
Summary. mTOR (mammalian target of rapamycin) is
one of the most important signaling molecules in
mammalian cells which regulates an array of cellular
events, ranging from cell metabolism to cell
proliferation. Based on the association of mTOR with
the core component proteins, such as Raptor (regulatory-
associated protein of mTOR) or Rictor (rapamycin-
intensive companion of mTOR), mTOR can become the
mTORC1 (mammalian target of rapamycin complex 1)
or mTORC2, respectively. Studies have shown that
during the epithelial cycle of spermatogenesis, mTORC1
promotes remodeling and restructuring of the blood-
testis barrier (BTB) in vitro and in vivo, making the
Sertoli cell tight junction (TJ)-permeability barrier
“leaky”; whereas mTORC2 promotes BTB integrity,
making the Sertoli cell TJ-barrier “tighter”. These
contrasting effects, coupled with the spatiotemporal
expression of the core signaling proteins at the BTB that
confer the respective functions of mTORC1 vs.
mTORC2 thus provide a unique mechanism to modulate
BTB dynamics, allowing or disallowing the transport of
biomolecules and also preleptotene spermatocytes across
the immunological barrier. More importantly, studies
have shown that these changes to BTB dynamics
conferred by mTORC1 and mTORC2 are mediated by
changes in the organization of the actin microfilament

networks at the BTB, and involve gap junction (GJ)
intercellular communication. Since GJ has recently been
shown to be crucial to reboot spermatogenesis and
meiosis following toxicant-induced aspermatogenesis,
these findings thus provide new insightful information
regarding the integration of mTOR and GJ to regulate
spermatogenesis. 
Key words: Testis, Spermatogenesis, mTOR, Blood-
testis barrier, Ectoplasmic specialization, Actin
microfilaments, Gap junction

Introduction

mTOR (mammalian target of rapamycin) is a well
conserved Ser/Thr protein kinase, originally identified in
yeasts with the aid of the antibiotic rapamycin which
specifically inhibits its intrinsic protein kinase activity,
and is subsequently found in virtually all mammalian
and non-mammalian cells known to regulate cellular
energy status (for reviews, see (Laplante and Sabatini,
2012; Shimobayashi and Hall, 2014; Bockaert and
Marin, 2015)). The polypeptide sequence of mTOR is
composed of several functional domains as noted in Fig.
1. It is also highly expressed in Sertoli and germ cells in
the testis (for a review, see (Mok et al., 2013a)). Studies
on mTOR have been growing exponentially in recent
years since mTOR is the target of chemotherapy by
disrupting tumor growth and metastasis through an
interference of tumor cell energy status using inhibitors
specific to mTOR per se or signaling proteins up- or
down-stream of mTOR (for reviews, see (Sheppard et
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al., 2012; Francipane and Lagasse, 2016; Zenardi et al.,
2015)). Besides, mTOR is also the target of anti-
depressant drugs since mTOR is involved in synaptic
plasticity in neurons through mTOR signaling (for a
review, see (Ignacio et al., 2016)). 

mTOR exists in two functionally and structurally
distinct forms, known as mTORC1 (mammalian target
of rapamycin complex 1) or mTORC2, depending on the
core component proteins that structurally associate with
mTOR, a 289 kDa protein in mammalian cells, including
Sertoli cells in the rat testis (Mok et al., 2012b) (Fig. 1).
The core components of mTORC1 are: mTOR, Raptor
(regulatory-associated protein of mTOR, an adaptor
protein), mLST8 (mammalian lethal with SEC thirteen
8, also known as mTOR associated protein LST8
homolog), PRAS40 (proline-rich Akt/PKB substrate 40

kDa), DEPTOR (DEP (Dishevelled, Egl-10 and
Pleckstrin) domain-containing mTOR-interacting
protein) and FKBP12 (FK506/rapamycin-binding
protein), which is sensitive to rapamycin (Fig. 1). The
core components of mTORC2 are: mTOR, Rictor
(rapamycin-insensitive companion of mTOR, also an
adaptor protein), SIN1 (SAPK (stress-activated protein
kinase)-interacting protein 1), mLST8, DEPTOR and
Protor1/2 (protein observed with Rictor 1 and 2), which
is insensitive to rapamycin (Fig. 1). Thus, depending on
the association of mTOR with the binding partner of
either Raptor or Rictor, this creates the mTORC1 or
mTORC2 signaling complex, respectively. 

mTORC1 can be activated by growth factors (e.g.,
insulin, IGF-1), nutrients (e.g., amino acids), or energy
status of the cell (e.g., high ATP/AMP ratio) through
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Fig. 1. Functional domains of
mTOR and the binding
partners that confer mTORC1
and mTORC2 signaling
complexes. mTOR per se is a
Ser/Thr protein kinase as
noted by the two lobes of KD
called the KD N-lobe and the
KD C-lobe. It has 20 tandem
HEAT repeat domains near its
N-terminus, to be followed by
FAT domain, FRB domain,
LBE domain and FATC
domain at its C-terminus. The
crit ical binding partner to
create mTORC1 is Raptor,
which together with mLST8,
PRAS40, DEPTOR and
FKBP12 that bind to the
corresponding domains in
mTOR constitute the
rapamycin sensitive mTORC1.
The critical binding partner to
create mTORC2 is Rictor,
which together with SIN1,
mLST8, DEPTOR and
Protor1/2 which bind to the
corresponding domains in
mTOR constitute the
rapamycin insensit ive
mTORC2. Based on recent
studies in the testis, the
signaling proteins and
pathways that modulate
Sertoli cell BTB dynamics are

