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Abstract

In mammalian testes, haploid spermatozoa are formed from diploid spermatogonia during
spermatogenesis, which is a complicated cellular process. While these cellular events were
reported in the 1960s and 1970s, the underlying molecular mechanism(s) that regulates these
events remained unexplored until the past ~10 years. For instance, adhesion proteins were shown
to be integrated components at the Sertoli cell—cell interface and/or the Sertoli-spermatid interface
in the late 1980s. But only until recently, studies have demonstrated that some of the adhesion
proteins serve as the platform for signal transduction that regulates cell adhesion. In this chapter, a
brief summary and critical discussion are provided on the latest findings regarding these cell-
adhesion proteins in the testis and their relationship to spermatogenesis. Moreover, antagonistic
effects of two mammalian target of rapamycin (mTOR) complexes, known as mTORCL1 and
mTORC?2, on cell-adhesion function in the testis are discussed. Finally, a hypothetic model is
presented to depict how these two mTOR-signaling complexes having the “yin” and “yang”
antagonistic effects on the Sertoli cell tight junction (TJ)-permeability barrier can maintain the
blood—testis barrier (BTB) integrity during the epithelial cycle while preleptotene spermatocytes
are crossing the BTB.

1. INTRODUCTION

Spermatogenesis takes place in the seminiferous epithelium, which is composed of germ and
Sertoli cells with the Sertoli cell serving as the “mother” or the “nursery” cell that supports
and nourishes germs cells at different stages of their development (Cheng and Mruk, 2010a;
Griswold, 1998; Mruk and Cheng, 2004). Spermatogenesis is a complex and precisely
regulated process that produces spermatozoa (haploid, 1n) from spermatogonia (diploid, 2n).
Spermatogenesis is also tightly controlled by the hypothalamic—pituitary—testicular
hormonal axis. This axis involves the production of gonadotropin- releasing hormone
(GnRH) from the hypothalamus that induces the secretion of follicle-stimulating hormone
(FSH) and luteinizing hormone (LH) from the pituitary gland. LH then stimulates the release
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of testosterone from Leydig cells via steroidogenesis to support Sertoli and germ cell
function, which together with FSH that exerts its effects exclusively on Sertoli cells. These
hormones together with locally produced hormones (e.g. inhibin, activin), steroids (e.g.
estradiol-17f), and paracrine and autocrine factors (e.g. cytokines, fragments of laminins
and collagens), thereby maintaining spermatogenesis in a unique microenvironment in the
seminiferous epithelium (Carreau and Hess, 2010; Cheng and Mruk, 2012; O’Donnell et al.,
2001; Sharpe, 1994; Walker, 2011; Winters and Moore, 2007). During spermatogenesis, a
single type A spermatogonium undergoes 10 successive rounds of mitosis to give rise to
1024 primary spermatocytes, which then enter meiosis to produce 4096 spermatids
theoretically (Cheng and Mruk, 2012; Ehmcke et al., 2006). Spermatids then undergo
maturation via spermiogenesis to form spermatozoa which are to be released into the tubule
lumen at spermiation (O’Donnell et al., 2011). However, it is estimated that the efficiency of
spermatogenesis is only ~25%, and the majority of germ cells undergo apoptosis, which is
regulated by estrogen produced by Leydig cells, Sertoli cells and germ cells (Barratt, 1995;
Shaha, 2008; Tegelenbosch and de Rooij, 1993). This is to prevent overwhelming the
capacity of Sertoli cells since each Sertoli cell can support ~30-50 developing germ cells
(Billig et al., 1995; Weber et al., 1983). During spermatogenesis, the seminiferous
epithelium can be organized into 14 stages in rats (stage I-X1V); 12 stages (stage I-XI1) in
mice and six stages (I-V1) in humans according to the different developmental stages of
germ cells, in particular, the association of developing spermatids with Sertoli cells (de
Kretser and Kerr, 1988; Hess and de Franca, 2008; Mruk et al., 2008; Parvinen, 1982).
Throughout the seminiferous epithelial cycle, germ cells have to traverse the seminiferous
epithelium, from the basal to the adluminal (apical) compartment, and finally reach the
luminal edge of the seminiferous tubule at spermiation. This timely translocation of germ
cells is synchronized with a series of cyclic junctional restructuring events at the Sertoli—
Sertoli and Sertoli—germ cell interface (Cheng and Mruk, 2010b, 2012). These events are
tightly regulated and precisely coordinated, their disruption can perturb spermatogenesis,
leading to infertility.

During the transit of preleptotene spermatocytes conneced in “clones” via intercellular
bridges from the basal to the apical compartment, spermatocytes have first to travel across a
blood-tissue junctional barrier, which physically separates the two compartments (Fig. 6.1).
This junctional barrier, which located near the basement membrane, is formed by adjacent
Sertoli cells known as the blood-testis barrier (BTB). The BTB is one of the tightest blood-
tissue barriers, possibly because it is constituted by coexisting tight junction (TJ), basal
ectoplasmic specialization [basal ES, a testis-specific adherens junction (AJ)], gap junction
(GJ), and desmosome (DS) (Cheng and Mruk, 2012; Wong and Cheng, 2005). Except for
DS which utilizes vimentin-based intermediate filaments as the attachment site, the above
adhesion junctions are all connected to the actin cytoskeleton, especially the basal ES which
possesses tightly packed actin filament bundles that lie perpendicular to the Sertoli cell
plasma membrane and are sandwiched between cisternae of endoplasmic reticulum and the
opposing Sertoli cell plasma membranes. This is also the hallmark ultrastructure of the BTB,
which contributes to the unusual adhesive strength of the barrier (Cheng and Mruk, 2010b,
2011; Mruk et al., 2008). Despite the unusual tightness of the BTB, it undergoes cyclic
restructuring during stage VI11-XI of the epithelial cycle to facilitate the transit of

Int Rev Cell Mol Biol. Author manuscript; available in PMC 2014 July 08.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Mok et al.

Page 3

preleptotene spermatocytes at the BTB by assembling “new” BTB behind the transiting
spermatocytes while the “old” BTB above the spermatocytes is being disassembled, so that
the immunological barrier can remain intact (Cheng and Mruk, 2011; Cheng et al., 2010).
Thus, the BTB serves as an immunological barrier to “seal” developing spermatocytes and
spermatids from the systemic circulation, preventing the development of immune responses
against germ cells residing at the apical compartment which arise at puberty (Fijak et al.,
2011; Meinhardt and Hedger, 2011). This hypothesis about the coexistence of an “old” and a
“new” BTB that enclose the spermatocytes in transit at the BTB was designated the
intermediate compartment (Russell, 1977), and was shown in a lanthanum study using
electron microscopy from our laboratory (Yan et al., 2008¢) (Fig. 6.2). As different types of
junctions at the BTB are connected to the actin cytoskeleton, BTB restructuring can be
effectively regulated via cyclic reorganization of F-actin network utilizing different actin-
regulating proteins. These actin-regulating proteins include epidermal growth factor
pathway substrate 8 (Eps8) (Lie et al., 2009), which is an actin barbed-end capping and
bundling protein (Hertzog et al., 2010), and actin-related protein 3 (Arp3) (Lie et al., 2010),
which together with Arp2 forms the Arp2/3 complex that induces branched actin
polymerization (Goley and Welch, 2006). Besides, accumulating evidence suggests that
mammalian target of rapamycin (mTOR), a signaling molecule and a nonreceptor protein
Ser/Thr kinase that is known to modulate an array of cellular events (Weichhart, 2012;
Zoncu et al., 2011), is also responsible for the extensive reorganization of F-actin network to
assist BTB restructuring during the epithelial cycle of spermatogenesis (Mok et al., 2012a;
Mok et al., 2012c).

In this review, we focus on the biology and regulation of the BTB, in particular, the
involvement of the two mTOR signal complexes, namely mTOR complex 1 (mnTORC1) and
mTOR complex 2 (MTORC?2), in regulating the intriguing dynamics of the BTB during the
epithelial cycle. Studies on mTOR have largely been focused on the role of MTOR as a key
modulator of cell survival, particularly in cancer biology (Khokhar et al., 2011; Wander et
al., 2011), since mTOR plays a central role in regulating protein synthesis for cell growth,
cell proliferation and survival (Howell and Manning, 2011; Senqupta et al., 2010). However,
recent studies have shown that mTOR also takes part in a variety of cellular events including
actin cytoskeleton reorganization, aging, autophagy, immune responses and barrier function
(Inoki et al., 2011; Mok et al., 2012a; Mok et al., 2012c; Oh and Jacinto, 2011; Vassiliadis et
al., 2011; Weichhart, 2012). Studies have shown that in podocytes, which are the cells that
establish the blood-urine barrier in the kidney, a disruption of the mTOR signaling perturbs
the barrier function as a result of internalization of the TJ-adaptor protein ZO-1 (Shorning et
al., 2011) and reduced expression of slit diaphragm proteins (proteins which are essential for
cell—cell contact and hence barrier function in podocytes) (Vollenbroker et al., 2009). More
important, the involvement of mTOR in the BTB modulation via reorganization of actin
cytoskeleton has been demonstrated in studies using RNA. to silence rpS6, a downstream
signaling molecule of mMTORC1 (Meyuhas, 2008), since its knockdown was found to
promote TJ-barrier function (Mok et al., 2012c). On the other hand, the knockdown of rictor,
a binding partner of mMTORC2 (Sarbassov et al., 2004), was shown to disrupt BTB function
(Mok et al., 2012a), illustrating the antagonistic effects of these two mTOR complexes on
BTB dynamics. In order to have a better understanding of how the BTB is regulated by
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mTOR, we first provide an update on the latest status of research on the different junction
types and the constituent adhesion proteins at the BTB, and how they interact with each
other to maintain the barrier homeostasis. We then provide a brief background on mTOR
such as the components of the two mTOR signaling complexes and their functions. Finally,
we will examine some recent findings regarding the “yin” and “yang” of mMTORs on BTB
dynamics via the differential actions of mMTORC1 and mTORC2 on BTB function.

2. ACTIN-BASED CELL JUNCTIONS AT BTB

Among all the blood-tissue barriers, such as the blood-brain barrier and the blood-urine
barrier which are created between neighboring endothelial cells, cell junctions are typically
arranged in which TJs are localized at the apical region, to be followed by discrete AJs and
DS, which constitute the junctional complex (Fig. 6.1). In addition, GJs are located basal to
the junctional complex (Hartsock and Nelson, 2008; Miyoshi and Takai, 2008) (Fig. 6.1). In
these blood-tissue barriers, the permeability barrier is created almost exclusively by TJs
which seal the intercellular space between adjacent membranes and confer cell polarity to
restrict paracellular and transcellular transport of substances (Steed et al., 2010; Tsukita et
al., 2001), whereas AJs which connect to a dense actin filament network confer the adhesion
property (Harris and Tepass, 2010). Thus, the coexisting TJs, basal ES and GJs which
contribute to the barrier and adhesion function of the BTB as an entity is in fact a unique
feature amongst all the blood-tissue barriers (Fig. 6.1). Since TJs, basal ES and GJs are all
linked to underlying actin cytoskeleton via corresponding adaptors, changes in the
organization of actin filaments at the BTB during the epithelial cycle play a significant role
in its restructuring. In this section, we briefly discuss each junction type at the BTB and how
these junctions associate with the underlying F-actin cytoskeleton, interacting with each
other.

2.1. Tight Junction

TJs appear as “kisses” between adjacent epithelial or endothelial cells under electron
microscope where two plasma membranes fuse together as illustrated in the Sertoli cell BTB
(Cheng and Mruk, 2010b; Steed et al., 2010; Tsukita et al., 2001). In other blood-tissue
barriers, TJs are located apically in an epithelium or endothelium and act as “fences” that
divide the membranes into apical and basolateral domains. Since integral membrane proteins
are freely diffusible in plasma membrane, this “fence” function of the TJ restricts proteins to
their respective apical or basal location (Steed et al., 2010; Tsukita et al., 2001), generating
apicobasal polarity in an epithelium and to prevent transcellular transport of substances
across the barrier. Although the intercellular space is sealed by TJs in which the TJ strands
from two neighboring plasma membranes associate laterally with each other to form a
“gate,” selected ions and/or solutes can pass through these “gates” via paracellular transport,
which is dependent on their charge and size (Steed et al., 2010; Tsukita et al., 2001). This
“gate” function of TJs varies among cell types due to the differences in the relative
proportions of different TJ proteins (Steed et al., 2010; Tsukita et al., 2001). In addition,
differences in TJ-strand density also affect permeability of the TJ (Steed et al., 2010; Tsukita
et al., 2001). While the “fence” and “gate” functions imply TJs are considerably rigid in
nature, TJs are actually dynamic ultrastructures by adjusting their permeability barrier
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function in response to changes in environment and/or physiological needs, such as
development, cell migration and cell/tissue homeostasis (Steed et al., 2010; Tsukita et al.,
2001). This flexibility of TJ is particularly important for the BTB, which undergoes cyclic
restructuring to facilitate the transit of preleptotene spermatocytes while its integrity must be
maintained to ensure proper development of spermatids via spermiogenesis behind the
barrier. Furthermore, TJs are connected to actin cytoskeleton via adaptor proteins, which
include zonula occludens-1, -2 and -3 (ZO-1, -2, -3). To date, many TJ proteins have been
identified at the BTB, which include claudins, occludin, junctional adhesion molecules
(JAMs), tricellulin and coxsackievirus and adenovirus receptor (CAR) (Cheng and Mruk,
2010b; Steed et al., 2010; Tsukita et al., 2001). Among these, claudins, occludin and JAMs
are the best-studied TJ proteins at the BTB, which are briefly reviewed herein.

2.1.1. Claudins—Claudins are a family of TJ proteins, each has four transmembrane
domains, two extracellular loops and a short cytoplasmic tail (Elkouby-Naor and Ben-Y osef,
2010). To date, 24 members of claudins have been identified (Elkouby-Naor and Ben-Y osef,
2010). Among these, claudin-1 through -8 and -11 have been identified by northerns in
rodent testes (Furuse et al., 1998; Morita et al., 1999a, 1999b), whereas claudin 10, 12, and
23 were detected by microarray analysis using mRNAs from rodent testes (Singh et al.,
2009). It is generally accepted that claudins are the backbone of TJ strands and are
responsible for recruiting other TJ proteins, such as occludin to TJs. Forced expression of
exogenous claudins in fibroblasts was able to induce cell adhesion activity by forming
networks of TJ-strand-like ultrastructure at cell-cell contacts (Furuse et al., 1998; Kubota et
al., 1999). Besides, the importance of claudins as the core structural component of TJs is
demonstrated by the inability of forming an intact barrier in mice with specific claudin
knockout. For example, mice lacking claudin 1 died shortly after birth due to dehydration as
a result of failure in epidermal barrier function (Furuse et al., 2002). Deletion of claudin 5 in
mice led to neonatal death, within 10 h after birth because of the absence of the blood-brain
barrier (Nitta et al., 2003). Furthermore, knockout of claudin 18 in mice led to disruption of
permeability barrier of gastric epithelia, causing paracellular H* leakage that results in
atrophic gastric epithelia (Hayashi et al., 2012). Knockout of claudin-11, which is expressed
specifically in oligodendrocytes and Sertoli cells, led to infertility in mice due to the lack of
BTB without TJ strands formed between Sertoli cells (Gow et al., 1999). Besides being the
essential building block of TJs, claudins also determine the properties of TJ barriers by
assembling TJs with different claudin members. For example, TJ strands formed by
claudin-1 are highly branched network while claudin-11-based TJ strands, as those found in
Sertoli cells, are mostly parallel strands with little branching (Gow et al., 1999; Morita et al.,
1999b). Furthermore, the selectivity of ions and solutes of a permeability barrier is also
dependent on the composition of claudins as illustrated by gain-or-loss function studies in
animals, humans or cell lines involving specific claudins. For instance, overexpression of
claudin-2, but not claudin-3, in MDCK | cells which express only claudin-1 and -4, leads to
a “leaky” TJ barrier, as shown by a decrease in transepithelial electrical resistance (TER)
across the cell epithelium. This thus reflects the differential ability among different claudins
in conferring the TJ-barrier function (Furuse et al., 2001). Furthermore, in claudin-15
knockout mice, the small intestine displayed malabsorption of glucose due to a disruption of
paracellular transport of Na* ions across the TJ barrier (Tamura et al., 2011). Claudin-16,
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however, was shown to be important to paracellular transport of Mg?* across the TJ barrier
(Simon et al., 1999).

