice heterozygous for Map1b deletion had no detectable defects. Homozygous mutants were viable
but displayed developmental defects in the brain such as considerable reduction of myelinated axons
that led to reduced nerve conduction velocity (Meixner et al., 2000).

Map1b mutants (R21 
mutant mice)

Heterozygotes of Map1b disruption exhibited no overt abnormalities in development and behavior,
homozygotes displayed a slightly reduced brain weight and delayed nervous system development
(Takei et al., 1997).

Map2-/-Map1b-/- mice Map2-/-Map1b-/- mice died perinatally due to retarded neuronal migration, suppression of axonal
and dendritic elongation and defects in microtubule bundling in neurons (Teng et al., 2001).

Map1s Map1s-/- mice

Map1s KO mice had shortened lifespan due to defects in liver function marked with sinusoidal
dilation and increased oxidative stress (Li et al., 2016); no obvious defects were found in
development, reproduction, or behavior, but these mice had defects in nutritive stress-induced
autophagy for nutrient recycling (Xie et al., 2011); renal fibrosis found in aged >12 month-old mice
(Xu et al., 2016).

Map2 Map2-/- mice

Map2-/- mice were viable, fertile, and apparently normal (Teng et al., 2001; Harada et al., 2002); but
expression of kinase-associated phosphatase (KAP) was reduced in cortical dendrites and the
amount of KAP bound to microtubules in the brain of Map2-/- mice was considerably reduced
(Iriuchijima et al., 2005); considerable reduction of PKA in dendrites in hippocampal tissue and
neurons (Harada et al., 2002); while Map2-/- mice were fertile and no evidence of premature
mortality, but their body weights were 10-20% less vs. the littermate controls (Harada et al., 2002).

Map6 (also known
as STOP, stable
tubule-only
polypeptide)

Map6-/- mice
Map6-/- mice had defects in neurotransmission of signals due to reduced synaptic function which led
to behavioral disorders such as schizophrenia (Fournet et al., 2012; Daoust et al., 2014); Map6
deletion in mice also led to defects in brain and skeletal muscle function that contributed to
schizophrenia-like phenotype (Sebastien et al., 2018).

MAP6+/- mice Reduced expression of MAP6/STOP in mice led to cognitive defects (Volle et al., 2013).
Map7(Mtap7) Map7-/- mice Map7-/- male mice were sterile (Magnan et al., 2009).

Mapt (Map tau)
Mapt-/- mice

Aged (19-20 month-old), but not mid-aged (8-9 month-old), tau KO mice developed Morris Water
Maze (MWM) deficits and loss of hippocampal acetylated α-tubulin and excitatory synaptic proteins,
and hippocampal deficits. Tau deletion also led to increased levels of Map1a, Map1b and Map2 (Ma
et al., 2014); homozygous Mapt-/- mice developed normally and did not display any overt histological
abnormalities, but these mice had muscle weakness and memory disturbance (Ikegamia et al.,
2000).

Mapt-/-Map1b-/- 
double mutant mice

MT disorganization in growth cones; delayed neuronal migration that led to perturbed neuronal layer
formation; considerably high incidence of postnatal death in about ∼80% of the double mutant mice
(Takei et al., 2000).
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Fig. 3. Schematic drawing that illustrates
the vertebrate MAP1 family of MAPs of
MAP1A, MAP1B and MAP1S. All three
members of the MAP1 family of MAPs
are highly expressed in the central and
peripheral nervous system and testes
(Schoenfeld and Obar, 1994), but
MAP1S is ubiquitously expressed
(Orbán-Németh et al., 2005). These
three proteins are synthesized as
precursor polypeptides, which are then
cleaved into a heavy chain (HC) and a
light chain (LC), which in turn interact
with each other to create the MAP1
complex. The HC and LC of MAP1
proteins contain structurally and
functionally conversed domains to
mediate heavy chain-l ight chain
interactions, microtubule binding and the
potential to interact with F-actin and also
intermediate filament (see also Fig. 1).

Fig. 4. Schematic drawing that
illustrates the different states of the
MTs in the testis to confer MT
dynamics to support different cellular
events pertinent to spermatogenesis
in the testis. The growing MTs can
undergo rapid shrinkage that leads to
catastrophe due to phosphorylation of
MAPs, such as MAP1A, which in turn
detach from microtubules, thereby
destabil izing MTs to facil i tate
catastrophe. Growing MTs can also
assume a metastable state of
intermediate MTs. However, when
more MAPs are available that bind to
MTs to stabilize microtubules, an MT
shrinkage state can be rescued. Also,
MT catastrophe can lead to
depolymerization, and the α- and ß-
subunits can be phosphorylated to
undergo polymerization to generate
MTs to support subsequent MT
growth in a specific cellular domain
across the seminiferous epithelium to
support spermiogenesis, spermatid
transport and other pertinent events
of spermatogenesis.