Claudins also play an important role in maintaining the BTB function during
spermatogenesis. In fact, TJ strands at the BTB is contributed significantly by claudin-11
since deletion of claudin-11 leads to a loss of the BTB ultrastructure, resulting in the lack of
TJ strands between Sertoli cells (Gow et al., 1999). Interestingly, Sertoli cells, which
normally cease to divide after postnatal day 15, are found to be proliferating in adult
claudin-11 knockout mice (Gow et al., 1999). This is probably due to the loss of contact
inhibition after the disappearance of TJs. This thus suggests that the permeability barrier
imposed by claudin-11 also has a role in regulating cell cycle function in Sertoli cells.
Furthermore, a recent report has shown that claudin-3 may be a crucial protein involving in
the intermediate compartment during translocation of spermatocytes across the BTB
(Komljenovic et al., 2009). Immunofluorescence staining illustrated that during the transit of
preleptotene spermatocytes across the BTB at stage VII-I1X in mice, localization of
claudin-3 at the BTB was found apically to preleptotene spermatocytes (“old” BTB) at stage
VII; however, at stage VIlI-early IX, claudin-3 was detected at both apically (“old” BTB)
and basally (“new” BTB) of the translocating spermatocytes; and finally claudin-3 was
detected only at the basal side (“new” BTB) of leptotene spermatocytes transformed from
preleptotene spermatocytes (Komljenovic et al., 2009). Despite this stage-specific
localization of claudin-3 coinciding with the intermediate compartment, this observation
requires further verification by functional studies, such as if its knockdown would indeed
impede the migration of spermatocytes at the BTB. Additionally, the role of claudin-3 may
be species-specific since claudin-3 is not found at the BTB in the rat testis (Kaitu’u-Lino et
al., 2007). Thus, much work is needed to define the role(s) of different claudin(s) in the
cyclic restructuring events of the BTB during spermatogenesis.

2.1.2. Occludin—Occludin is the first integral membrane protein identified at the TJ
(Furuse et al., 1993). Although occludin shares a similar topography with claudins by having
four transmembrane domains, two extracellular loops and a cytoplasmic tail, there is no
sequence homology between the two TJ proteins (Cummins, 2012; Furuse et al., 1998).
Unlike claudins, which are composed of multiple members in the claudin gene family, no
occludin-related gene has been identified thus far, but two occludin isoforms are produced
by alternative splicing. Also, unlike claudins, occludin has a relative long cytoplasmic tail.
Ser and Thr residues of its cytoplasmic tail are heavily phosphorylated; and studies have
shown that phosphorylations at these sites via protein kinases are essential for regulating
occludin localization and distribution in epithelia/endothelia. For instance, a study using
primary Sertoli cell cultures in vitro has demonstrated that focal adhesion kinase (FAK) is
structurally associated with occludin and it also regulates the structural interaction between
occludin and ZO-1 (Siu et al., 2009a, 2009b). Furthermore, a knockdown of FAK in Sertoli
cells led to a decrease in phosphorylation of Ser and Tyr, but not Thr in occludin, which, in
turn, probably resulted in an increase in the internalization of occludin, thereby perturbing
the TJ barrier (Siu et al., 2009a). Besides FAK, c-Yes is another nonreceptor protein
tyrosine kinase known to be structurally associated with occluding at the Sertoli cell BTB
(Xiao et al., 2011). When the intrinsic activity of c-Yes in Sertoli cells with an established
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functional TJ-permeability barrier that mimicked the BTB in vivo was inhibited by SU6656,
a selective c-Yes inhibitor, redistribution of occludin from cell—cell interface to cell cytosol
was found, contributing to the disruption of the Sertoli cell TJ barrier (Xiao et al., 2011).
Besides FAK and c-Yes, protein kinase C (PKC) also plays a role in modulating the
localization of occludin at TJs via its effects to confer the phosphorylation status in occludin.
Study reported that upon stimulation of PKC by phorbol 12-myristate 13-acetate (PMA) and
1,2 dioctanoylglycerol (DiC8), phosphorylation of occludin was induced, leading to an
increase in occludin localization at the cell-cell interface (Andreeva et al., 2001). The
importance of occludin in spermatogenesis was also addressed by studies using synthetic
occludin peptide. It was demonstrated that when occludin—occludin interaction between
adjacent Sertoli cells was disrupted via intratesticular injection of peptide corresponding to a
segment of the second extracellular loop of occludin, the BTB was compromised, leading to
germ cell loss from the epithelium (Chung et al., 2001). Interestingly, when occludin was
deleted, occludin knockout mice remained fertile by age 6 weeks at the time the first wave
of spermatogenesis occurred (Saitou et al., 2000). However, these occludin knockout mice
were found to be infertile by ~40-60 weeks of age, with their seminiferous tubules displayed
atrophy and devoid of germ cells (Saitou et al., 2000). Subsequent studies by generating
another genetic model of occludin knockdown confirmed that fertility was retained in these
mice only from ~6-10 weeks of age (Takehashi et al., 2007), but all occludin knockout mice
were infertile by 36—-60 weeks of age with the tubules devoid of spermatocytes and
spermatids (Saitou et al., 2000; Takehashi et al., 2007). Collectively, these findings illustrate
that while other TJ proteins, such as claudins and JAMs, may be able to supersede the loss
of occludin at the BTB to maintain spermatogenesis; however, occluding is absolutely
essential to maintain the BTB function and spermatogenesis beyond 10 weeks of age in
rodents during adulthood, illustrating the functional relationship between BTB and
maintenance of spermatogenesis.

Interestingly, the necessity of occludin to spermatogenesis does not apply to humans as
occludin was not found in human Sertoli cells in an earlier study (Moroi et al., 1998).
However, a recent study by RT-PCR has identified occludin in human Sertoli cells (Xiao
and Cheng, unpublished observations), illustrating further study on the function of occludin
in huamn BTB is warranted. The lack of occludin in human seminiferous epithelium also
illustrates that the BTB is a complex ultrastructure and its constituency is species-specific.
Other studies have also shown that the role of occludin in blood-tissue barriers is organ-
and/or tissue-specific. For instance, occludin is not essential for the formation of TJ strands;
and in some cell types, it is not even needed for the maintenance of TJs. It was reported that
occludin was not found in the TJ strands between porcine aortic endothelial cells (Hirase et
al., 1997), revealing that in some tissues, occludin is not a constituent protein of the TJ
barrier. Moreover, in occludin knockout mice, the TJ barrier formed between intestinal
epithelial cells was indistinguishable from those of the wild type ultrastructurally (Saitou et
al., 2000), demonstrating that in some epithelia that normally express occludin, a missing of
occludin does not necessarily affect the formation and/or maintenance of the TJ barrier.
Furthermore, although studies have shown that treatment of synthetic occludin peptide
disrupted TJ barrier between Sertoli cells (Chung et al., 2001) as well as that between
intestinal epithelial cells (Nusrat et al., 2005), a study in human intestinal T84 epithelial
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(T84) cell cultures has shown that the occludin peptide-induced TJ-barrier disruption was
mediated by redistribution of other TJ proteins (e.g. claudin-1) and TJ adaptor (e.g. ZO-1)
(Nusrat et al., 2005), illustrating occludin may act as a “signaling” regulatory TJ protein.
More important, the use of monoclonal antibody against the second extracellular loop of
occludin in T84 cells was found to disrupt epithelial cell polarity but not the TJ barrier
(Tokunaga et al., 2007). Collectively, these findings illustrate the complex functional role of
occludin at the TJ barrier, supporting the notion of its species- and/or tissue-specific
function regarding its involvement in TJ-barrier formation and maintenance. Nonetheless,
these findings illustrate that occludin, unlike claudins, may have other role(s) and serving as
a signaling molecule in controlling the permeability in TJs, such as fine-tuning the barrier
function, besides serving as the building block of TJs in some epithelia. This notion is also
supported by studies illustrating that overexpression of exogenous occludin in fibroblasts
was able to induce the formation of TJ strands, but these TJ strands were shorter and lesser
in quantity when compared to those claudin-based TJ strands; and when fibroblasts were co-
transfected with occludin and claudins, occludin was recruited to the TJ strands formed by
claudins, and together they formed continuous belt-like ultrastructures at the cell—cell
interface, which was in contrast to the punctuate pattern when occludin was overexpressed
alone (Furuse et al., 1998). More important, while young adult occludin knockout mice at 6—
10 weeks of age were fertile but when these mice reached adulthood by >30 weeks, besides
being infertile with seminiferous tubules were found to be devoid of spermatocytes and
spermatids, calcification in the brain, and chronic gastritis in the gastric epithelium were
detected (Saitou et al., 2000), illustrating occludin, and perhaps TJs, may be playing more
important cellular roles besides serving as an indispensable protein at the TJ barrier. In this
context, it is of interest to note that studies have reported internalization of occludin by
caveolae and/or clathrin-mediated endocytosis (Murakami et al., 2009; Schwarz et al., 2007;
Shen and Turner, 2005), including the Sertoli cell TJ barrier (Wong et al., 2009; Yan et al.,
2008c), illustrating occludin can be rapidly mobilized to other cellular domains to exert its
function besides the TJ barrier.

2.1.3. Junctional Adhesion Molecules—JAMs are members of the immunoglobulin
superfamily (IgSF) proteins; the extracellular region of these TJ-integral membrane proteins
possess two Ig-like domains. Based on sequence homology, JAM family is composed of two
subfamilies with one of them comprises three closely related members namely JAM-A
(JAM-1), JAM-B (JAM-2) and JAM-C (JAM-3). Another subfamily, in which the members
have a lower polypeptide sequence similarity, includes CAR, JAM-D (JAM-4) and JAM-
like (JAM-L). Herein, we focus on the former subfamily since its members have been better
characterized and studied in the testis. JAMs differ from claudins and occludin topologically
since each JAM molecule has only one extracellular domain, a single transmembrane region
and a cytoplasmic tail that varies in length among different isoforms (Mandell and Parkos,
2005; Severson and Parkos, 2009). Unlike claudins and occludin, JAMs alone is insufficient
to from TJ strands as no TJs were detected in many primary cultures of fibroblasts and
established fibroblast cell lines that expressed either JAM-A or JAM-C. However, JAMs are
concentrated to the TJs when examined by immunofluorescence microscopy (Morris et al.,
2006). JAMs are also distributed in and around TJ strands under electron microscopy,
indicating their intimate association with the TJ barrier (Itoh et al., 2001). The involvement
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of JAM proteins in TJ-barrier function has been revealed in several studies. For instance, a
study in T84 human intestinal epithelial cells using anti-JAM-A antibody has shown that
JAM-A is necessary for recovery of Ca2* depletion-induced TJ-barrier disruption as re-
establishment of TJ barrier was disrupted due to the loss of JAM-A and occludin function
following antibody treatment (Liu et al., 2000). JAMs are also required for the resealing of a
disrupted TJ barrier induced by treatment of epithelial cells with synthetic peptides
corresponding to the extracellular domain of JAMs (Liang et al., 2000). Moreover, a leaky
TJ-permeability barrier was found in the intestinal epithelial cells of JAM-A knockout mice,
indicating the significance of JAM proteins in barrier function (Laukoetter et al., 2007).
Interestingly, such leaky TJ barrier might be the result of an induction of claudin-10 and -15
detected in the intestinal epithelial cells obtained from JAM-A knockout mice versus the
wild-type. It was shown that an induction of certain claudins would lead to an increase in
permeability of certain ions across the TJ barrier (Laukoetter et al., 2007). An induction of
claudins after knockout of JAM-A and a down-regulation of occludin after JAM-A antibody
treatment thus illustrate that JAMs may regulate the TJ barrier by altering the localization
and/or expression of other TJ proteins (Severson and Parkos, 2009). Regardless of the
importance of JAMs in modulating the barrier function in cell lines or intestinal epithelia,
the significance of JAMs to the BTB remains unknown. Although JAM-A and JAM-B are
found in the BTB (Morrow et al., 2010), deletion of JAM-A or homozygous mutation of
JAM-B had no impact on the BTB integrity (Sakaguchi et al., 2006; Shao et al., 2008). It is
known that mice with JAM-A deleted or JAM-B mutated remained fertile and their
seminiferous epithelium was histologically normal (Sakaguchi et al., 2006; Shao et al.,
2008). Even though deletion of JAM-A in mice led to reduced litter size, this is probably
resulted from impaired motility of spermatozoa as JAM-A was also shown to be involved in
sperm tail formation (Shao et al., 2008).

Unlike claudins and occludin whose functions are mostly related to the TJ-permeability
barrier as these are structural components of the blood-tissue barriers, JAMs are involved in
numerous cellular functions and pathological conditions, such as leukocyte migration,
angiogenesis, hypertension and tumorigenesis (Bazzoni, 2011). Among them, the
participation of JAMs in the transmigration of leukocyte across the endothelial TJ barrier
during inflammation is of great interest since preleptotene spermatocytes may be utilizing
JAMs to traverse the BTB with similar mechanism (Wang and Cheng, 2007). It is noted that
besides Sertoli cells, germ cells also expressed JAM proteins including JAM-A and JAM-C
(Wang and Cheng, 2007), thus it was proposed that other than playing the role for anchoring
germ cells to Sertoli cells, JAMs may also be responsible for the spermatocyte transit at the
BTB. In fact, the loss of JAM-C, an integrated component of the apical ES at the Sertoli—
spermatid interface, led to failure of spermiogenesis and infertility (Gliki et al., 2004). In
short, much work is needed to define the role of JAMSs during spermatogenesis, in particular,
its function at the BTB.

2.1.4. ZO Adaptor Proteins—Underneath the TJs, cytoplasmic plaques are formed via
the cytoplasmic tails of TJ proteins directly associated with adaptor proteins, such as ZO
proteins, at a 1:1 stoichiometric ratio (e.g. occludin-ZO-1, claudin-ZO-1, JAM-Z0-1), which
in turn bind to the underlying actin filaments. As such, TJ proteins are linked to actin
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cytoskeleton for the support of barrier integrity. Three ZO proteins have been identified thus
far and they are ZO-1, ZO-2 and Z0O-3, which share sequence homology with each other and
among them, ZO-1 is the predominant adaptor protein (Gonzalez-Mariscal et al., 2000;
Tsukita et al., 2009). ZO proteins belong to the membrane-associated guanylate kinase
(MAGUK) family, and beginning from their N-terminal region, they all have three PDZ
domains, to be followed by an SH3 domain, a GUK domain and a cytoplasmic tail. The first
PDZ domain was shown to bind to claudins (Itoh et al., 1999a) while the second one is
necessary for homo- or heterodimerization between ZO proteins (Utepbergenov et al., 2006;
Wittchen et al., 1999), and the third PDZ domain is needed for interacting with JAMs
(Bazzoni et al., 2000; Ebnet et al., 2000). ZO proteins associate with occludin using the
GUK domain (Furuse et al., 1994; Haskins et al., 1998; Itoh et al., 1999b), with actin
filaments link to the ZO proteins via their cytoplasmic tails (Fanning et al., 1998; Itoh et al.,
1997). The knockout of ZO-1 or ZO-2 in mice results in embryonic lethality (Katsuno et al.,
2008; Xu et al., 2008). This demonstrates these two ZO proteins are essential for
development, but little information can be deduced for their physiological function from
these knockout mice. The importance of ZO proteins in recruitment of TJ proteins,
especially claudins for the formation of TJs, was revealed by cultured epithelial cell line
without endogenous ZO-3, whereas ZO-1 was knockout by homologous recombination, and
Z0-2 was knockdown by RNAIi (Umeda et al., 2006). Interestingly, when ZO truncated
proteins containing only the N-terminus which has the three PDZ domains were forcibly
localized to lateral membrane and dimerized, TJs formed by claudins were found to be
distributed throughout the lateral membrane (Umeda et al., 2006). This is in sharp contrast to
the TJs formed by overexpressing full length ZO-1 and ZO-2 as these TJs are precisely
localized to the apical junctional complex. These observations thus illustrate that the
interaction of SH3 domain and GUK domain in ZO proteins with AJs is necessary for
directing TJ proteins to their correct cellular location (Umeda et al., 2006). The importance
of ZO proteins in spermatogenesis was demonstrated in a study by injecting ZO-27/~
embryonic stem cells into wild-type blastocysts to generate viable ZO-2-deficient mice,
these mice were found to have reduced fertility, resulting from impaired spermatogenesis,
because the BTB was disrupted due to mislocalization of integral membrane proteins
claudin 11 and Cx43 at the site (Xu et al., 2009).

These studies thus illustrate the significance of ZO-adaptor proteins in maintaining the TJ-
barrier integrity by proper localization of TJ (and also GJ) integral membrane proteins, and
this is mediated by their connection to the underlying actin filaments. This is particularly
important for the BTB where an extensive F-actin network is present, and is under cyclic
restructuring during the epithelial cycle of spermatogenesis. The maintenance and
modulation of barrier function by actin reorganization is demonstrated in numerous studies.
For instance, when actin depolymerization was induced by latrunculin A (Lat A, a toxin
produced by red sea sponge) in MDCK cells, a disruption of the TJ barrier was detected,
which was attributed to the internalization of occludin that caused by the loss of the apical
peri-junctional F-actin ring underneath the TJs, illustrating the importance of actin
cytoskeleton for proper TJ-protein localization (Shen and Turner, 2005). In a study using rat
alveolar epithelial cells, strengthening of cortical actin filaments induced by treatment of
keratinocyte growth factor (KGF) led to a tightening of the TJ barrier (LaFemina et al.,
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2010). The necessity of an actin cytoskeleton for the maintenance of the BTB integrity is
best illustrated in studies using actin regulating proteins Eps8 and Arp3 (Lie et al., 2010,
2009). It was reported that after in vitro knockdown of Eps8 in Sertoli cells with an
established functional TJ-permeability barrier by RNAI, actin disorganization was detected,
leading to the redistribution of occludin and ZO-1 from the cell-cell interface into the cell
cytosol (Lie et al., 2009). Moreover, in vivo knockdown of Eps8 in testis also led to
truncation and mislocalization of F-actin and occludin, respectively, contributing to the
disruption of the BTB integrity when assessed by an in vivo BTB functional assay (Lie et
al., 2009). Furthermore, in a study using wiskostatin to block Arp3 activation in cultured
Sertoli cells, the inhibition of branched actin polymerization that resulted in deposition of
actin filament bundles at the cell—cell interface, led to a promotion of the Sertoli cell TJ-
permeability barrier function (Lie et al., 2010). Indeed, one of the most important findings
from the above studies was that it illustrated the two actin regulating proteins Eps8 and Arp3
that exhibited stage-specific and restrictive spatiotemporal expression at the BTB during the
seminiferous epithelial cycle provided the means for cyclic reorganization of the actin
cytoskeleton at the Sertoli cell BTB (Lie et al., 2010, 2009). In fact, besides binding to AJs,
TJs and actin, adaptor proteins ZO-1/2/3 also bind to GJs, polarity proteins (e.g. PATJ),
actin-binding proteins (e.g. cortactin, AF-6) and a variety of signaling molecules, such as
kinases (e.g. c-Src, PKC), transcription factors (e.g. ZONAB, c¢-Jun) and G proteins (e.g. G
protein a subunit) (Gonzalez-Mariscal et al., 2000; Tsukita et al., 2009). Thus, these adaptor
proteins also act as scaffolding proteins at the TJ barrier by recruiting other regulatory
proteins to the site and to provide cross talks among coexisting junctions at the BTB
including TJs, basal ES and GJs.

2.2. Ectoplasmic Specialization (ES)

In epithelia and endothelia, AJ is localized below TJ in the basolateral region of two
adjacent cells. It is a discrete structure physically segregated from TJ and is primarily
responsible for cell-cell adhesion by connecting to a dense actin cytoskeleton that create a
plaque-like ultrastructure known as zonula adherens (Hartsock and Nelson, 2008; Miyoshi
and Takai, 2008). In the testis, however, AJ is distinctly different from those found in other
epithelia/endothelia, instead a testis-specific ultrastructure known as ES is found. There are
two ESs in the seminiferous epithelium dependent on its location. The ES that is found near
the basement membrane between adjacent Sertoli cells, and is localized at the BTB is the
basal ES, it coexists with TJ and GJ, and is responsible for Sertoli cell-cell adhesion (Cheng
and Mruk, 2010b). The ES that is localized to the apical compartment and is the only
anchoring device between Sertoli cells and spermatids (steps 8-19 in the rat testis) is the
apical ES. ES is associated with an extensive actin filaments arranged in hexagonal bundles
with unipolar orientation that lie perpendicular to the Sertoli cell plasma membrane (Mruk et
al., 2008; Yan et al., 2007). Interestingly, these actin filaments are noncontractile in nature,
thus they are not likely to be involved in germ cell movement as developing germ cells are
immobile cells per se, lacking all the cell movement apparatus (e.g. lamellipodia) and Sertoli
cells inside the seminiferous epithelium are also not actively motile cells per se (Mruk et al.,
2008; Yan et al., 2007). As the actin filament bundles at the ES are restricted only to the
Sertoli cell, but not in elongating/elongated spermatids, the ultrastructural features of the
apical ES and basal ES are essentially identical except that actin filament bundles are found
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on both sides of Sertoli cells at the basal ES, but restricted only to the Sertoli cell at the
apical ES (Cheng and Mruk, 2010b). Interestingly, the protein composition in both apical
and basal ESs is quite different (Cheng and Mruk, 2010b). For instance, JAM-C, nectin-3,
Bl-integrin, laminin-a3,-B3,-y3 are restricted to the apical ES, and JAM-A and -B are
limited to the basal ES, whereas other proteins, such as CAR, are found in both apical and
basal ES (Cheng and Mruk, 2010b). At the apical ES, other than AJ proteins that are usually
found in epithelia/endothelia (e.g. N-cadherin, B-catenin, nectin-2), TJ proteins, GJ proteins,
and focal adhesion complex (FAC, which is an anchoring junction at the cell-matrix
interface) proteins are also found, making this a hybrid junction (Mruk et al., 2008; Wong et
al., 2008; Yan et al., 2007).

2.2.1. Basal ES—The basal ES is restricted to adjacent Sertoli cells near the basement
membrane at the site of the BTB, which is typified by the bundles of actin filaments
sandwiched in-between cisternae of endoplasmic reticulum and the two opposing plasma
membranes of Sertoli cells (Cheng and Mruk, 2010b). While the ultrastructural features of
basal ES are indifferent from the apical ES, their constituent proteins are quite different as
the basal ES shares some similarity with conventional AJ. For instance, constituent adhesion
molecules at the basal ES are members of the cadherins and nectins family.

2.2.1.1. Cadherins: Being one of the major constituent proteins of AJs, the importance of
cadherins is well demonstrated by the embryonic lethality of mice lacking classical
cadherins, such as E-cadherin and N-cadherin (Radice et al., 1997). In rodent testis, the
above two classical cadherins are found at the basal ES (Mruk et al., 2008; Yan et al., 2007).
They are single span membrane protein having a divergent extracellular domain containing
five repeats called ectodomain modules (ECs) and a conserved cytoplasmic tail (Harris and
Tepass, 2010; Yonemura, 2011). Binding of Ca2* ions is necessary for correct protein
confirmation of the ECs, which participate in forming homotypic cis-dimers of cadherins on
the same side of two neighboring cells. Two cis-dimers of cadherins from each adjacent
cells then form homotypic trans-oligomers that create an AJ (Harris and Tepass, 2010;
Yonemura, 2011). Although the binding between cadherin extracellular domains is weak,
cell-cell adhesion is strengthened via lateral clustering of cadherins, which is a process
mediated by nectins (Sakisaka et al., 2007; Takai et al., 2008). Cadherin clustering also
required binding of p120-catenin and B-catenin to cadherin juxtamembrane region and
cytoplasmic tail, respectively. p120-catenin is essential for the retention of cadherins at the
plasma membrane. Studies using siRNA to knockdown p120-catenin or by overexpressing
exogenous cadherins have shown that p-120 catenin—cadherin association is able to stabilize
the cadherins by preventing cadherins at the cell surface from being internalized and
degraded (Davis et al., 2003; lyer et al., 2004; Maeda et al., 2006). On the other hand, p-
catenin—cadherin association promotes cadherin clustering by connecting cadherins to actin
cytoskeleton through the adaptor a-catenin, which can bind p-catenin and also actin
filaments (Harris and Tepass, 2010; Yonemura, 2011). Studies have shown that during
formation of AJs which is initiated by nectins, clustering of cadherins is aided by
remodeling of actin cytoskeleton via actin regulating proteins such as the Arp2/3 complex
which induces branched actin polymerization for capturing clusters of cadherins (Kametani
and Takeichi, 2007; Le Clainche et al., 2007; Sato et al., 2006). However, a disruption of
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cortical actin filaments can lead to dissolution of cadherins at the cell—cell interface (Quinlan
and Hyatt, 1999), illustrating the importance of actin filament network in recruiting
cadherin-based AJs to cell—cell interface. It was long believed that AJs were maintained
through the association of cadherin—f-catenin—a-catenin complex to actin filaments.
However, it is now known that a-catenin cannot simultaneously bind to f-catenin and actin,
implying a cadherin-p—catenin—a-catenin—actin association does not exist (Drees et al.,
2005). Instead, a-catenin exists as monomers and dimers, which bind to B-catenin and actin,
respectively. Clustering of cadherin-B—catenin—a-catenin complex during AJ formation
induces a localized concentrated pool of a-catenin that favors its dimerization. Thus, a-
catenin dissociates from p-catenin and forms dimers, which in turn associate with actin
filaments. Association of a-catenin to actin filament inhibits the activity of the Arp2/3
complex and hence, reorganizing F-actin network from a “branched” to a “bundled”
conformation (Drees et al., 2005), thereby stabilizing cell-cell adhesions with bundles of
cortical actin filaments. In this context, it is of interest to note that while AJs may connect to
the actin cytoskeleton via the nectin—afadin complex, the strong adhesion provided by AJs in
an epithelium is difficult to achieve without the cadherin—f-catenin—a-catenin—actin
association (Harris and Tepass, 2010). Moreover,when the actin-binding domain of a-
catenin is deleted, the directional movement of cadherin—a-catenin fusion proteins to the
apical junctional complex is abolished, illustrating binding of a-catenin to actin filaments is
essential for actin cytoskeleton-mediated lateral flow of cadherins (Kametani and Takeichi,
2007). It seems that there are missing links regarding how a-catenin connects the cadherin—
[3-catenin complex to actin cytoskeleton, and additional research is needed in this area.

2.2.1.2. Nectins: Nectins are a family of immunoglobulin-like cell adhesion molecules with
four members known to date, namely nectin-1 to -4. In general, each nectin has an
extracellular domain which contains three Ig-like loops, a transmembrane region and a
cytoplasmic tail (Sakisaka et al., 2007; Takai et al., 2008). Each nectin member first forms
homotypic cis-dimers, which in turn form homotypic or heterotypic trans-dimers in a Ca2*-
independent manner. Interestingly, the adhesive force between heterotypic trans-dimers is
stronger than that between homotypic trans-dimers (Sakisaka et al., 2007; Takai et al.,
2008). Nectins are connected to actin cytoskeleton via a cytoplasmic adaptor afadin
(Sakisaka et al., 2007; Takai et al., 2008). Besides binding to nectins via PDZ domain and
actin filaments via its C-terminal tail, afadin indeed has multiple domains, enabling it to
associate with different proteins, such as c-Src, Rapl (a small G protein), ZO-1, a-catenin
(Sakisaka et al., 2007; Takai et al., 2008). This thus mediates signal transduction and
provides cross talk between cadherin- and nectin-based junctions. Studies have
demonstrated that by coupling with actin reorganization, nectins are responsible for
initiating AJ formation and for recruiting cadherins to complete the process. As epithelial
cells initiate cell—cell contact, trans-interacting nectins from adjacent cells were found to
activate Cdc42 (a small GTPase of the Rho-subfamily), Rac (also a signaling GTPase) via c-
Src in an afadin-independent manner (Fukuyama et al., 2005; Kawakatsu et al., 2005, 2002).
Activated Cdc42 and Rac, in turn, trigger reorganization of actin cytoskeleton through the
actin-binding protein IQGAP1, which induce branched actin polymerization via the Arp2/3
complex (Le Clainche et al., 2007; Sato et al., 2006) to recruit cadherins to the site. It is
noted that at this step, the recruited cadherins are non-trans-interacting since they have yet
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to associate with cadherins from neighboring cells. Clustering of these non-trans-interacting
cadherins is then assisted by afadin-associated trans-interacting nectins. This is achieved by
activation of Rapl by trans-interacting nectins, activated Rap1 then associates with afadin to
form a complex, which in turn binds to p120-catenin to retain cadherins at plasma
membrane (Hoshino et al., 2005; Sato et al., 2006). Hence, localized clustering of cadherins
takes place which favors the trans-interaction of cadherins to establish AJs.

Nectin-2 is expressed in rodent Sertoli cells (Bouchard et al., 2000; Ozaki-Kuroda et al.,
2002). Mice lacking nectin-2 are infertile illustrating nectin-2 is indispensable for
spermatogenesis (Bouchard et al., 2000; Ozaki-Kuroda et al., 2002). Although studies of
mice lacking nectin-2 were focused on apical ES (Kawakatsu et al., 2002) or spermatids
(Bouchard et al., 2000), it was noted that the actin filament bundles at the apical ES in these
mice were absent, suggesting that their BTB might have been disrupted due to a
disorganized actin cytoskeleton.

2.2.1.3. Interplay between AJsand TJs Via Adaptor Proteins: As noted above, cell
adhesion molecules cross talk with each other via their peripheral adaptors to maintain
epithelial homeostasis. For instance, AJs are crucial for TJ assembly, and ZO-1 is a crucial
player in this process (Hartsock and Nelson, 2008; Sakisaka et al., 2007). Studies have
shown that nectin—afadin complex is able to recruit ZO-1, which was then used to recruit
JAMs, claudins and occludin to the apical junctional complex to form TJs (Ooshio et al.,
2010; Yokoyama et al., 2001). The necessity of trans-interacting nectins in the
establishment of TJs was demonstrated when such interaction was blocked via the use of a
chimeric protein that bound to the extracellular region of nectins, the recruitment of JAMs
(Fukuhara et al., 2002a), claudins and occludin (Fukuhara et al., 2002b) for TJ assembly was
impaired. Moreover, the importance of trans-interacting nectin—afadin association in
initiating TJ assembly was shown by expressing nectins with a truncated C-terminus,
rendering nectins incapable of binding to afadin, leading to an impairment to recruit ZO-1 to
establish TJs (Yokoyama et al., 2001). Furthermore, interaction between afadin and ZO-1 is
important for TJ assembly since a knockdown of either afadin or ZO-1, or over-expression
of a truncated form of afadin that failed to bind to ZO-1 after the knockdown of endogenous
afadin, impeded TJ formation (Ooshio et al., 2010). Besides playing a crucial role in TJ
assembly, AJs are also essential for TJ maintenance, as a disruption of AJs often leads to TJ
disassembly. For instance, when E-cadherin-mediated cell—cell adhesion was inhibited by
treatment of an anti-E-cadherin antibody (Man et al., 2000), or when E-cadherin was
downregulated after depletion of cellular polyamines (Guo et al., 2003), a disruption of the
TJpermeability barrier was detected, illustrating a primary loss of AJ function leads to a
secondary dysfunction of TJs. More important, cross talk between AJs and TJs is not
unidirectional since AJ integrity is also dependent on the integrity of TJs. For instance,
downregulation of occludin induced by transfecting PA4 (polyaxonal amacrine 4 cells of
retina) epithelial cells with Raf-1, mislocalization of E-cadherin was observed, suggesting
AJ disruption (Li and Mrsny, 2000). Collectively, these findings illustrate that while TJs and
AJs are found in discrete locations in epithelia/endothelia, they are still functionally
connected via their peripheral adaptor proteins. At the BTB, TJ and basal ES coexist in the
same location, and such intimate relationship is especially important to elicit transient
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“opening” and “closing” of the barrier during the transit of preleptotene spermatocytes at
stage VIII-1X of the epithelial cycle. It was noted that treatment of adult rats with adjudin at
50 mg/kg b.w. that was effective to induce germ cell loss from the epithelium except
spermatogonia (Mok et al., 2012b; Yan and Cheng, 2005) did not impede the BTB integrity.
During the process of adjudin-induced germ cell loss, the adaptor proteins a-catenin and
Z0-1 at the basal ES and TJ, respectively, which were originally tightly associated
(“engaged”) for linking basal ES and TJ together to reinforce the BTB integrity, became
dissociated (“disengaged™). Thus, a primary disruption of the apical ES at the Sertoli—
spermatid interface that facilitates germ cell loss do not perturb the TJ-barrier function at the
BTB since the adaptors that link basal ES (e.g. catenins) and TJ (e.g. ZO-1) together are
“disengaged” during adjudin-induced germ cell loss (YYan and Cheng, 2005). This thus
illustrates that a novel mechanism is in place in the testis to safeguard the BTB integrity in
response to changes in environment, such as following exposure to a toxicant, or during the
epithelial cycle of spermatogenesis, when spermatids are in transit across the seminiferous
epithelium involving localized apical ES restructuring, so that the BTB integrity can be
maintained via “disengagement” of basal ES and TJ proteins.