1992; Mukhopadhyay and Hoh, 2001); (vi) regulate
numbers of microtubule protofilaments to be assembled
as an MT-based track (e.g., Tau) (Safinya et al., 2016);
(vii) modulate the function of motor proteins either by
activating motor proteins (e.g., activation of kinesin by

MAP7) or acting as a road block to inactivate motor
proteins dynein and kinesin (Royle, 2013; Alfaro-Aco
and Petry, 2015); and (viii) promote MT stabilization
unless it is phosphorylated by MARKs to induce
detachment from MTs (Ramkumar et al., 2018) (Fig. 1,
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Fig. 5. Schematic drawing that illustrates the functional domains of
heavy chain of dynein 1, a microtubule minus (-) end directed motor
protein, and the molecular model of the functional dynein 1. 
A. Different function domains of heavy chain (HC) of dynein 1, a
cytosolic MT minus (-) end directed motor protein that delivers
cargoes along the MT-based track toward the MT minus (-) end. B. A
functional dynein 1 molecule is a dimeric protein, comprised of two
heavy chains (HC). The two HCs interact with each other at the tail
through their corresponding N-terminal dimerization domain (NDD),
and the heavy HCA and HCB chains also interact with the
corresponding intermediate (IC), intermediate light (LIC) and light
(LC8, also contains the Robl (roadblock) and TcTex) chains. The
cargo propelling capability is contributed by the “motor” which is
comprised of the C-terminal domain (CTD), the six ATPases domains
of 1 through 6 of the AAA+ rings, the linker, the stalks, and the
microtubule-binding domains (MTBD) in each HC.

Table 3. Genetic variations and mutations of selected structural MAPs that lead to pathological conditions in humans.
Gene name Phenotypes

MAP1A MAP1A protein-truncating variants (PTVs) was associated with autism spectrum disorder (ASD) 
and/or attention deficit hyperactivity disorder (ADHD) (Satterstrom et al., 2019).

MAP1B

A MAP1B mutation due to a 966 kb deletion that led to intellectual disability, borderline microcephaly, seizures, and normal brain MRI
(Liu et al., 2015b); patients (n=5) with predicted loss of function mutations in MAP1B led to periventricular nodular heterotopia
(PVNH), with seizures, cognitive impairment, and dysmorphic features (Heinzen et al., 2018); MAP1B mutations led to intellectual
disability and extensive white matter deficit (Walters et al., 2018); a patient with a de novo MAP1B mutation led to a phenotype of
PVNH, dysgenesis of corpus callosum, global developmental delay, microcephaly, short stature, mild conductive hearing loss, focal
epilepsy, and dysmorphic features (Julca et al., 2019).

MAP2 Lack of MAP2 expression is associated with mantle cell lymphoma (MCL) pathogenesis (Vater et al., 2009).
MAP6 (STOP) STOP mutation is associated with prostate cancer (Barbieri et al., 2012; Hieronymus and Sawyers, 2012).

MAPT
Association of missense and 5'-splice-site mutations in tau with the inherited dementia FTDP-17 (Frontotemporal Dementia with
Parkinsonism linked to chromosome 17) (Wszolek et al., 2006); a number of sporadic tauopathies, in particular PSP (progressive
supranuclear palsy) and CBD (corticobasal degeneration), have been linked to haplotype-specific sequence variations in MAPT
(Baker et al., 1999; Di Maria et al., 2000).



Table 1). In brief, MAPs, besides regulating MT
dynamics, also play a crucial role in modulating actin-
and intermediate filament-based cytoskeletons. On the
other hand, MAPs can also affect the function of each
other, such as by competing with each other to bind onto
the same sites in MTs, illustrating the physiological
significance of these proteins. For instance, MAP7 has