2.2.2. Apical ES—In rodents, the apical ES, once it appears, is the only anchoring device
between Sertoli cells and elongating spermatids (step 8-19 in rats). Besides conferring
adhesion and structural support to developing spermatids, the apical ES also confers
spermatid polarity during spermiogenesis so that the heads of developing spermatids are
pointing toward the basement membrane, thus, the maximal number of spermatids can be
packed in the seminiferous epithelium of a tubule (Wong and Cheng, 2009). Although the
actin filament bundles, the hallmark ultrastructure of the ES, are only visible on the Sertoli
cell, not the spermatid, at the apical ES (Cheng and Mruk, 2010b; Mruk et al., 2008), but the
stage-specific expression of cadherins (Johnson and Boekelheide, 2002; Lee et al., 2003),
nectin-3 (Ozaki-Kuroda et al., 2002) and laminin-a3, -3, and y-3 chains (Koch et al., 1999;
Siu and Cheng, 2004; Yan and Cheng, 2006) by the spermatids during the epithelial cycle
suggest that spermatids also play a role in establishing the apical ES. Apical ES is the
strongest anchoring devices between Sertoli cells and spermatids (steps 8-19), significantly
stronger than DSs between Sertoli cells and spermatids (steps 1-7) (Wolski et al., 2005).
This unusual adhesive force is contributed by a number of factors. For instance, nectin-3 is
exclusively expressed by elongating/elongated spermatids in the testis and this enables the
formation of heterotypic trans-interaction between nectin-3 from germ cells and nectin-2
from Sertoli cells to yield a strong cell—cell adhesion. Furthermore, the hybrid nature of the
apical ES also supports its adhesive strength. Among the different junction proteins present
at the apical ES, it is believed that the interaction between laminin-333 (composed of
laminin a3, B3, y3 chains) from elongating/elongated spermatids and the a6p1-integrin from
Sertoli cells contribute significantly to its adhesive force (Palombi et al., 1992; Salanova et
al., 1995; Yan and Cheng, 2006). Interestingly, besides performing the anchoring function at
apical ES, the laminin-333-a6p1-integrin protein complex also participates in regulating
BTB integrity at the apical ES-BTB-hemidesmosome axis (Fig. 6.2). It was proposed that
during spermiation, laminin chains at the apical ES was cleaved by matrix
metalloproteinases, such as MMP-2, which was highly expressed at the apical ES at stage
V111 of the epithelial cycle (Siu and Cheng, 2004), to facilitate the release of mature
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spermatids at spermiation (Yan et al., 2008a). Some of these fragments of laminin chains,
which were shown to regulate cell-adhesion function in other epithelia (Yan et al., 2008b)
were shown to perturb the Sertoli cell TJ-permeability barrier function (Yan et al., 2008a).
This functional axis between the apical ES and the BTB was confirmed by adding purified
recombinant laminin fragments into Sertoli cell cultures with an established TJ barrier,
which was shown to disrupt the TJ barrier in vitro via down-regulation of integral membrane
proteins occludin and JAM-A at the BTB, and similar observations were obtained by
overexpressing these laminin fragments in Sertoli cells (Yan et al., 2008a). Surprisingly,
laminin fragments were also found to reduce the level of f1-integrin at the hemidesmosome
(an intermediate filament based cell-matrix anchoring junction present at the Sertoli cell-
basement membrane interface) (Yan et al., 2008a). A knockdown of B1-integrin at the
hemidesmosome in Sertoli cell epithelium in vitro also led to a disruption of the TJ barrier
via redistribution of occludin and N-cadherin, with these proteins moved from the cell—cell
interface into the cell cytosol (YYan et al., 2008a), illustrating there is a functional link
between the hemidesmosome and the BTB. These findings thus illustrate that while
spermiation and BTB restructuring that take place at the opposite ends of the epithelium at
stage VIII of the epithelial cycle, they are functionally connected via the apical ES-BTB-
hemidesmosome axis. The presence of this axis was recently confirmed by using a Sertoli
cell injury model using phthalates, in which phthalate-induced apical ES disruption that led
to spermatid lose and accompanied by a reducing level of laminins also induced a MMP-
mediated BTB disruption (Yao et al., 2009, 2010).

2.3. Gap Junctions

The building blocks of GJs are integral membrane proteins known as connexins (Cx) such as
Cx26, 33, 43. Six connexins form a hemichannel called connexon, and a connexon from one
cell that docks with another connexon of an apposing or adjacent cell forms a functional GJ
(Enders, 1993; Li et al., in press; Pointis et al., 2010). The primary function of GJs is to act
as communicating channels between neighboring cells for mediating cell—cell
communication for signal transduction (Bosco et al., 2011; Giepmans, 2004). In general,
these channels allow diffusional exchange of ions and small molecules that are <1 kD in
size, however, GJs assembled by different connexins indeed have variations among their
pore size (Bosco et al., 2011; Giepmans, 2004). More than 20 connexins have been
identified in rodent and human genomes. GJ can be composed of homotypic or heterotypic
connexons, as such, a variety of GJs can be produced. Additionally, control of passage of
molecules across GJs can be further modulated in a connexinspecific manner (Bosco et al.,
2011; Giepmans, 2004). GJs can also interact with AJs and TJs through the shared adaptor
Z0-1. Thus, ZO-1 also link GJs to actin cytoskeleton, which is important for proper
localization of GJs (Giepmans and Moolenaar, 1998; Laing et al., 2001; Toyofuku et al.,
1998). Besides mediating signaling between neighboring cells, GJs are also involved in
modulating the function of AJs and TJs (Derangeon et al., 2009; Kojima et al., 2007)
including TJ-barrier function at the BTB (Li et al., 2009). Studies have shown that in
cultured Sertoli cells, a transient induction of Cx33 coincides with a surge in the expression
of N-cadherin (Chung et al., 1999), and blocking the trans-interaction of connexons with
synthetic peptides leads to mislocalization of N-cadherin (Lee et al., 2006), illustrating the
involvement of GJs in the assembly and maintenance of AJs in the testis. Furthermore, the
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requirement of GJs in inducing TJ assembly and its maintenance was revealed in studies via
overexpression of exogenous Cx32 in hepatocytes isolated from Cx32-deficient mice that
led to an induction of TJs in these cells (Kojima et al., 2002). Furthermore, a disruption of
GJ-communication in Caco-2 cells (human colonic epithelial cell line) resulted in TJ-barrier
disruption (Morita et al., 2004). These studies illustrate GJ proteins themselves and/or GJ-
mediated cell-cell communication is essential to the assembly and/or maintenance of AJs
and TJs. Thus, GJs are expected to be crucial for BTB maintenance during spermatogenesis.
In fact, spermatogenesis was disrupted in mice with Sertoli cell-specific deletion of Cx43
(Brehm et al., 2007; Carette et al., 2010). In these Cx43 SC only KO mice, spermatogenesis
was arrested in which spermatogonia failed to differentiate beyond type A (Carette et al.,
2010). Furthermore, a knockdown of Cx43 in cultured Sertoli cells with an established
functional TJ-permeability barrier by RNAI perturbed the “resealing” of a disrupted TJ
barrier induced by either CaZ* depletion or treatment with bisphenol A (Li et al., 2010).
Such a loss of the ability of the Sertoli cell to “reseal” the disrupted TJ barrier following
Cx43 knockdown was shown to be mediated, at least in part, by changes in the localization
of AJand TJ proteins at the BTB, rendering their BTB proteins incapable of redistributing to
their proper sites to “reseal” the disrupted BTB (L.i et al., 2010). Moreover, in cultured
Sertoli cells, the simultaneous knockdown of both Cx43 and plakophilin-2 (PKP-2 a
desmosomal adaptor protein) was found to induce mislocalization of TJ proteins occludin
and ZO-1, as well as an increase in endocytosis of N-cadherin, thereby destabilizing the TJ
barrier (Li et al., 2009). Thus, these findings are consistent with studies in other epithelia
that GJs are required for proper functioning of basal ES and TJs at the BTB in the rat testis,
possibly mediated by transmitting signals among different junction types to coordinate their
functions to maintain the BTB homeostasis during the epithelial cycle of spermatogenesis.

3. MAMMALIAN TARGET OF RAPAMYCIN (mTOR)

3.1. Introduction

The discovery of TOR, a Ser/Thr protein kinase, in yeasts was aided by using an antibiotic
called rapamycin, which was found to specifically inhibit the activity of TOR and was thus
designated “target of rapamycin (TOR).” Subsequent studies have identified its homolog in
mammalian cells designated mammalian target of rapamycin (mTOR) (Brown et al., 1994;
Chiu et al., 1994; Sabatini et al., 1994). Much attention was drawn to mTOR for its essential
role in cell growth and proliferation as mTOR is the key regulator for sensing and
integrating diverse environmental clues including growth factors, mitogens and nutrients so
that appropriate cellular responses can occur in response to these changes (Laplante and
Sabatini, 2012). Subsequent studies have shown that mTOR, besides protein synthesis that
affects cell growth and proliferation, is virtually involved in almost all aspects of cellular
function such as actin cytoskeleton reorganization, cell survival, and autophagy
(Appenzeller-Herzog and Hall, 2012; Chi, 2012; Laplante and Sabatini, 2012; Nair and Ren,
2012), as well as pathogenesis such as carcinogenesis (Ekman et al., 2012; Fasolo and Sessa,
2012; Lieberthal and Levine, 2012; Posadas and Figlin, 2012; Sheppard et al., 2012).
Dysregulation of mTOR signaling is observed in different pathological conditions, such as
diabetes, cancer and obesity (Weichhart, 2012; Zoncu et al., 2011). mTOR belongs to PIKK
(PI3K-related kinase) superfamily as its C-terminus shares strong homology to the catalytic
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domain of PI3K. However, instead of being a lipid kinase, mTOR is a Ser/Thr protein
kinase. In order to execute its cellular functions, mTOR forms one of the two complexes,
namely mTORC1 and mTORC2, by associating with different binding partners (Dazert and
Hall, 2011; Laplante and Sabatini, 2012). mTORCL1 is composed of mTOR, regulatory
associated protein of mMTOR (raptor), PRAS40, mLST8 and deptor. mTORCL is responsible
for the well-known roles of mTOR that regulates cell growth and proliferation by
modulating protein synthesis. Moreover, mTORCL1 is sensitive to rapamycin, which acts as
an allosteric inhibitor for mMTORCL1 by associating with FKBP12 to form a complex. This
complex binds to mTOR in a short stretch of sequence near its C-terminus known as the
FKBP12-rapamycin-binding domain, causing dissociation of raptor from mTORC1
(Senqupta et al., 2010; Zhou and Huang, 2010). And for another mTOR complex, the
mTORC2 was first described as rapamycin insensitive as FKBP12-rapamycin complex does
not bind to mTORC2 (Oh and Jacinto, 2011; Zhou and Huang, 2010). The key binding
partner of mTORC?2 is rictor (rapamycin-insensitive companion of mTOR). Unlike
mTORC1, mTORC2 regulates actin cytoskeleton and cell survival. Besides rictor, other
subunits of mMTORC?2 include Sinl, mLST8, deptor, Hsp70 and protor-1/2. Interestingly,
subsequent studies have shown that while mTORC2 is insensitive to rapamycin, but this is
limited to short-term exposure since prolonged rapamycin challenge at up to 24 h leads to
the dissociation of rictor from mTOR, disabling the mTORC2 signaling (Sarbassov et al.,
2006). Although FKBP12-rapamycin complex does not bind to mTORC2, it was proposed
that after long-term treatment, the availability of mTOR decreased as newly synthesized
mTOR was occupied by FKBP12-rapamycin complex, preventing the formation of
mTORC2. Different binding partners among mTORC1 and mTORC?2 allow these kinases
responding to different stimulating signals so that they can phosphorylate unique sets of
substrates to induce distinctive physiological responses.

3.2. Mammalian Target of Rapamycin Complex 1 (nTORC1)

mTORC1 is composed of mTOR, raptor, proline-rich Akt/PKB substrate 40 kDa (PRAS40),
mTOR associated protein LST8 homolog (mLST8) and DEP domain-containing mTOR-
interacting protein (deptor) (Fig. 6.3). Among them, raptor is the key binding partner which
acts as a critical scaffolding protein that controls mTORC1 assembly and the selection of
substrates (Kim et al., 2002; Nojima et al., 2003; Schalm et al., 2003). In the absence of
nutrients, raptor associates with mTOR stably to repress mTORC1 catalytic activity while
under nutrient-rich conditions, the binding of raptor to mTOR is unstable but this unstable
mTOR-raptor association is necessary for mTORCL to carry out its kinase activity (Kim et
al., 2002). Raptor can be phosphorylated at multiple sites for either up- or down-regulating
mTORC1 activity (Zhou and Huang, 2010). For instance, under energy stress conditions,
AMP-activated protein kinase (AMPK) phosphorylates raptor on S722 and S792 to induce
binding of 14-3-3 protein to mTORCL1 to elicit its inhibition, leading to cell cycle arrest
(Gwinn et al., 2008). Activation of mTORCL1 by mitogens, however, is mediated via
phosphorylation of raptor on S719, S721 and S722 by p90 ribosomal S6 kinases (RSKSs)
(Carriere et al., 2008). Deptor (an inhibitor of mTOR) and mLST8 are common subunits
among MTORC1 and mTORC2. Deptor binds to both mTOR complexes and functions as a
negative regulator (Peterson et al., 2009). For mLST8, it is required for mMTORC2 to
maintain its activity (Guertin et al., 2006). However, the necessity for mLST8 in activating
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mTORC1 signaling remains unclear. The binding of mLST8 to mTORC1 was shown to
stimulate MTORC1’s kinase activity toward S6K1 and 4E-BP1 (Kim et al., 2003). However,
in mLST8-deficient fibroblasts, the association between mTOR and raptor, as well as the
phosphorylation of substrates of mMTORC1 are not impaired, indicating mLST8 has limited
function for mTORCL in fibroblasts (Guertin et al., 2006). Thus, it is of interest to determine
whether there are mLST8-like protein(s) to rescue the function of mMTORC1 in mLST8-
deficient fibroblasts (Guertin et al., 2006). PRAS40 is another negative regulator of
mMTORC1 (Oshiro et al., 2007; Wang et al., 2007). PRAS40 inhibits mMTORCL1 activity by
binding to mTORCL1 via raptor, and phosphorylation of PRAS40 by PKB leads to its
detachment from mTORC1, activating the complex (Wang et al., 2008). When mTORCL1 is
activated by appropriate signals, mTORC1 induces cell growth and proliferation via up-
regulation of protein synthesis by phosphorylating S6 protein kinase (S6K) and eukaryotic
translation initiation factor 4E-binding protein 1 (4E-BP1) (Dazert and Hall, 2011; Laplante
and Sabatini, 2012).