been shown to displace the binding of Tau protein onto
MTs in vitro (Monroy et al., 2018) and both proteins
have been shown to have antagonistic effects in vivo,
and they both strongly inhibit kinesin-3 motor function
(Seitz et al., 2002; Vershinin et al., 2007; Stern et al.,
2017; Tymanskyj et al., 2017; Monroy et al., 2018).
While the functions of many of the MAPs in the testis
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Fig. 6. A hypothetical model on the role of MAPs and the interactions of MAPs with MARKs to modulate MT dynamics to support spermatid transport
across the seminiferous epithelium during spermiogenesis. Developing spermatids and other cargoes (e.g., residual bodies, phagosomes) are to be
transported to the microtubule minus (-) or (+) end of the MTs during the epithelial cycle. This can be efficiently done via the use of minus (-) end (e.g.,
dynein 1) or plus (+) end (e.g., kinesins) directed motor proteins using the corresponding MT-based tracks. On the other hand, the integrity of MT-
based tracks are maintained by the MAPs (e.g., MAP1A), and +TIPs (e.g., EB1), whereas, MT catastrophe is also necessary to shrink MTs to confer
MT plasticity through the action of MARKs (e.g., MARK4) that phosphorylate MAP1A to induce its detachment from MTs and/or the spatial expression
of -TIPs (e.g., CAMSP2), thereby facilitating MT shrinkage.



remain to be investigated and better understood
regarding their role in supporting spermatogenesis
through their effects on MT cytoskeletal organization,
the findings summarized in Fig. 4 and Table 1 are
important to provide the necessary information to design
future functional studies in the testis. Furthermore,
findings noted in studies using genetic models to probe

the functions of different MAPs to support cell and
tissue homeostasis are summarized in Table 2. Table 3
also summarizes results noted in genetic studies in
humans when genes encoding for some the structural
MAPs are mutated that lead to different variants, which
in turn cause different pathological conditions. These
findings further support the physiological significance of
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Fig. 7. A hypothetical model on the role of MAPs and the interactions of MAPs with MARKs to modulate MT dynamics at the BTB to support the
transport of preleptotene spermatocytes across the immunological barrier during spermatogenesis. The transport of preleptotene spermatocytes across
the immunological barrier are analogous to the transport of developing elongating/elongated spermatids across the seminiferous epithelium, involving
the microtubule (-) end motor protein dynein 1 that propels preleptotene spermatocytes to pass through the immunological barrier, while differentiating
into leptotene spermatocytes using the MTs as the tracks. At the same time, the “old” BTB undergoes remodeling through an increase in protein
trafficking events including endocytosis and recycling, wherein the “old” TJ (e.g., occludin, ZO-1), and basal ES (e.g., N-cadherin, ß-catenin) proteins
are being transported to the site behind the preleptotene spermatocytes for the assembly of a “new” BTB. The integrity of the MT-based tracks is
maintained by MAPs (e.g., MAP1A) and also the binding of +TIP (e.g., EB1) to the MT plus (+) ends. However, phosphorylation of MAPs (e.g., MAP1A)
by MARKs (e.g., MARK4) leads to destabilization of MTs, or an enhanced binding of -TIP (e.g., CAMSAP2) to the microtubule minus (-) end also
induces MT shrinkage that lead to MT catastrophe, which in turn support the degeneration of the “old” BTB to facilitate the transport of preleptotene
spermatocytes across the immunological barrier.



MAPs in both rodents and humans.
Adjudin model

Reports based on the use of a pharmaceutical/
toxicant model of probing the role of MAPs (e.g.,
MAP1a, dynein 1, EB1, MARK4) in modulating MT
dynamics to support spermatogenesis in the testis are
through the use of an animal model wherein adult rats
were treated with adjudin [1-(2,4-dichlorobenzyl)-1H-
indazole-3-carbohydrazide] via oral gavage (Mao et al.,
2019a; Wu et al., 2019; Yan et al., 2019). Studies have
shown that adjudin is a non-hormonal male
contraceptive that exerts its contraceptive effects by
perturbing Sertoli-germ cell adhesion, which
effectively induces germ cell exfoliation, without
compromising the population of spermatogonial stem
cells and also Sertoli cells in the testis. As such, its
effects are highly reversible once it is metabolically
cleared from the animals (Mruk et al., 2008; Mok et al.,
2012a; Cheng, 2014). Studies have shown that the
effective dose of adjudin to induce reversible male
contraception in adult rats was at 37.5-50 mg/kg b.w.
(via oral gavage), administered weekly with a total of 3
doses (Cheng et al., 2005). In brief, all the seminiferous
tubules became virtually devoid of all germ cells (with
the exception of undifferentiated spermatogonia)
following the first dose of adjudin between 37.5-50
mg/kg b.w. (oral gavage) within ~7-days but
spermatozoa found in the epididymis were largely
unaffected. Thereafter, germ cells of different classes
gradually repopulated the seminiferous epithelium in
about 8-10 weeks (Mruk et al., 2008; Mok et al.,
2012a; Cheng, 2014). Using this model, it was found
that adjudin at a dose as low as 5 mg/kg b.w. (oral
gavage) when notable phenotypes of germ cell loss
across the seminiferous epithelium were not detected,
this low-dose treatment was still capable of down-
regulating MAP1a expression in the testis considerably
when examined by immunoblot analysis (Yan et al.,
2019). At a dose of 50 mg/kg b.w. (via oral gavage),
adjudin was able to induce extensive seminiferous
epithelial damage, most notably germ cell exfoliation
from the testis (Cheng, 2014) by 14 days post-
treatment, and >95% of the tubules were devoid of
most germ cells except for spermatogonial stem cells
and undifferentiated spermatogonia (Mok et al., 2012a;
Yan et al., 2019). Concomitant with these changes, the
expression of MAP1a in the testis was reduced by as
much as 90% when examined by immunoblotting (Yan
et al., 2019). When examined by immunofluorescence
microscopy using corresponding specific antibodies,
MAP1a was robustly expressed across the seminiferous
epithelium in normal (control) adult rat testes,
appearing as track-like structures. This pattern of
staining was analogous to MTs (visualized by staining
with α-tubulin, which together with ß-tubulin create the
α-/ß-tubulin dimers, serving as the building blocks of