3.2.1. Upstream Signaling Molecules of mTORC1—As noted above, the activity of
mTORC1 is modulated by stimuli such as growth factors, mitogens, amino acids and energy
status (Fig. 6.3). For the growth factors that trigger mTORCL1 signaling, insulin is among the
best studied (Magnuson et al., 2012; Zoncu et al., 2011). Upon binding of insulin or insulin-
like growth factor (IGF) to its receptors, autophosphorylation of these receptors takes place,
which then phosphorylates the insulin receptor substrates (IRS). Activated IRS in turn
phosphorylates PI3K, which catalyzes the conversion of phosphatidylinositol (4, 5)-
bisphosphate (PIP,) to phosphatidylinositol-3, 4, 5-triphosphate (PIP3). This conversion can
be reversed by phosphatases and tensin homolog on chromosome 10 (PTEN), which is an
important negative regulator of mTORC1 pathway by converting PIP3 to PIP,, thus
dysregulation of PTEN is detected in numerous kinds of cancer (Song et al., 2012). PIP3
recruits 3-phosphoinositide-dependent kinase 1 (PDK1) to phosphorylate PKB on T308 and
for full activation, PKB is then phosphorylated by another kinase on S473 (Alessi et al.,
1997; Andjelkovic et al., 1997) (Fig. 6.3). Activated PKB phosphorylates and inhibits
tuberous sclerosis complex 2 (TSC2), which associates with TSC1 to form a complex that
inhibits mMTORC1 (Manning et al., 2002). As GTP-bound Ras-homolog enrich in brain
(Rheb) is required for the activation of mMTORC1, the inhibitory effect of TSC1/2 complex is
mediated via its GTPase activity that acts on Rheb to maintain Rheb in a GDP-bound status.
After the phosphorylation of TSC2, TSC1/2 complex is inhibited and hence, Rheb-GTP is
accumulated for the activation of mTORC1.

In addition to TSC1/2 complex, PKB also promotes mTORCL signaling by phosphorylating
PRAS40. As such, PRAS40 is dissociated with raptor and hence, its inhibitory effect is
removed (Wang et al., 2008). Moreover, besides the above PKB-mediated pathways,
binding of growth factors or mitogens to their receptors can also activate mTORC1 via the
Ras-Raf-MEK-ERK signaling. Upon the above activation, the small GTPase Ras eventually
leads to phosphorylation of ERK1 and ERK2, which in turn inhibits the TSC1/2 complex by
directly phosphorylating TSC2 or via activation of RSK1 that also phosphorylates and
inhibits TSC2 (Ma et al., 2005; Roux et al., 2004). Furthermore, ERK1/2 and RSK1 also
phosphorylate raptor to promote mTORCL1 functions (Carriere et al., 2008, 2011) (Fig. 6.3).
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While mTORCL1 signaling has to be “on” to upregulate protein synthesis in response to
growth factors and mitogens, there are conditions that mMTORC1 pathway has to be “off,” for
example, when cells are in energy stress. When cellular ATP decreases, the rise of
AMP/ATP ratio activates Lkb1 (liver kinase B1, also known as Ser/Thr kinase 11, STK11)
to phosphorylate AMPK (Shackelford and Shaw, 2009), which in turn phosphorylates
raptor, inhibiting mTORC1 as mentioned above (Gwinn et al., 2008). Besides, AMPK
phosphorylates and activates TSC2, thus mTORCL is suppressed by the TSC1/2 activity
which catalyzes the conversion of Rheb-GTP to Rheb-GDP (Inoki et al., 2003).

3.2.2. Downstream Signaling Molecules of mTORC1

3.2.2.1. S6 Protein Kinases. Upon activation, mTORCL1 up-regulates protein synthesis
mainly through its two substrates S6K and 4E-BP1. In mammals, S6K is a family of protein
kinases that has two members, namely S6K1 and S6K2, which are encoded by two different
genes and share high homology (Lee-Fruman et al., 1999). The necessity of S6K in
regulating cell and body size is well illustrated in genetic models deficient in either S6K1 or
S6K2, or both. The loss of function of S6K in Drosophila led to a serve decline in body size
due to reduction in cell size rather than cell number (Montagne et al., 1999). In mice lacking
S6K1, body size was significantly smaller versus the wild type at birth and during postnatal
growth, attributing by the reduced size in all organs (Shima et al., 1998). The reduction in
size of organs was probably caused by decreased cell size, such as pancreatic -cells (Pende
et al., 2000) and myoblasts (Ohanna et al., 2005). In contrast, in mice lacking S6K2, body
size was insignificantly different from the wild type at birth and during postnatal
development, suggesting S6K2 is not required for regulating cell size in rodents.
Furthermore, in mice deficient in both S6K1 and S6K2, body size of the surviving animals
during embryonic and postnatal growth was not further reduced compared to that of S6K1-
deficient mice (Pende et al., 2004) and the size of myoblasts from S6K1- and S6K2-
deficient mice was similar to that of mice lacking S6K1 (Pende et al., 2004). These findings
thus suggest that control of cell size seems to be mostly regulated by S6K1 in rodents.
Moreover, it has been reported that mice lacking both forms of S6K are prone to suffer
perinatal death, unlike mice lacking either form of S6K, which were viable and fertile
(Pende et al., 2004). This indicates that although S6K2 may not contribute as much as S6K1
in regulating cell size, these two isoforms do have overlapping roles and therefore, loss of
one isoform can be superseded, at least in part, by the other.

Ribosomal protein S6 (rpS6) was the first identified substrate of S6K1 for modulating
protein synthesis (Gressner and Wool, 1974). Subsequent studies have identified other
substrates of S6K1, which include elongation factor 2 (EF2) kinase, eukaryotic initiation
factor 4B (elF4B), programmed cell death 4 (PDCD4) and S6K Aly/REF-like substrate
(SKAR) that promote protein synthesis via up-regulating translational activity. It is known
that S6K1 phosphorylates and inactivates EF2 kinase (EF2K), leading to dephosphorylation
and activation of EF2, which in turn promotes translation elongation (Wang et al., 2001).
S6K1 also phosphorylates elF4B on S422, resulting in enhanced translation initiation by
stimulating the RNA helicase elF4A to unwind mRNA for translation (Raught et al., 2004).
The above process is further enhanced by phosphorylating the elF4A inhibitor, PDCD4
(note: each PDCD4 molecule can bind two molecules of elF4A) by S6K1 on S67 as such
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phosphorylation promotes PDCD4 degradation (Dorrello et al., 2006; Shahbazian et al.,
2006). Furthermore, studies revealed that S6K1 also promoted protein translation by
phosphorylating SKAR on S383 and S385 (Richardson et al., 2004). It is of interest to point
out that SKAR was shown to be specifically phosphorylated by S6K1, but not S6K2, in
regulating cell size (Richardson et al., 2004).

Besides regulating cell growth, S6K is also involved in stimulating cell proliferation.
Rapamycin treatment has been shown to arrest cell cycle in mammalian lymphocytes at G,
phase; however, rapamycin treatment only delays cell cycle progression in other mammalian
cell types (Abraham and Wiederrecht, 1996). This indicates the significance of mMTORC1
signaling in cell cycle progression and S6K is one of the mediators since G phase
progression was shown to be accelerated by overexpression of constitutively active S6K1
(Fingar et al., 2004). On the other hand, the importance of S6K2 in cell proliferation is
illustrated in study demonstrating S6K2 was responsible for the interleukin-3 (IL-3)-driven
cell proliferation since S6K2 was activated in lymphocytes and primary mouse bone
marrow-derived mast cells upon IL-3 induced proliferation; and cell cycle progression was
accelerated by overexpression of constitutively active S6K2 in lymphocytes (Cruz et al.,
2005). Furthermore, the association of heterogeneous ribonucleoprotein (hnRNP) F with
mTOR and S6K2, but not S6K1, is essential for driving cell proliferation (Goh et al., 2010).
Taking collectively, both S6K1 and S6K2 are involved in mTORC1-mediated cell cycle
progression. Interestingly, S6K1 is predominantly found in the cell cytosol versus S6K2 in
the cell nucleus (Lee-Fruman et al., 1999).

3.2.2.2. Ribosomal Protein S6 (rpS6): rpS6 was the first S6K substrate identified, and was
thought to be its effector to upregulated protein synthesis (Magnuson et al., 2012). rpS6 is
one of the ribosomal proteins of the 40S subunit of eukaryotic ribosomes (Wool, 1996).
Much attention was given to rpS6 in the past since it was shown to undergo inducible
phosphorylation upon a wide range of stimuli that upregulated protein synthesis (Gressner
and Wool, 1974; Thomas et al., 1982; Wettenhall and Howlett, 1979; Wool, 1979). rpS6 can
be phosphorylated in five residues located at the C-terminus: S235, S236, S240, S244 and
S247 (Bandi et al., 1993; Krieq et al., 1988). It was suggested that phosphorylation
progressed in an orderly manner that S236 is the primary phosphorylation site (Flotow and
Thomas, 1992; Wettenhall et al., 1992). Full phosphorylation of rpS6 requires the presence
of both S6K isoforms with S6K2 being the predominant kinase. However, studies reported
in cells lacking both S6K or after rapamycin treatment wherein S6K activation was
completely abolished, yet rpS6 was still being phosphorylated on S235 and S236. This thus
illustrates S6K is not the only kinase for rpS6 (Pende et al., 2004). Indeed, rpS6 can be
phosphorylated by RSK (p90 ribosomal S6 kinase), via the Ras-Raf-MEK-ERK signaling
(Roux et al., 2007) (Fig. 6.3). Being the substrate of both S6K and RSK, which are kinases
that are known to upregulate protein synthesis, it was once believed that rpS6 promoted
protein translation. It is because upon stimulation of cells by growth factors, mitogens and/or
nutrients, rpS6 phosphorylation was positively correlated to translational activation of a
class of MRNAs having characteristic 5 terminal oligopyrimidine (TOP) tract, as both
events took place simultaneously. These mMRNAs, known as TOP mRNAs, are responsible
for encoding numerous translational apparatus. Hence, based on the fact that rpS6 is a
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subunit of ribosome that undergoes phosphorylation during protein synthesis upregulation,
rpS6 was thought to be responsible for stimulating the translation of TOP mRNAs
(Meyuhas, 2000). Furthermore, translational activation of TOP mRNAs upon stimulation by
mitogens was abolished by rapamycin treatment in some cell lines seemingly reinforced the
above hypothesis (Hornstein et al., 2001). This concept, however, has been challenged by
subsequent studies. First, in several cell lines, only a minor or no suppression of TOP
MRNA s translation was found after rapamycin treatment, regardless of a complete activation
blockage of S6K or its substrate rpS6 by rapamycin (Tang et al., 2001). Moreover, in amino
acid starved cells, neither phosphorylation of rpS6 nor activation of S6K1 was sufficient to
stimulate the translation of TOP mRNAs, whereas overexpression of dominant negative
S6K1 which inhibited the activity of S6K1 and rpS6 phosphorylation failed to cause
translational repression of TOP mRNAS in amino acid refed cells (Tang et al., 2001).
Besides, even in dividing lymphoblastoids that S6K1 was active and rpS6 was
phosphorylated, translation of TOP mRNAs was constitutively repressed (Stolovich et al.,
2005). Furthermore, in some cell lines, the relief of translation repression of TOP mRNAs
by LiCl was found to be independent of S6K and rpS6 (Stolovich et al., 2005). Collectively,
these studies indicate that rpS6 phosphorylation is not indispensable for translational
activation of TOP mRNASs and this possibility was validated by a study demonstrating that
in mice expressing knockin nonphosphorylatable rpS6 (rpS6P~~), normal TOP mRNAs
translation was detected (Ruvinsky et al., 2005). In short, it is increasingly clear that
translational activation of TOP mRNAs is not mediated by rpS6 phosphorylation, and there
is growing evidence to show that cell growth and even protein synthesis are not upregulated
by phosphorylated rpS6, at least not in all mammalian cells. This notion is supported by
studies using conditional rpS6 knockout mice or rpS6P~~ mice. It has been reported that
after fasting that caused loses in weight and protein content in liver, the liver mass and total
protein content of both wild-type and rpS6 conditional knockout mice recovered to the same
extent and at the same rate, clearly demonstrating rpSé is dispensable for cell growth and
protein synthesis (Volarevic et al., 2000). Furthermore, in liver, relative proportion of
ribosomes associated with polysomes was similar between rpS6P~/~ and wild-type mice
(Ruvinsky et al., 2005). More importantly, in mouse embryonic fibroblasts (MEFs) that
derived from rpS6P~'~ mice, instead of protein synthesis retardation, a significant increase in
rate of protein synthesis was observed (Ruvinsky et al., 2005). The studies using rpS6P~/
mice revealed that phosphorylation of rpS6 was not necessary for the efficient polysome
recruitment for translation, and in fact protein synthesis was negatively regulated by
phosphorylated rpS6. Therefore, it is now generally accepted that upon stimulations, such as
by growth factors, mitogens and nutrients, that induce cell growth, mTORC1 upregulates
protein synthesis via its substrates, S6K and 4E-BP1. The role of rpS6 is likely to fine tune
the above process by playing a role as a negative regulator (Ruvinsky and Meyuhas, 2006).
Similar to the kinase S6K, rpS6 may also be involved in the regulation of cell proliferation,
such as proliferation of liver cells (Volarevic et al., 2000). Also, mouse embryonic
fibroblasts derived from rpS6P~/~ displayed an accelerated cell division, indicating rpS6
phosphorylation regulates cell proliferation negatively in these fibroblasts (Ruvinsky et al.,
2005).
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3.2.2.3. 4E-Binding Protein 1: Besides S6K, another well-characterized substrate of
mTORC1 for mediating protein synthesis is 4E-BP1, which is a repressor of the translation
initiation factor elF4E (Pause et al., 1994). When mTORC1 signaling is not activated, elF4E
is sequestered by hypophosphorylated 4E-BP1. However, upon stimulation such as growth
factors and mitogens, activated mTORCL1 phosphorylates 4E-BP1 at six sites: T37, T46,
T70, S65, S83 and S112, leading to dissociation of 4E-BP1 from elF4E. elF4E is thus free
to bind to elF4G, which is a scaffolding protein that recruits elF4A and coordinates the
binding of small ribosomal subunits to the mRNA. Association of elFAE with elF4G and
elF4A forms a complex called elF4F which binds to the 5-end of mMRNA (Marcitrigiano et
al., 1999) for the recruitment of 40S ribosome and eventually results in the formation of 48S
translation preinitiation complex (Gingras et al., 1999).

Other than regulating cell growth and proliferation, mMTORC1 signaling plays a wide variety
of physiological roles including autophagy, aging, memory and even actin reorganization
(Weichhart, 2012; Zoncu et al., 2011). While mTORC1 and mTORC?2 are two distinct
signaling complexes having unique roles, they may work together in regulating many
cellular events.

3.3. Mammalian Target of Rapamycin Complex 2 (mMTORC2)

mTORC2 was discovered years after mTORCL1, as such, less information is available for
this signaling complex. Also, in contrast to the board downstream signaling molecules in the
mTORC1 pathway, only a few substrates of mMTORC2 have been identified, which include
PKB, PKC-a and serum- and glucocorticoid-induced protein kinase 1 (SGK1) (Oh and
Jacinto, 2011) (Fig. 6.3). mTORC2 signaling pathway is required for regulating cellular
functions such as actin cytoskeleton organization and cell survival. Thus, malfunction of
mTORC?2 signaling is often found in different cancers with dysregulated actin organization
and cell survival signals (Fang et al., 2012; Guo et al., 2012; Uesugqi et al., 2011). Besides
the emerging necessities of mMTORC2 for normal cell physiology, accumulating evidence
has shown that these two mTOR complexes are interconnected, forming a complicated
network of signaling molecules in mammalian cells in response to a wide range of stimuli.

Subunits of the mTORC?2 include mTOR, rictor, Sinl (stress-activated protein kinase
(SAPK)-interacting protein 1), mLST8, deptor, Hsp70 and Protor-1/2. Among these, deptor
and mLST8 are binding partners also found in mTORC1 and deptor serves as a negative
regulator in both mTORC1 and mTORC?2 (Peterson et al., 2009). While the function of
mLST8 in mTORC1 is unclear, mLST8 is essential for the integrity of mTORC2 (Guertin et
al., 2006). The importance of mLST8 to mTORC2 but not mTORC1 was revealed in a study
in which raptor, rictor or mLST8 was deleted in mice. It was found that raptor-deficient
mice died in early development; however, mice lacking mLST8 was able to survive until
around embryonic day 10.5, similar to those lacking rictor, demonstrating the necessity of
mLST8 to mMTORC2 but not mMTORC1 (Guertin et al., 2006). Also, upon knockout of
mLSTS8, interaction between mTOR and raptor appeared to be normal and phosphorylation
of S6K1 was not affected, whereas the association between mTOR and rictor, as well as the
phosphorylation of PKB, were abolished (Guertin et al., 2006). Among the mTORC2 unique
binding partners, rictor is the one that defines the function of mMTORC2 by serving as a
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scaffolding protein for the assembly of the signaling complex (Powell et al., 2012). Mice
lacking rictor led to a loss of PKB phosphorylation and embryonic lethality, demonstrating
the significance of rictor for the assembly of mMTORC2 to regulate development (Guertin et
al., 2006). Additionally, rictor has up to 37 phosphorylation sites with most of them are
located at its C-terminus (Dibble et al., 2009). Activity of the mTORC?2 can be regulated via
these phosphorylation sites in response to different stimuli. For example, phosphorylation of
T1135, which is sensitive to amino acid and growth factors, leads to reduced
phosphorylation of PKB (Dibble et al., 2009; Julien et al., 2010). Another mTORC2
exclusive subunit that is essential for the stability of whole complex is Sinl since a
knockdown of Sinl was found to disrupt the interaction between mTOR and rictor, reducing
PKB phosphorylation (Yang et al., 2006). Additionally, Sinl may be able to modulate the
activity of mTORC2 through the phosphorylation status of rictor since following a
knockdown of Sin1, phosphorylation of rictor was reduced (Yang et al., 2006). Moreover, it
is of interest to know that five Sinl isoforms are generated through alternative splicing, and
at least three distinctive mTORC2 complexes can be formed by three of the Sinl isoforms,
each of which may have unique but yet-to-be identified functions (Frias et al., 2006). Hsp70
is another mTORC2-specific subunit that is required for the association between mTOR and
rictor. It was shown that after knockdown of Hsp70, binding between mTOR and rictor, but
not raptor, was disrupted (Martin et al., 2008). Besides, only the phosphorylation of PKB,
but not S6K1, was reduced after knockdown of Hsp70, indicating Hsp70 is indispensable for
mTORC?2, but not mTORC1 function (Martin et al., 2008). For Protor-1/2, although it is a
subunit of mMTORC?2, the loss of Protor-1, but not Protor-2, led to reduced phosphorylation
of SGK1, but not PKB and PKC-q, revealing Protor-1 may be needed by mTORC2 to
activate SGK1 efficiently (Pearce et al., 2011).

3.3.1. Upstream Signaling Molecules of mMTORC2—mTORC2 was first identified as
a protein Ser/Thr kinase that phosphorylated PKB specifically on S473, which was
stimulated by growth factors after serum depletion (Sarbassov et al., 2005). Subsequent
study has demonstrated that besides PKB, SGK1 is another substrate of mMTORC2 (Garcia-
Martinez and Alessi, 2008). Since growth factors are known to (i) activate SGK1 and
mTORC?2 and (ii) generate PIP3 by PI3K, it was believed that PIP3 was able to stimulate
mTORC2 for activating SGK1 via an unknown mechanism(s). It is now known that PIP3
can directly bind to and activate mTORC2 that leads to the phosphorylation of PKB and
PKC-a by mTORC2 (Gan et al., 2011). Besides growth factors, mTORC2 can also be
regulated by amino acids. After serum starvation, addition of Leu to HeLa cells is able to
induce mTORC2-dependent cell migration via actin-reorganization mediated by Rac
(Hernandez-Negrete et al., 2007). Amino acids also induced phosphorylation of PKB on
S473 by mTORC?2 and such phosphorylation was perturbed by a knockdown of rictor (Tato
etal., 2011). Other than growth factors and amino acids, mMTORC1 and mTORC2 also share
other common upstream stimuli/signaling molecules. It has been demonstrated that TSC1/2
complex, an inhibitor of mMTORC1, can be physically associated with mTOR2. However, in
contrast to its inhibitory effect on mTORC1, TSC1/2 complex binds and activates mTORC2
in a manner independent of its GTPase-activating protein activity (Huang et al., 2008) (Fig.
6.3). It was shown that a loss of TSC1/2 complex led to impaired phosphorylation of all the
known downstream effectors of mMTORC2 including PKB, PKC-a and SGK1, thus
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confirming the necessity of TSC1/2 complex in mTORC2 activation (Huang et al., 2009). In
addition to TSC1/2 complex, PTEN, which is also a suppressor of mMTORC1, seems to exert
its effect upstream of mMTORC2 (Fig. 6.3). Among the upstream signaling molecules of
mTORC?2, perhaps the most interesting is S6K1, which is also a substrate of mTORCL.
Growth factors are known to induce phosphorylation of rictor at T1135, which is directly
mediated by S6K1 in a rapamycin-sensitive manner (Dibble et al., 2009; Julien et al., 2010;
Treins et al., 2010). Although such phosphorylation does not affect mMTORC2 integrity,
intrinsic kinase activity or cellular localization, it triggers the binding of rictor to 14-3-3
proteins, which is a family of regulatory molecules that modulate numerous cellular events
including spermatogenesis in the testis (Hermeking, 2003; Sun et al., 2009). In addition,
overexpression of rictor with nonphosphorylatable T1135 in wild-type or rictor-null cells led
to an increase of PKB phosphorylation on S473 while the phosphorylation status of PKC-a
and SGK1 remained unchanged, indicating phosphorylation of rictor by S6K1 may indeed
negatively regulate the activation of PKB by mTORC2. The findings summarized herein
illustrate mMTORC1 and mTORC2 form a connected signaling network that the two signaling
complexes interact with each other functionally (Fig. 6.3). For instance, as PKB is needed
for stimulating mTORC1, the suppression of mMTORC2 on PKB activation by the mTORC1
substrate S6K1 may act as a negative feedback system to prevent overactivation of
mTORC1.

3.3.2. Downstream Signaling Molecules of mMTORC2—PKB, PKC-a and SGK1 are
the three known downstream effectors of mMTORC2 and they are members of the AGC
kinase (PKA, PKG, PKC) family (Fig. 6.3). AGC kinases have highly conserved primary
sequence within their kinase domains, and shared common structural features. For example,
there is an activation loop in the catalytic domain of these molecules, and its
phosphorylation leads to conformational changes which are essential to elicit the intrinsic
catalytic activity of the enzyme (Parker and Parkinson, 2001; Pearce et al., 2010). Many
AGC kinases also contain a hydrophobic motif located behind the kinase domain, and
phosphorylation of this motif is required for stabilizing their active conformation. In
addition, several AGC kinases have a turn motif (Parker and Parkinson, 2001; Pearce et al.,
2010), which is an important phosphorylation site that promotes the integrity of the enzyme
as well as maintaining its conformation for full kinase activity (Parker and Parkinson, 2001;
Pearce et al., 2010).

3.3.2.1. Protein Kinase B: Among the substrates of mMTORC2, PKB is the best
characterized, which is known to be involved in regulating numerous cellular aspects
including proliferation, survival, protein synthesis and metabolism. As mentioned
previously, PIP3 produced upon growth factor stimulation is responsible for recruiting PKB
to the plasma membrane, where it is phosphorylated by PDK1 at its activation loop on T308
(Alessi et al., 1997; Andjelkovic et al., 1997). In order for PKB to perform its kinase
activity, it has to be further phosphorylated on S473 at the hydrophobic motif by mTORC?2,
and this phosphorylation is essential for PKB activation (Sarbassov et al., 2005).
Furthermore, mTORC?2 is also responsible for phosphorylating PKB on T450 at the turn
motif (Oh et al., 2010). In short, mMTORC2 phosphorylates PKB on S473 and T450 to elicit
its full activation, and hence, PKB can effectively stimulate its substrates to regulate
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numerous cellular functions. For instance, FoxOs (transcription factors of the Forkhead box
O class) are a family of transcription factors which promote the transcription of cell cycle
inhibitors, and factors that induce apoptosis (Dijkers et al., 2000a, 2000b). Upon their
phosphorylation by PKB, FoxOs are inhibited and hence, cell proliferation and survival are
enhanced (Kloet and Burgering, 2011). Moreover, PKB also promotes cell survival with the
aid of 14-3-3 protein. When exposed to survival factors, PKB phosphorylates BAD, a
proapoptotic Bcl-2 family protein, on S136 and this phosphorylation leads to the association
of 14-3-3 protein with BAD. As such, the accessibility of kinases, like PKB, to
phosphorylate BAD on S155 is greatly enhanced and such phosphorylation inhibits BAD
from interacting with prosurvival Bcl-2 family members to induce apoptosis (Datta et al.,
1997, 2000). PKB also upregulates protein synthesis by phosphorylating and inhibiting
TSC2 and PRAS40, leading to the activation of mMTORC1 signaling that enhances protein
synthesis via S6K1 and 4E-BP1. Furthermore, PKB also modulates the activity of enzymes
involved in metabolism. For example, PKB has been shown to induce the localization of
hexokinases to mitochondria, a process that can directly couple glucose metabolism to
oxidative phosphorylation via yet-to-be defined mediator(s) (Gottlob et al., 2001). As a wide
range of cellular physiology is mediated by PKB, it is not unexpected that dysregulation of
PKB as well as its kinase mTORC?2 are found to be involved in a variety of pathological
conditions including cancers and diabetes (Hers et al., 2011; Oh and Jacinto, 2011). PKB
has been localized to the BTB and apical ES in the seminiferous epithelium of rat testes, and
its expression at these sites was found to be stage-specific, being highest at stage VI-VII but
considerably diminished by early stage VIII and further diminished by late stage V11 of the
epithelial cycle when BTB restructuring and apical ES degeneration take place to facilitate
preleptotene spermatocyte migration and spermiation at the corresponding site (Siu et al.,
2005). It is noted that this pattern of stage-specific expression of PKB at the apical ES is
somewhat similar to the stage-specific expression of p-rpS6 at the apical ES (Mok et al.,
2012c), illustrating PKB and rpS6 can be the downstream signaling molecules and substrates
of mMTORC2 and mTORCY1, respectively, that mediate cross talk between the two mTOR
signaling complexes.

3.3.2.2. Protein Kinase C-a: Unlike the other two mTORC?2 effectors PKB and SGK1,
which are substrates of mMTORC?2, it remains unclear whether PKC-a is directly
phosphorylated by mTORC2 or through other mediator(s) (Sarbassov et al., 2004).
However, after the knockdown of rictor by RNAI, phosphorylation of PKC-a, on S657 was
shown to be reduced, resulting in the change of cell shape due to actin reorganization in
which actin filaments at the cortical sides became less prominent and stress fibers were
formed in the cytosol. Similar morphology of actin cytoskeleton was observed after PKC-a
knockdown, validating actin organization is indeed regulated by mTORC2 and is mediated
through PKC-a, (Sarbassov et al., 2004). In addition to that, a recent study showed that
RNAi-mediated knockdown of rictor in cultured Sertoli cells also led to a reduced PKC-a
phosphorylation, which in turn resulted in actin reorganization (Mok et al., 2012a).
Furthermore, addition of serum to serum-starved fibroblasts induced rapid and robust stress-
fiber formation, which was ablated by a knockdown of mMTORC2 subunits mTOR, mLST8
and rictor (Jacinto et al., 2004). Furthermore, during the actin cytoskeleton restructuring due
to the knockdown of mMTORC?2 subunits, a decline in GTP-bound Racl was observed.
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Whereas cells overexpressing constitutively active form of Racl and Rho were able to resist
actin reorganization due to reduced mTORC?2, this thus suggests that small GTPase Racl
and Rho are possible mediators of mMTORC?2 in controlling actin organization (Jacinto et al.,
2004). In fact, these small GTPases are likely downstream molecules of PKC-a (Fig. 6.3).
This notion was supported by studies revealing that the Rho-induced actin rearrangement,
such as stress-fibers formation, in endothelial cells was PKC-a-dependent. It was shown that
upon treatment of TNF-a or thrombin, actin reorganization was induced and such actin
reorganization was found to be mediated by activation of Rho GTPase activator
p115RhoGEF (a guanine nucleotide exchange factor for Rho GTPase) by PKC-a (Holinstat
etal., 2003; Peng et al., 2011). Moreover, it is known that PKC-a is also able to activate
Rho by negatively regulating the Rho inhibitor, Rho-GDP guanine nucleotide dissociation
inhibitor (GDI), via phosphorylation (Mehta et al., 2001). In short, the above studies suggest
that small GTPases, such as Rho and Racl, are downstream molecules of PKC-a in the
mTORC2 signaling pathway that regulates actin cytoskeleton.

3.3.2.3. Serum- and Glucocorticoid-induced Protein Kinase 1 (SGK1): SGK1 isan
important substrate of mMTORC?2. Similar to PKB, following insulin and growth factor
stimulation, SGK1 is phosphorylated by PDK1 at its activation loop on T256 (Biondi, 2004;
Mora et al., 2004). In order to fully activate SGK1, mTORC?2 is responsible for
phosphorylating its S422 residue at the hydrophobic motif (Garcia-Martinez and Alessi,
2008). More important, it has been shown that in fibroblasts lacking mTORC2 subunits
rictor, Sinl or mLST8, the phosphorylation of SGK1 as well as its substrate N-myc
downstream regulated gene 1 (NDRG1) is abrogated, illustrating the necessity of the
functional MTORC?2 in activating SGK1. SGK1 is also a Ser/Thr kinase that regulates a
variety of cellular functions including ion transport, cell proliferation and survival (Garcia-
Martinez and Alessi, 2008). Studies have shown that FoxOs are transcription factors that
promote gene transcription involving in induction of apoptosis and inhibition of cell cycle
progression (Dijkers et al., 2000a, 2000b), SGK1 was found to stimulate cell survival and
proliferation by directly phosphorylating FoxO3a to inhibit its nuclear localization and
transcription activity (Brunet et al., 2001; Dehner et al., 2008). Moreover, given the fact that
p53 is able to trigger apoptosis (Soengas et al., 1999), SGK1 also enhances cell survival by
phosphorylating an E3 ubiquitin ligase Mdm2 (murine double minute, an oncogene) on
S166 to promote its binding to p53 for ubiquitination (Amato et al., 2009). Furthermore,
MTORC2/SGK1 signaling is required for the expression of another p53 E3 ubiquitin ligase
called human double minute 2 (HDM2). A knockdown of rictor or SGK1 by RNA.i led to
downregulation of HDMZ2, illustrating the significant of mMTORC2/SGK1 pathway for
inhibiting p53 to modulate cell survival (Lyo et al., 2010). Taken collectively, these studies
show that besides PKB, mTORC2 can modulate cell proliferation as well as survival
through SGK1. SGK1 is likely to play a crucial role in carcinogenesis since it is
overexpressed in a variety of tumors (Fagerli et al., 2011; Simon et al., 2007; Zhang et al.,
2005) and its suppression is able to reduce tumor development. For instance, mice lacking
SGK1 were found to be more resistant to chemically induced colon cancer (Nasir et al.,
2009). Whereas in adenoma polyposis coli (APC)-deficient mice, which developed
gastrointestinal tumors spontaneously, the lack of SGK1 led to reduced intestinal tumor
development (Wang et al., 2010). However, the role of SGK1 in spermatogenesis and other
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testicular function remain unexplored. Nontheless, these findings illustrate that SGK1 may
be involved in regulating germ cell apoptosis during spermatogenesis.