MTs) that lie perpendicular to the basement membrane
of the seminiferous tubule (Tang et al., 2015, 2016b;
Yan et al., 2019). However, few MAP1a track-like
structures were detected across the epithelium
following adjudin treatment, and for the remaining
MAP1a that were detected, they no longer appeared as
tracks but defragmented, truncated and considerably
shortened as “broken” tracks (Yan et al., 2019). These
findings are important, because they illustrate that the
adjudin-mediated disruption on MT cytoskeletal
organization may relate to a considerable decline in
MAP1a expression across the seminiferous epithelium,
thereby failing to promote MT integrity to support
spermatogenesis. This possibility is further supported
by the findings that exposure of rats to adjudin, where
its permeation into the adluminal compartment of the
seminiferous epithelium in adult rat testes was
facilitated by perturbing the BTB transiently via the use
of an endogenously produced BTB modifier, the F5-
peptide (Mao et al. ,  2019b). In this study, the
expression of EB1 (end binding protein 1, a
microtubule plus (+) end tracking protein, +TIP) across
the seminiferous epithelium was also considerably
down-regulated by at least 80% (Mao et al., 2019b).
More important, a similar pattern of expression across
the epithelium for CAMSAP2 (calmodulin-regulated
spectrin-associated protein, a microtubule minus (-)
end targeting protein (-TIP)) was noted (Mao et al.,
2019b). Studies based on other epithelia have shown
that these +TIP and -TIP proteins, which are members
of MAPs, are crucial to support MT dynamics via their
differential effects on MTs (Akhmanova and Steinmetz,
2008, 2015). Furthermore, adjudin treatment in adult
rats also considerably perturbed the distribution and
expression of MARK4 (Mao et al., 2019b), a non-
receptor Ser/Thr protein kinase expressed in the testis
(Tang et al., 2012), which is known to phosphorylate
MAPs to induce their detachment from MTs, thereby
facilitating MT catastrophe (Tang et al. ,  2013;
Ramkumar et al., 2018) (Figs. 1, 4). In fact, the pattern
of MARK4 distribution following adjudin treatment
(Tang et al., 2012) was remarkably similar to EB1,
CAMSAP2 and MAP1a (Mao et al., 2019b; Yan et al.,
2019). Collectively, the use of the adjudin-based
pharmaceutical model thus illustrates that structural
MAPs (e.g., MAP1a), and other MAPs (e.g., EB1, a
+TIP; CAMSAP2, a -TIP; and MARK4) are
functionally involved in maintaining the integrity and
functionality of MT-based tracks that laid across the
seminiferous epithelium through their effects to confer
the MT plasticity. This, in turn, is necessary to support
the transport of developing haploid spermatids and
other cellular organelles (e.g.,  residual bodies,
phagosomes) across the epithelium to sustain
spermatogenesis (Tang et al., 2016b; Li et al., 2017). In
fact, it is based on the use of this pharmaceutical/
toxicant model, it was able to reconstruct the timely
cellular events pertinent to the transport of developing
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haploid spermatids across the seminiferous epithelium
during spermiogenesis. This concept is shown in the
hypothetic model in Fig. 6. The hypothetical concept
regarding the transport of preleptotene spermatocytes
across the BTB in stage VIII-IX tubules is also
summarized in Fig. 7. Other studies have shown that
adjudin is a remarkable activator of rpS6, the
downstream signaling protein of mTORC1 in vitro
(Mok et al., 2012b) and in vivo (Li et al., 2018).
Subsequent studies have confirmed the earlier
observations that the mTORC1/p-rpS6/p-Akt1/2
signaling complex is a putative BTB regulatory protein
complex, which is capable of perturbing the
immunological barrier when p-rpS6 was overexpressed
in the Sertoli cell BTB model in vitro (Mok et al.,
2014, 2015) or in the testis in vivo (Li et al., 2018).
Indeed, overexpression of a constitutively active
mutant of rpS6 designated p-rpS6-MT, wherein the four
phosphorylation sites of S235/S236 and S240/S244
were mutated to S235E/S236E and S240E/S244E in p-
rpS6 (i.e., a quadruple phosphomimetic mutant), in the
testis in vivo was able to considerably perturb the
Sertoli cell BTB integrity in vivo. This change was also
associated with extensive germ cell loss from the
seminiferous epithelium (Mao et al., 2019a; Wu et al.,
2019; Yan et al., 2019). These findings are also
consistent with the use of a genetic model when mTOR
in Sertoli  cells was deleted, which led to male
infertility wherein the tubules were devoid of haploid
spermatids, and a concomitant surge in p-rpS6-
S240/S244 (Boyer et al., 2016). In brief, the initial
observation that adjudin exerts its effects to down-
regulate the expression of MAP1a (Yan et al., 2019)
and other MAPs (e.g., dynein 1, EB1 and CAMSAP2)
(Mao et al., 2019a; Mao et al., 2019c; Yan et al., 2019)
(see sections below), and a concomitant surge in p-rpS6
expression to activate the mTORC1/p-rpS6 signaling
complex (Mok et al., 2012b; Yan et al., 2019) thus
provide us with the information to prepare the
hypothetical models depicted in Figs. 6, 7.
PFOS model