3.4. The Interplay between mTORC1 and mTORC2 in Regulating Cellular Events

As described above, mMTORC1 and mTORC2 have their distinctive downstream substrates
and signaling molecules so that they regulate distinctive cellular functions. However, these
two pathways are also interconnected and can interact with each other to affect phenotypes.
For example, both signaling complexes are activated upon stimulation by growth factors and
amino acids. Besides, they also share the same upstream regulator, TSC1/2 complex, which
promotes the activity of mMTORC1 but suppresses mTORC?2 (Fig. 6.3). More important,
S6K1, which is the substrate of mMTORC1, can phosphorylate rictor, the critical binding
partner of mMTORC2, and inhibit the catalytic activity of mTORC2 on PKB, which is also the
upstream regulator of mMTORCL, thereby creating as a negative feedback loop (Fig. 6.3).
Besides sharing common activating stimuli and regulators, recent studies have suggested
that some of the cellular functions modulated by these signaling complexes are indeed
overlapping, despite the fact that they have their specific substrates. For instance, mTORC1
regulates cell proliferation via S6K1 and rpS6, whereas mTORC2 modulates the same
cellular process with PKB and SGK1. Furthermore, regulation of actin cytoskeleton was
once regarded as a specific role of MTORC?2, but several recent studies indicate that
mTORC1 may be involved in this event. First, a study performed in yeasts revealed that
rapamycin treatment which inhibited TORC1 signaling was found to perturb actin
polarization within 10 min, and this treatment also delayed actin repolarization after glucose
starvation (Aronova et al., 2007). Since significant actin depolarization was determined in
such a short interval (within 10 min) after adding rapamycin, the actin reorganization should
be attributed to a loss of TOR1 function only since mTORC2 remained unaffected during
this short period of time (Aronova et al., 2007). Second, in Rh30 and dU-373 mammalian
cancer cell lines, treatment of these cells with rapamycin for 2 h was found to inhibit the
type I insulin-like growth factor (IGF-I)-stimulated F-actin reorganization, confirming the
involvement of mTORCL1 signaling in actin dynamics (Liu et al., 2008). Also, in ovarian
cancer cells transfected with constitutively active S6K1, actin reorganization to facilitate the
formation of actin-based lamellipodia, actin microspikes and filopodia were induced in these
cells, and such actin cytoskeleton restructuring was mediated via Racl and Cdc42 (Ip et al.,
2011). Furthermore, phosphorylated S6K1 was found to bind to F-actin, cross-linking actin
filaments, thereby stabilizing F-actin as it significantly reduced the rate and extent of actin
filament depolymerization induced by cofilin (Ip et al., 2011). In short, these recent findings
illustrate that although mTORC1 and mTORC2 possess distinctive substrates and different
downstream signaling molecules, they both regulate cell proliferation and F-actin
organization in cells.

3.5. Regulation of Blood-Tissue Barrier Function by mTOR

3.5.1. Regulation of Barrier Function in The Kidney by mTOR—Among the
numerous cellular processes mediated by mTOR, its effects on immune response in
mammals are well characterized. Rapamycin, a potent inhibitor of mTOR, is an
immunosuppressant drug widely used by kidney and heart transplant patients (Diekmann
and Campistol, 2006; Kahan, 2001). However, after prolonged exposure to rapamycin,
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proteinuria (a pathological condition with excessive serum proteins found in urine) and even
nephritic syndrome were observed in some patients (Aliabadi et al., 2008; Dittrich et al.,
2004; Izzedine et al., 2005; van den Akker et al., 2006). Such pathological condition was
later found to be the result of damages in podocytes, which are the cells responsible for
maintaining the blood-urine filtration barrier of the renal glomerulus in the kidney. This
selective barrier is created via a unique cell-cell contact called the slit diaphragm established
by primary and secondary foot processes from podocytes (Paventadt et al., 2003). In
cultured human immortal podocytes, prolonged treatment of rapamycin downregulated
mTOR and rictor and thus reduced the formation of mTORC2, leading to reduced
phosphorylation of PKB on S473 (Vollenbroker et al., 2009). The suppression of mTORC2
signaling disrupted the podocyte-based filtration barrier, which was the result of reduced cell
adhesion. Such reduction of cell adhesion was mediated, at least in part, by a loss of slit
diaphragm proteins, such as nephrin, and a reorganization of actin cytoskeleton. It was
observed that formation of dot-like actin-rich structures were enhanced by rapamycin, and
this actin reorganization was caused by a loss of Nck (non-catalytic region of tyrosine kinase
adaptor protein 1), which is an actin regulating protein and a cytoskeleton adaptor that links
nephrin to actin cytoskeleton (Vollenbroker et al., 2009). Besides long-term rapamycin
treatment, diabetes also leads to malfunction of blood—urine filtration barrier, resulting in
proteinuria. It was demonstrated that diabetes led to overactivation of mTOR signaling in
damaged podocytes in diabetic mice, leading to mislocalization of slit diaphragm protein
nephrin and also TJ adaptor ZO-1, moving from plasma membrane to cytosol (Inoki et al.,
2011). The fact that the phenotypes of podocyte damages found in diabetic animals
mimicked podocyte-specific TSC1 knockout mice (note: TSC1 is the mTORC1 upstream
negative regulator, see Fig. 6.3), illustrating the involvement of mMTORC1 signaling in the
podocyte-based filtration barrier. The role of mMTORC1 and mTORC2 in regulating the
blood-urine filtration barrier was also illustrated in a study using podocyte-specific raptor or
rictor knockout mice (Godel et al., 2011). Mice lacking mTORC1 in podocytes as the result
of podocyte-specific raptor knockout developed significant albuminuria, a form of
proteinuria. In contrast, loss of mMTORCL1 in podocytes of adult mice triggered by conditional
knockout of raptor only had a mild effect and the level of protein excreted in urine in these
mice was insignificantly higher than that of the wild-type (Godel et al., 2011). Additionally,
it was shown that when conditional knockout of raptor was performed in mice with genetic
background that was known to be more sensitive toward podocyte damage, significant
proteinuria was induced (Godel et al., 2011). Taken together, these findings illustrate that
mTORC1 signaling is required for proper development of podocytes to form the blood-
urine filtration barrier; whereas in adult mice after podocytes are developed and the blood—
urine filtration barrier is fully functional, mTORCL1 is necessary for maintenance of
podocyte functions, and mTORC1 is more important in animals with specific genetic
background. It is noted that while podocytes are needed mTORC1 to maintain the filtration
barrier function, overactivation of mMTORC1 signaling in podocytes also leads to a disruption
of the barrier. This indicates that a precise control on the availability of mTORCL1 is needed
to maintain the homeostasis of the barrier function. Regarding the role of mMTORC2 in
podocyte-mediated barrier function, it was shown that in podocyte-specific rictor knockout
mice, only transient albuminuria was found when these mice were challenged by a BSA
overload (Godel et al., 2011). However, when raptor and rictor were simultaneously
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knockout in podocytes, massive proteinuria was observed, suggesting mTORC2 signaling is
necessary for podocytes to cope with stress conditions and both mTOR complexes work
synergistically together to maintain the integrity of the filtration barrier in the kidney.

It was known that induction of mTORCL activity by simultaneous deletion of PTEN and
Lkb1, two negative upstream regulators of mMTORC1 (Fig. 6.3), in mouse bladder epithelial
cells led to a loss of AJ protein E-cadherin and TJ adaptor ZO-1, leading to tumor
progression (Shorning et al., 2011). Moreover, it was reported that a knockdown of rictor by
RNA.I in glioma cells led to induction of matrix metalloproteinase-9 (MMP-9) mediated by
activation of Raf-1-MEK-ERK pathway, and such activation was caused by the removal of
the inhibitory effect from PKB due to a loss of mTORC?2 function. Since MMP-9 is
responsible for breaking down extracellular matrix via its action on collagen 1V, its
induction thus contributes to an increase in invasiveness of glioma tumor cells (Das et al.,
2011). In addition, it was shown that in cultured Sertoli cells, an induction of MMP-9, such
as by TNFa, that led to a disruption of the TJ barrier was mediated via a downregulation of
TJ protein occluding (Siu et al., 2003). Collectively, these findings suggest that in Sertoli
cells, suppression of mMTORC2 activity may result in an MMP-9-mediated disruption of the
BTB. In fact, a recent study has shown that a reduced mTORC?2 activity perturbs the Sertoli
BTB function (Mok et al., 2012a), whereas a reduced mTORC1 signaling function promotes
the Sertoli TJ-permeability barrier (Mok et al., 2012c). These findings thus suggest that
these two mTOR complexes work antagonistically to modulate BTB dynamics in the testis.

4. REGULATION OF BTB DYNAMICS BY mTOR

4.1. Background

The involvement of mMTOR in BTB dynamics during spermatogenesis has not been explored
until recently (Mok et al., 2012a; Mok et al., 2012c). As shown in Fig. 6.4, both mTOR and
the crucial subunits that create mTORCL (e.g. raptor) and mTORC?2 (e.g. rictor) were
localized in the seminiferous epithelium near the basement membrane, consistent with their
localization at the BTB. However, it is noted that the stage-specific expression of raptor and
rictor during the epithelial cycle is different, with raptor being the highest, but rictor at its
lowest, at stage 1X of the epithelial cycle (Fig. 6.4), implicating the mTORC1 and mTORC?2
may have differential effects on the BTB. These recent findings (Mok et al., 2012a; Mok et
al., 2012c) (Fig. 6.4) coupled with results of other studies in the field thus support a novel
concept depicted in Fig. 6.5 regarding the “yin” and “yang” effects of the mTORC1 and
mTORC2 signaling complexes on the BTB dynamics that regulate BTB restructuring during
the seminiferous epithelial cycle of spermatogenesis, which is being critically evaluated in
the following sections.

4.2. Regulation of BTB Dynamics by mTORC1

In the seminiferous epithelium of adult rat testes, rpS6, a crucial downstream signaling
molecule of MTORC1 (Section 3.2.2.) was found to be highly expressed in the basal
compartment of the seminiferous epithelium in all stages of the epithelial cycle, consistent
with its localization at the BTB, implicating the likely involvement of mTORCL1 signaling
complex in BTB dynamics (Mok et al., 2012c). Interestingly, p-rpS6, the activated form of
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rpS6, was highly expressed at the BTB and colocalized with putative BTB proteins ZO-1,
N-cadherin and Arp3, but restrictive to late stage VIII-IX, coinciding with the time of BTB
restructuring to facilitate the transit of preleptotene spermatocytes at the site (Mok et al.,
2012c). This timely upregulation in the phosphorylated and activated form of rpS6 at the
BTB suggests that rpS6 may take part in the “opening” of the BTB for the transit of
spermatocytes from the basal to the apical compartment. To confirm this postulate, rpS6
phosphorylation was abolished by inactivating mTORCL1 signaling in cultured Sertoli cells
with an established TJ-permeability barrier by either treatment of cells with rapamycin or a
knockdown of rpS6 by RNAI, both approaches was shown to promote the Sertoli cell TJ
barrier by making the BTB “tighter” following a blockade rpS6 activation or its knockdown
(Mok et al., 2012c). In addition, the expression of TJ proteins, such as claudin-11, were
upregulated with claudin-11 being redistributed and localized more intensely to the Sertoli
cell—cell interface (Mok et al., 2012c), possibly being used to “strengthen” the TJ barrier.
Furthermore, changes in the F-actin organization was detected with more actin filaments
were found at the Sertoli cell—cell interface (Mok et al., 2012c), possibly being used to
strengthen the Sertoli cell TJ barrier. In short, these findings illustrate that rpS6 was
specifically activated and highly expressed at the site of the BTB in the seminiferous
epithelium during its restructuring at stage VI11-I1X of the epithelial cycle, whereas a
suppression of rpS6 or its knockdown in Sertoli cells led to a “tightening” of the TJ barrier.
These findings thus support the notion that the rpS6 activation is crucial to elicit BTB
restructuring, such as at stage VII1-1X of the epithelial cycle. An earlier study has shown
that mouse embryonic fibroblasts (MEFs, also known as feeder cells) from rpS6P~/~ mice
displayed a higher rate of global protein synthesis (Ruvinsky and Meyuhas, 2006),
suggesting that a decline in phosphorylated rpS6 might trigger de novo synthesis of TJ
proteins, which is consistent with our findings that a knockdown of rpS6 in Sertoli cell
epithelium induced claudin-11 expression (Mok et al., 2012c). Furthermore, rpS6 might take
part in regulating actin cytoskeleton similar to its upstream activator S6K1 since actin
filament rearrangement was shown to be stimulated following a knockdown of rpS6; and to
further support the role of rpS6 in actin dynamics, phosphorylated rpS6 was found to
structurally interact with actin as demonstrated by coimmunoprecipitation (Mok et al.,
2012c). Taking these findings collectively, it is clear that the promotion of the Sertoli cell
TJ-barrier function after a suppression of rpS6 likely leads to an increase in the synthesis of
TJ proteins (e.g. claudin-11), which coupled with redistribution and/or relocalization of BTB
proteins to the Sertoli cell—cell interface, supported by an increase in F-actin bundles at the
cortical region of the Sertoli cells in the epithelium, thereby strengthening the BTB integrity.
In short, during the epithelial cycle of spermatogenesis, the timely activation of mMTORCL1 at
stage VIII-1X that leads to phosphorylation of rpS6 during BTB restructuring may facilitate
this process by transiently downregulating TJ proteins, and perturbing the supportive F-actin
network underneath cell adhesion complexes that facilitates their endocytosis. In short, BTB
is transiently “opened” above the preleptotene spermatocytes in transit at the BTB induced
by an upregulation of p-rpS6, which facilitates the migration of these spermatocytes across
the BTB to enter the adluminal compartment to prepare for meiosis 1/11.
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4.3. Regulation of BTB Dynamics by mTORC2

For mTORC?2, its key binding partner rictor was shown to be highly expressed at the BTB
from stages I-V1 of the seminiferous epithelial cycle, however, it was downregulated from
late stage VII and it was considerably diminished and barely detectable at stage 1X (Mok et
al., 2012a) (Fig. 6.4). This suggests that mTORC2 signaling may be involved in maintaining
the BTB integrity during all the stages of the epithelial cycle of spermatogenesis except at
stage VIII-1X when it is downregulated when the BTB is under restructuring (Mok et al.,
2012a). To confirm this postulate, studies were performed in which a knockdown of rictor
by RNAI in cultured Sertoli cells with an established TJ-permeability barrier was found to
disrupt the TJ barrier, and this event was also associated with a reduced phosphorylation of
PKC-a, but not PKB (Mok et al., 2012a). Thus, the Raf-1-MEK-ERK pathway, which is
inhibited by PKB, was not activated and the level of MMP-9 remained unchanged (Mok et
al., 2012a). As discussed in Section 3.2.1, mTORC?2 signaling complex regulates actin
cytoskeleton via PKC-a in multiple epithelia; thus, the knockdown of rictor by RNAI
triggered actin reorganization, and actin filaments were rearranged in Sertoli cells with
reduced F-actin to support the TJ-barrier function at the Sertoli cell-cell interface (Mok et
al., 2012a). Interestingly, following the rictor knockdown in Sertoli cells by RNAI that led to
a reduction in phosphorylated PKC-a, the expression of Cx26 and Cx43 in these Sertoli
cells was also downregulated (Mok et al., 2012a). Furthermore, TJ proteins occluding and
Z0O-1 were also redistributed from the cell—cell interface and moved into the cell cytosol
(Mok et al., 2012a), thereby destabilizing cell adhesion, leading to the Sertoli cell TJ-barrier
disruption. These findings thus illustrate that a knockdown of rictor in Sertoli cells leads to
restructuring of actin cytoskeleton, reducing cortical F-actin, this thus facilitates
internalization of TJ proteins and hence weakening the TJ barrier. More important, it was
demonstrated that a knockdown of rictor led to a disruption of GJ communication between
adjacent Sertoli cells based on a functional GJchannel assay (Mok et al., 2012a).
Collectively, these findings thus support the notion that during the seminiferous epithelial
cycle of spermatogenesis, rictor and, hence, mMTORC?2 signaling is essential for maintaining
BTB integrity. When rictor is downregulated during the epithelial cycle, such as at stage
VIII at the time of BTB restructuring, this leads to PKC-a-mediated actin cytoskeleton
reorganization that promotes endocytosis of TJ proteins to destabilize the BTB above the
preleptotene spermatocytes in transient at the BTB. This process is also assisted by a
downregulation of GJ proteins, which coordinates with the timely “disassembly” of TJ and
basal ES at the site to facilitate the transit of spermatocytes.