PFOS (perfluorooctanesulfonate) is a synthetic
chemical that acts as a stain repellent used in many
consumer products such as carpets, drapery, and
clothing, but it is also a known environmental toxicant
with a relative long half-life of about 5.4 years (Wan et
al., 2013; Tsuda, 2016). Exposure of this toxicant was
found to be associated with health risks in humans and
animals including reduced fetal growth and endocrine
disruption, reproductive dysfunction, and neonatal
mortality (Lau et al., 2004; Olsen et al., 2009; Taxvig et
al., 2014; Bach et al., 2015). Thus, the use of PFOS in
consumable products was banned in Europe, Canada and
the U.S. in the 2000s, and eventually China in 2020,
except for industrial use in many nations including the
United States, such as hydraulic fluids for aviation,
photolithography and others. Due to its long half-life, a

considerable amount of PFOS could still build up in
humans, illustrating that a potential health risk remains
following prolonged exposure. Studies using a primary
Sertoli cell model in vitro in rats (Wan et al., 2014; Gao
et al., 2017) and humans (Chen et al., 2017) have shown
that the use of PFOS at 20 µM to treat Sertoli cell
epithelium with an established functional TJ-
permeability barrier that mimics the in vivo Sertoli cell
BTB for 24 hrs led to transient BTB disruption. Using
this PFOS-based toxicant model, it was shown that
PFOS exerted its disruptive effects through a down-
regulation on the expression of p-Akt1-S473 and p-
Akt2-S474, but not total Akts (Gao et al., 2017). This, in
turn, perturbed the organization of MTs across the
Sertoli cell cytosol since the MT-based cytoskeleton was
grossly truncated and failed to stretch across the cell
cytosol when compared to control rat Sertoli cells (Gao
et al., 2017). This PFOS-mediated MT cytoskeletal
disorganization through p-Akt1/2 down-regulation was
confirmed via the use of SC79 (2-amino-6-chloro-α-
cyano-3-(ethoxycarbonyl)-4H-1-benzopyran-4-acetic
acid ethyl ester, Mr 364.78), a specific activator of p-
Akt1/2 (Jo et al., 2012), which was found to block the
PFOS-mediated Sertoli cell TJ-barrier disruption, but
was also capable of blocking the PFOS-mediated defects
in Sertoli cell MT cytoskeleton (Gao et al., 2017). For
instance, the use of SC79 coupled with PFOS (20 µM)
exposure rendered the Sertoli cell epithelium to have
proper distribution of MTs across the Sertoli cell cytosol,
making them indistinguishable from control cells but in
sharp contrast to cells treated with PFOS (20 µM)
without SC79 (Gao et al., 2017). More importantly,
human Sertoli cells treated with PFOS (20 µM) also
displayed similar phenotypes as of the rat Sertoli cells
wherein MTs in the human Sertoli cell epithelium were
grossly disrupted with truncated and considerably
shortened MTs (Chen et al., 2017). However,
overexpression of a human p-FAK-Y407E mutant [a
constitutively active mutant of p-FAK-Y407, a known
BTB promoting signaling protein (Lie et al., 2012), by
converting amino acid residue Tyr 407 to Glu, namely p-
FAK-Y407E by site directed mutagenesis (Chen et al.,
2017) in human Sertoli cell epithelium was capable of
blocking the PFOS-mediated Sertoli cell TJ-permeability
barrier disruption (Chen et al., 2017). Interestingly, these
PFOS-mediated defects in Sertoli cell MT cytoskeleton
organization were caused by a defect in spatial
expression of EB1 (a +TIP protein in the MAP protein
family, see Fig. 1, Table 1) wherein EB1 no longer
properly distributed along the MTs as noted in control
cells (Chen et al., 2017). However, overexpression of the
p-FAK-Y407E mutant was capable of blocking the
PFOS-mediated mis-distribution of EB1 across the
human Sertoli cell cytosol, making these cells have
similar phenotypes of EB1 distribution and MT
organization as noted in control cells (Chen et al., 2017).
These findings are important since the use of this PFOS-
based toxicant model has demonstrated that PFOS exerts
its toxic effects in perturbing the MT cytoskeleton
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through disruptive expression of p-Akt1/2 and p-FAK-
Y407, and by targeting these signaling proteins, it is
possible to manage the PFOS-mediated Sertoli cell
injury, providing helpful clues to manage toxicant-
mediated male reproductive dysfunction. 
MT-dependent motor proteins

Introduction

In the testis, one of the best studied MT-dependent
motor proteins, also a MAP protein, is dynein 1 (Wen et
al., 2018). Cytoplasmic dynein 1 is a MT-dependent
minus (-) end directed motor protein which moves
cargoes including proteins, food vacuoles, mRNA
complexes, endosomes, mitochondria and cell nuclei
(Xiang et al., 2015; Carter et al., 2016; Schmidt and
Carter, 2016) using the MT-based tracks across the cell
cytosol. A functional dynein 1 consists of two identical
dynein heavy chains of 500 kDa each and several other
subunits (Wen et al., 2016). Each dynein heavy chain
(HC), in turn, binds to a light intermediate chain (LIC,
60 kDa), an intermediate chain (IC, 70 kDa), and three
light chains (LCs) of LC7, LC8 and Tctex 1 (also
known as DYNLT, dynein light chain Tctex-type 1,
which forms a tripartite complex with dynein
intermediate chain and RagA by linking the small RagA
GTPase to the dynein motor protein to modulate dynein
1 function) (Xiang et al., 2015; Carter et al., 2016;
Schmidt and Carter, 2016; Wen et al., 2016) (Fig. 5). As
such, a functional dynein 1 motor protein is a large
multi-protein complex, which utilizes energy generated
via ATP hydrolysis to propel cargo (e.g., spermatid)
transport across the seminiferous epithelium using MTs
as the track (Fig. 5). In this context, it is of interest to
note that the dynein 1 motor protein is located in the
Sertoli cell cytosol but adjacent to the testis-specific
Sertoli cell-elongate spermatid adhesion site known as
ectoplasmic specialization (apical ES) (Vogl et al.,
2008; Wong et al.,  2008) whereas the elongate
spermatid under transport is located outside the Sertoli
cell yet adjacent to the apical ES. Due to the unique
ultrastructural features of the apical ES and the unusual
adherence of elongated spermatid onto the Sertoli cell
cytoskeleton at the site, the force generated by the
dynein 1 motor protein is capable of propelling the
elongated spermatid along the MT-based tracks, moving
spermatids across the seminiferous epithelium. In fact,
this concept is supported by the localization of dynein 1
in the testis, using a specific antibody against the heavy
chain of dynein 1, which was found to co-localize with
the MT-based tracks across the seminiferous epithelium
(Wen et al., 2018). This finding is also consistent with
its role to serve as a MT-dependent minus (-) end
directed motor protein to transport cargoes (e.g.,
spermatids) from the base to the tubule lumen across the
seminiferous epithelium (Wen et al., 2016) due to the
polarized nature of the MTs across the epithelium (Figs.
6, 7). 