4.4. A Hypothetic Model Based on The Antagonistic Effects of mMTORC1 and mTORC2 on
BTB Function to Regulate its Integrity during The Epithelial Cycle of Spermatogenesis

Based on recent findings as discussed above, it is clear that the action of mMTORCL1 is to
promote the “disassembly” of the BTB while mTORC?2 supports BTB integrity. It is very
likely that the simultaneous presence of these two signaling complexes in the seminiferous
epithelium that exert their antagonistic effects on the underlying actin cytoskeleton at the
BTB that leads to changes in the localization of TJ proteins play a critical role in
maintaining the BTB integrity during the transit of preleptotene spermatocytes, which are
connected in “clones,” at the BTB. Figure 6.5 depicts a hypothetical model regarding the
involvement of mMTORC1 and mTORC2 in regulating BTB integrity during the epithelial
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cycle of spermatogenesis. It is hypothesized that during the epithelial cycle, upregulation of
rictor at stages I1-VI1I that favors the formation of mMTORC?2 is being used to maintain the
BTB integrity, but not at stages VII1-1X when its expression is downregulated at the time of
BTB restructuring. On the other hand, during stage late VII1-1X, the transient-induced
expression of raptor favors the formation of MTORCL1 for the disruption of the “old” BTB at
the apical region of the transiting preleptotene spermatocytes at the site. This process is
further facilitated by the reduction in mMTORC?2 due to a downregulation of rictor (Figs 6.4
and 6.5). Furthermore, the low level of rictor expressed during the BTB restructuring may be
necessary for the “assembly” and “maintenance” of the “new” BTB that is being created at
the basal region of the transiting preleptotene spermatocytes (Fig. 6.5). In fact, the
dependence of relative abundance of raptor and rictor for the activation of mMTORCL1 or
mTORC?2 signaling has been demonstrated in other studies. For example, it was reported
that the knockdown of raptor by RNAi in HEK-293T and HeLa cells led to an increase in
PKB phosphorylation on S473, indicating mTORC2 signaling was enhanced. On the other
hand, in the same cell types, knockdown of rictor caused increased phosphorylation of S6K1
with increased association between raptor and mTOR, revealing mTORCL signaling was
stimulated (Sarbassov et al., 2004). More important, it was revealed that in mTOR-mediated
mitochondrial metabolism, a knockdown of raptor reduced oxygen consumption while a
knockdown of rictor increased oxygen consumption and oxidative capacity (Schieke et al.,
2006). These studies thus illustrate how a cellular function can be modulated based on the
“yin-and-yang” effects of the two mTOC complexes mediated by the relative availability of
raptor and rictor in a cellular microenvironment. In short, the combined antagonistic effects
of the mTORCL1 or mTORC?2 signaling complexes can fine-tune a cellular event, such as the
migration of preleptotene spermatocytes across the BTB as depicted in Fig. 6.5.

5. CONCLUDING REMARKS AND FUTURE
PERSPECTIVES

In this chapter, we have provided a critical update on the biology of adhesion junctions as
well as the role of constituent proteins in regulating BTB dynamics in the testis. We have
also reviewed the functional relationship between these proteins and the underlying actin
cytoskeleton. While some of the discussions are based on findings in other epithelia/
endothelia, this information will be helpful to design functional experiments in future studies
to unravel the regulation of the BTB. We also provide an update on the latest development
regarding the involvement of the two mTOR signaling complexes, namely mTORC1 and
mTORC?2, in regulating BTB dynamics during the seminiferous epithelial cycle of
spermatogenesis. Although recent studies have shown that the mMTORC1 and mTORC?2
signaling complexes likely modulate BTB dynamics their antagonistic effects on the TJ-
permeability barrier function via actin cytoskeleton, however, the actin regulatory proteins
involved in these events remain to be identified and examined. Much work is needed to
explore if MTOR complexes exert their effects on the F-actin via drebrin E, paladin,
formins, filamins, Eps8, the Arp2/3 complex and others. Other small GTPases such as Rac
and Rho and polarity proteins (e.g. PAR3, PARG, 14-3-3, Scribble/DIg/Lgl) may also be
involved. Moreover, the molecular mechanism(s) by which rictor regulates the expression of
GJ proteins and GJ communication, which in turn modulates BTB dynamics, remains to be
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identified. Additionally, we hypothesize that mMTORC1 and mTORC?2 regulate BTB
dynamics via their antagonistic effects on BTB assembly and maintenance, and the activity
of these two signal complexes are mediated by the relative expression of their key binding
partners raptor and rictor and downstream signaling molecules, such as rpS6, in the
seminiferous epithelium. While much work is needed, however, the model depicted in Fig.
6.5 provides a framework upon which functional studies can be designed to understand the
interplay between mTOR complexes and other regulatory proteins that modulate the BTB
function during spermatogenesis.
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ABBREVIATIONS
Al adherens junction, also known as zonula adherens
AMPK AMP-activated protein kinase
Arp2/3 complex actin-related protein 2/3 complex
BTB blood—testis barrier
Caco-2 cells human colonic epithelial-2 cells
CAR coxsackievirus and adenovirus receptor
Cx connexin
Deptor DEP domain-containing mTOR-interacting protein, an inhibitor of
mTORC1 and mTORC2
Dlg discs large
DS desmosome
4E-BP1 4E-binding protein 1
EC ectodomain module
Eps8 epidermal growth factor pathway substrate 8
ERK1/2 extracellular regulated kinase %2
ES ectoplasmic specialization
FSH follicle stimulating hormone
GJ gap junction
HnRNP heterogeneous ribonucleoprotein
IGF insulin-like growth factor
JAM junctional adhesion molecule
KGF keratinocyte growth factor
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Lgl lethal giant larvae
LH luteinizing hormone
mLST8 target of rapamycin complex subunit LST8, also known as mTOR

associated protein LST8 homolog

MAGUK membrane-associated guanylate kinase

MDCK célls Madin-Darby canine kidney cells

MMP matrix metalloproteinase

MTOR mammalian target of rapamycin complex

MTORC1 mTOR complex 1

mTORC2 mTOR complex 2

N-WASP neuronal Wiskott-Aldrich syndrome protein

PAR partitioning defective protein

PDK1 3-phosphoinositide-dependent kinase 1

PI3K phosphoinositide 3-kinase

PIKK PI3K-related kinase

PIP2 phosphatidylinositol (4, 5)-bisphosphate

PIP3 phosphatidylinositol-3, 4, 5-triphosphate

PKB protein kinase B also known as Akt

PKC protein Kinase C

PKP-2 plakophilin-2

PRAS40 proline-rich Akt-PKB substrate 40 kDa

PTEN phosphatase and tensin homolog on chromosome 10

Raptor regulatory associated protein of mMTOR

Rheb Ras-homolog enrich in brain

Rictor rapamycin-insensitive companion of mMTOR

rpS6 ribosomal protein S6

RSK p90 ribosomal S6 kinase

S6K S6 protein kinase also known as mTOR/p70, mTOR p70 ribosomal S6
kinase

SGK1 serum- and glucocorticoid-inducible kinase 1

SKAR S6K Aly/REF-like substrate

TJ tight junction, also known as zonula occludens

TOP 5’-terminal oligopyrimidine
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TSCL2 tuberous sclerosis complex ¥ containing TSC1 (hamartin) and TSC2
(tuberin)
Z0-1 zonula occludens-1
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Figure 6.1. Differencesin the mor phological layouts of junction types between atypical
epithelium/endothelium and the seminiferous epithelium

(A) For the junctional complex in typical epithelia/endothelia, TJs, which are responsible for
sealing the intercellular space to create the barrier function by regulating paracellular and
transcellular transport, are located at the apical region of the lateral membrane between
adjacent epithelial/endothelial cells. Underneath TJs, there are AJs that contribute to most of
the adhesive force of the apical junctional complex by connecting to a dense F-actin
network, creating the zonula adherens plaque, to be followed by desmosomes. Both TJ and
AJ are actin-based cell-cell anchoring junctions, whereas DS is intermediate filament-based
cell—cell anchoring junction. Other junctional molecules such as GJs, which are not part of
the junctional complex, are localized basal to the junctional complex (constituted by TJ, AJ
and DS). (B) Unlike the junctional complex in typical epithelia which are furthest away
from the basal lamina, the BTB in seminiferous epithelium is located near the basement
membrane (a modified form of extracellular matrix in the testis). Instead of being arranged
as discrete structure as in other epithelia/ endothelia, TJs, basal ES (a testis-specific actin-
rich AJ) and GJs are coexisting at the BTB, which together with DS are all involved in
creating the BTB. The BTB physically separates the seminiferous epithelium into the basal
and apical (adluminal) compartments. Spermatogonia and preleptotene spermatocytes reside
at the basal compartment, and preleptotene spermatocytes that arise at stage VII-VIII of the
epithelial cycle in the rat testis are the only germ cells that can traverse the BTB. After
traversing the BTB, spermatocytes undergo meiosis and eventually differentiate into
elongating/elongated spermatids, and spermatids (step 8—19 spermatids in the rat testis)
anchored to the Sertoli cells by apical ES. Furthermore, hemidesmosomes (intermediate
filament-based cell-matrix anchoring junction) and focal adhesion complexes (FAC, or
known as focal contacts, an actin-based cell-matrix anchoring junction) are also found in
most epithelia, but FAC is absent in the seminiferous epithelium. Abbreviations used: Sg,
spermatogonium; Sy, spermatocyte; rSp, round spermatid; eSp, elongating spermatid; ESp,
elongated spermatid; Nu, Sertoli cell nucleus; DS, desmosome; AJ, adherens junction; GJ,
gap junction; TJ, tight junction; ES, ectoplasmic specialization. For color version of this
figure, the reader is referred to the online version of this book.
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Figure 6.2. Restructuring of the BTB to facilitate the transit of preleptotene spermatocytes at
stage VIII of the epithelial cycle
Before BTB restructuring takes place, its integrity is maintained by coexisting TJs, basal ES

and GJs which interact with each other and linked to actin cytoskeleton for structural
support via adaptor proteins such as ZO-1. Besides, desmosome is also present at the Sertoli
cell—cell interface at the BTB. On the other hand, elongated spermatids are also anchored to
the Sertoli cell via a testis-specific apical ES protein complex in which laminin-333 residing
at the elongating spermatid is linked to a6p1-integrin restricted to the Sertoli cell. At stage
V111 of the epithelial cycle, when preleptotene spermatocytes are in transit at the BTB to
enter the apical compartment for further development, the “old” BTB above the
spermatocyte disassembles to “open” the BTB. This process is mediated by the apical ES—
BTB-hemidesmosome functional axis, in which laminin 333 at the apical ES is cleaved by
MMP?2 to generate bioactive laminin fragments. The laminin fragments induce disruption of
the “old” BTB and cause the loss of hemidesmosome function which also contributes to the
“opening” of the “old” BTB. Besides, BTB restructuring is also facilitated by mTORC1 as
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well as by the reorganization of actin cytoskeleton mediated by actin-regulating proteins,
such as the Arp2/3-N-WASP complex and Eps8 which induce a “branched/debundled” and
“bundled” configuration of the actin filaments at the basal ES, respectively. Without the
support from the dense F-actin network, BTB proteins are internalized through endocytosis
and the internalized BTB proteins can either undergo degradation or being recycled for the
assembly of “new” BTB via transcytosis at the base of the preleptotene spermatocytes. It is
likely that molecules, such as testosterone, that promote BTB integrity may be working in
concert with mTORC2 underneath the spermatocyte in transit to assemble a “new” BTB
before the “old” BTB above the transiting spermatocyte is disassembled, so that the barrier
function can remain intact during germ cell movement at the site. For color version of this
figure, the reader is referred to the online version of this book.
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Figure 6.3. Thelikely mTOR signaling pathwaysinvolving mTORC1 and mTORC2 and the
corresponding interacting/regulatory proteinsthat regulate different cellular eventsincluding
BTB function in the testis via the effects on F-actin organization

By assembling with different subunits, two mTOR complexes can be formed, namely,
MTORC1 and mTORC2. Besides mTORC1 that is specifically regulated by the energy
status of a cell, both mTOR complexes are activated by growth factors (e.g. insulin),
mitogens and amino acids. Upon activation, except that upregulation of protein synthesis for
cell growth is specifically mediated by mTORC1, the control of cell proliferation and
survival as well as actin cytoskeleton organization is modulated by both complexes, despite
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the fact that they have their unique substrates and downstream signaling molecules.
Moreover, mMTORC1 and mTORC2 share several upstream signaling molecules. For
example, PIP3 can activate both complexes while TSC1/2 complex inhibits mTORC1 but
activates mTORC2. Furthermore, the signaling pathways of the two mTOR complexes are
interconnected in which S6K1, the substrate of mMTORCY1, is able to phosphorylate rictor and
thus inhibits mMTORC2. As such, phosphorylation of PKB, which is the substrate of
mTORC?2, can be reduced. Since PKB phosphorylation is required for activating mTORC1,
this leads to suppression of mTORCL signaling and therefore, a negative feedback loop is
established. For color version of this figure, the reader is referred to the online version of
this book.
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Rictor

Figure 6.4. Stage-specific expression of raptor and rictor versusmTOR in the seminiferous
epithelium of adult rat testes

Relative expression level and localization of mTOR, raptor and rictor (red) in the
seminiferous epithelium from stage V-IX tubules were examined by immunofluorescence
microscopy. Cell nuclei were stained with DAPI (blue) to show the stages of the tubules.
This figure shows that from stage V to 1X, mTOR was expressed at relatively similar level at
the basal compartment where BTB was located. On the other hand, the expression of raptor,
which is the key binding partner of mMTORCL, was transiently induced at stage 1X (indicated
by white arrow head) that begin in late stage VIII, most notably at the BTB, whereas the
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expression of rictor, which is the key subunit of mMTORC2, was found to decline gradually
from stage VIl and became barely detectable at late stage VIII through stage IX (indicated
by open arrow head), even though it remained weakly expressed in these stages. Bar, 50 pm,
which applies to all micrograph. For interpretation of the references to color in this figure
legend, the reader is referred to the online version of this book.
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Figure 6.5. mTORC1 and mTORC2 display antagonistic effects on the BTB and their combined
effects can protect theimmunological barrier integrity during the transit of preleptotene
spermatocytes at the BTB

It is noted that rictor and raptor compete for mTOR for the formation of mMTORC2 and
mTORC1, respectively, to promote BTB and disrupt BTB integrity. At stages I-V1 in which
prior to BTB restructuring, the relative high expression of rictor favors the assembly of
mTORC?2, which is necessary for keeping the integrity of BTB by maintaining the dense F-
actin network (namely the actin filament bundles at the basal ES), expression level of GJ
proteins and GJ communication. On the other hand, in stage late V111 to stage X that the
BTB is transiently “open” to facilitate the transit of spermatocyte, the expression level of
raptor is induced, whereas that of rictor is reduced. Thus, formation of mMTORC?2 is reduced
and mTORCL1 is favored. mTORC1 activates rpS6, which in turn disrupts the “old” BTB
above the preleptotene spermatocytes in transit at the BTB by inhibiting de novo synthesis
of BTB proteins. In addition, actin cytoskeleton reorganization during BTB restructuring is
induced by (i) mTORCL1 signaling via S6K1 and rpS6 and (ii) the decrease in
phosphorylated PKC-a due to reduced mTORC2. The disorganized F-actin network leads to
internalization of BTB proteins, which perturbs the “old” BTB. Furthermore, the decrease in
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GJ proteins and GJ communication caused by reduced mTORC?2 also facilitates the
disruption of the “old” BTB for the translocation of spermatocytes across the BTB.
However, while mTORC2 expression is reduced, it remains to be robust enough to sustain
the maintenance of the “new” BTB that is being assembled behind the preleptotene
spermatocytes in transit. In short, utilizing the antagonistic effects of the mTORC1 and
mTORC?2 on the TJ-permeability barrier, the immunological barrier function can be
maintained during the passage of preleptotene spermatocytes, which are connected in
“clones” via intercellular bridges, at the BTB. For color version of this figure, the reader is
referred to the online version of this book.
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