Dynein 1 knockdown model

The notion regarding the role of dynein 1 in
supporting spermatid transport across the seminiferous
epithelium is also illustrated by studies wherein dynein 1
was silenced by RNAi in the testis in vivo. For instance,
following dynein 1 knockdown in the testis, the transport
of elongated spermatids across the epithelium was
considerably perturbed since step 19 spermatids
remained trapped deep inside the seminiferous
epithelium in stages IX, X, XI, XII and XIII tubules
when they should have been released into the tubule
lumen at late stage VIII of the epithelial cycle (Wen et
al., 2018). Furthermore, the transport of phagosomes
across the epithelium was also perturbed. For instance,
phagosomes which should have been transported to the
base of the epithelium to facilitate their eventual
degradation by Sertoli cells in late stage III-stage IX
(Clermont et al., 1987) were found to remain localized in
the epithelium near the tubule lumen in these stages
(Wen et al., 2018). More important, dynein 1 knockdown
in the testis in vivo and also Sertoli cells cultured in vitro
impeded MT polymerization based on biochemical
assays using lysates of testes or Sertoli cells (Wen et al.,
2018) since intracellular trafficking necessary to
coordinate the cellular events of MT dynamics as noted
in Figs. 1, 4 to support spermatogenesis in the testis was
disrupted. Equally important, dynein 1 knockdown in the
testis in vivo or primary Sertoli cells cultured in vitro
also impeded actin polymerization and bundling activity
using biochemical assays with lysates of either testes or
Sertoli cells (Wen et al., 2018). This latter finding is
physiologically important since defects in MT-dependent
cellular transport would perturb actin-based cytoskeletal
function as these two networks are tightly associated to
function to maintain cellular homeostasis. For instance,
some MAPs serve as cytoskeletal crosslinkers that bring
the actin- and MT-based cytoskeletons together (Fig. 1)
to allow these two cytoskeletons to work in concert to
support cargo transport and other essential cellular
functions, such as directional cell migration (Palazzo and
Gundersen, 2002). In fact, actin filament bundles most
notably detected at the ES are localized in the testis in
close proximity with the MT cytoskeleton to support cell
adhesion and transport function (Vogl et al., 2008; Tang
et al., 2016a). The two best studied MAPs that function
as bona fide crosslinkers of the microtubule and actin
cytoskeletons are the microtubule-actin crosslinking
factors 1 and 2 [MACF1, also known as actin
crosslinking factor 7 (Bernier et al., 1996), and MACF2,
also called dystonin (Bernier et al., 1995; Leung et al.,
1999b; Karakesisoglou et al., 2000)]. Interestingly,
MACF1 and MACF2 also cross-link microtubules and
intermediate filaments (Yang et al., 1996; Leung et al.,
1999a), which are likely crucial to support ES and BTB
function in the testis (Lie et al., 2011). In brief, these
findings are important since they illustrate the
significance of this class of MAPs, namely MT-
dependent motor proteins, to support spermatogenesis
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through their role in providing the “engines” to propel
cargo (e.g., spermatids) transport using the MT tracks as
the “freeways”, consistent with the function of this class
of MAPs (Fig. 1, Table 1). More important, a
knockdown of the MT-dependent motor protein dynein 1
in the testis by RNAi was found not just affected
spermatid and cargo transport across the seminiferous
epithelium, its knockdown also caused considerable
damage to testicular sperm maturation, most likely due
to defects in intracellular protein trafficking function
(Wen et al., 2018). For instance, dynein 1 silencing in
the testis also affected epididymal sperm morphology as
multiple sperm defects were noted in the epididymis
(Wen et al., 2018). Defects noted in epididymal
spermatozoa in the report include the following (Wen et
al., 2018). First, sperm heads failed to attach to the
sperm tails due to defective mid-piece. Second, the
persistent presence of a residual body which engulfed
the entire epididymal sperm head. Third, grossly
malformed sperm heads such as epididymal sperm with
missing tails but only sperm heads. It is of interest to
note that structural MAPs also work closely with MT-
dependent motor proteins (e.g., dynein 1, kinesins) to
modulate cellular functions. As noted in Fig. 1, virtually
all MAPs can act as road blocks to disrupt the motor
path (Bodakuntla et al., 2019) used by dynein 1 and
kinesins (which are corresponding MT minus (-) end and
plus (+) end directed motor proteins) (Wen et al., 2016),
effectively blocking the motor transport function to the
minus (-) or plus (+) end of MTs in mammalian cells. On
the other hand, MAPs, most notably MAP7 (also known
as ensconsin, and members of the MAP7 family), have
been shown to regulate the motor activity of kinesin-1
directly by recruiting kinesin-1 and its activation in
HeLa cells (Hooikaas et al., 2019), and also in
Drosophila S2 cells (Barlan et al., 2013), but it has no
effects on dynein 1 (Monroy et al., 2018; Chaudhary et
al., 2019). 
Adjudin model

Studies using the adjudin model have shown that
this pharmaceutical agent that effectively induces germ
cell exfoliation by disrupting the actin and MT
cytoskeletons also considerably perturbs and down-
regulates the expression of dynein 1 across the
seminiferous epithelium, wherein dynein 1 no longer
expresses and co-localizes with MTs in the epithelium
following adjudin treatment (Mao et al., 2019a; Yan et
al., 2019). Instead, dynein 1 expression was reduced by
almost 90% across the epithelium and the remaining
cytoplasmic dynein 1 no longer associated with the MT-
based tracks, which were truncated into shorter pieces
that laid randomly across the epithelium (Yan et al.,
2019). These findings are in agreement with earlier
reports that cytoskeletons are the cellular target of many
toxicants (e.g., 2,5-hexanedione, carbendazim, cadmium,
glycerol) and pharmaceutical agents (e.g., adjudin,
vinblastine, Taxol, colchicine) (Russell et al., 1981;

Richburg and Boekelheide, 1996; Boekelheide et al.,
2003; Cheng, 2014; Johnson, 2014). More important, it
appears that these toxicants/pharmaceutical agents exert
their effects through the disruptive spatial expression
and/or distribution of cytoskeletal regulatory proteins
across the seminiferous epithelium. These findings thus
illustrate the plausible therapeutic application by
targeting motor proteins to manage unexplained male
infertility by promoting MT-dependent motor protein
function in men, in particular if defects in motor protein
function, such as dynein 1 or kinesins, are identified. 
Concluding remarks and future perspectives

The use of pharmaceutical/toxicant models in vitro
and in vivo, coupled with studies using gene knockout
models by RNAi, have yielded new information
regarding the role of MAPs in modifying Sertoli cell MT
cytoskeletal organization, which in turn modulates Sertoli
cell functions and spermatogenesis. Importantly, findings
obtained by using these approaches in studies in vitro are
also consistent with in vitro data. This thus demonstrates
that the use of toxicant/pharmaceutical models are
helpful tools to study the complex cellular events of
spermatogenesis, in particular how cytoskeletal functions
are regulated to support testis function. Based on these
findings, we propose a hypothetical model regarding the
transport of maturing elongate spermatids across the
seminiferous epithelium during spermiogenesis (Fig. 6),
and the transport of preleptotene spermatocytes across
the BTB (Fig. 7). As noted in Figs. 6, 7, MTs serve as the
tracks, analogous to the “freeways” on which the MT-
based motor proteins, such as dynein 1 (Fig. 5), a MT
minus (-) end directed motor protein, coupled with other
proteins (e.g., kinesins, many of which are MT plus (+)
end directed motor proteins), serve as “the motors in
vehicles” to propel spermatids (Fig. 6) and spermatocytes
(Fig. 7) across the seminiferous epithelium and the BTB
during the epithelial cycle. Based on the model illustrated
in Figs. 6, 7, several obvious questions must be addressed
in future studies. For instance, how MAPs coordinate
with other cytoskeletons, such as actin filaments and
vimentin-based intermediate filaments, via the cross-
linking MAPs (Fig. 1). What are the upstream signaling
biomolecules and cascade that govern the timely
spatiotemporal expression of these MAPs briefly
summarized here to modulate the organization of MTs as
noted in Fig. 4, namely the growth phase, the metastable
phase, the shrinkage/catastrophe phase, and the
phosphorylation and polymerization phase of MTs? More
importantly, what are the commanding regulatory
biomolecules that regulate the activation of the signaling
biomolecules and the subsequent cascade? Do these
involve cytokines and chemokines? Once this
information is available, we will have enough knowledge
to bring these studies a step closer to the clinic to tackle
male infertility or to provide a novel approach to manage
(or treat) male fertility including a non-hormonal male
pill for men.
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