also shown (see text for details). It is noted that the signaling pathways depicted herein are highly simplified and based on recent studies in the testis,
readers should seek additional information in recent reviews from other investigators in the field, which are cited in text. Abbreviations used: Akt;
transforming retrovirus Akt8, an onocogene, also known as PKB; Arp2/3 complex, actin-related protein 2/3 complex; ATM, Ataxia telangiectasia
mutated is a Ser/Thr protein kinase; C-lobe, C-terminal lobe; DEP, Dishevelled, Egl-10 and Pleckstrin; DEPTOR, DEP domain-containing mTOR-
interacting protein; EF3, elongating factor 3; FAT domain, FRAP, ATM, TRAP domain; FATC, FAT domain at the C-terminus; FKBP12,
FK506/rapamycin-binding protein; HEAT, Huntington, EF3, PP2A, TOR1; FRAP, FKBP rapamycin associated protein; FRB, FKBP132 rapamycin
binding; KD, kinase domain; LBE, binding site for mLST8; mLST8, mammalian lethal with SEC thirteen 8, also known as mTOR associated protein
LST8 homolog; N-lobe, N-terminal lobe; PKB, protein kinase B; PKC-α, protein kinase C-α; PP2A, protein phosphatase 2A; PRAS40, proline-rich
Akt/PKB substrate 40 kDa; Protor1/2, protein observed with Rictor 1 and 2; Rac1, Ras-related C3 botulinum toxin substrate 1, a small GTPase; Raptor,
regulatory-associated protein of mTOR, an adaptor protein; Rictor, rapamycin-insensitive companion of mTOR, an adaptor protein; rpS6, ribosomal
protein S6; SAPK, stress-activated protein kinase; SIN1, SAPK-interacting protein 1; TOR1, yeast kinase target of rapamycin 1; TRAP,
thrombospondin-related anonymous protein.



PI3-K (phosphoinositide 3-kinase) and Akt/PKB
upstream (for reviews, see (Mok et al., 2013a; Huang
and Fingar, 2014)). Once the mTORC1 signaling
complex is activated, it exerts its effects via ribosomal
protein S6K (S6 protein kinase, also known as p70 S6K,
containing two protein kinases of S6K1 and S6K2) (for
reviews, see (Long et al., 2004; Huang and Fingar, 2014;
Tavares et al., 2015)), rpS6 (ribosomal protein S6) (for a
review, see (Meyuhas, 2015)) or 4E-BP (4E-Binding
Protein 1) (for reviews, see (Korets et al., 2011; Mok et
al., 2013a)) downstream via phosphorylation to
modulate anabolic metabolism and other cellular
functions. Earlier reports including recent studies using
global mTOR ‘omics’ including ribosome profiling,
phosphoproteomics, transcriptomics and metabolomics
have identified an extensive network of signaling
proteins, adaptors and pathways that are involved in
mediating the signaling function of mTORC1 both up-
and down-stream (for a review, see (Shimobayashi and
Hall, 2014)). For instance, non-classical cues that
modulate mTOR upstream have been shown to include
inputs from Hippo, Notch and Wnt signaling pathways
(for a review, see (Shimobayashi and Hall, 2014)). Two
recent reports have shown that rpS6, a downstream
signaling molecule of mTORC1, works in concert with
Akt1/2 and Arp2/3/N-WASP (Mok et al., 2015), and also
Akt1/2, Erk1/2 and MMP-9 (Mok et al., 2014) to
modulate actin microfilament organization at the blood-
testis barrier (BTB) (Fig. 1). While these findings
illustrate the complexity of mTORC1 signaling, the
mTORC1 signaling complex exerts its effects through
well-defined pathways to modulate different cellular
functions. Herein, we discuss some of the latest findings
regarding the role of mTORC1 in spermatogenesis, in
particular BTB dynamics. 

For mTORC2, its regulation is poorly understood. It
is currently known that only growth factors stimulate
mTORC2 kinase activity through PI3-K-dependent
mTORC2-ribosome association based on a study in
yeast (Zinzalla et al., 2011). mTORC2 exerts its effects
downstream through PKC-α and/or SGK1 (serum- and
glucocorticoid-induced protein kinase 1) (for a review,
see (Mok et al., 2013a)). Studies in the testis, however,
have shown that mTORC2 exerts its effects via PKC-α
downstream, but also involve gap junction (GJ)
communication function (Mok et al., 2013b) (Fig. 1).
Furthermore, the two mTOR complexes are now known
to have contrasting effects on the Sertoli cell TJ-
permeability barrier function. For instance, the
knockdown of Rictor (the essential component of
mTORC2) in Sertoli cells cultured in vitro with an
established TJ-barrier by RNAi perturbs Sertoli cell TJ-
permeability function by making it “leaky” (Mok et al.,
2013b), and this observation has also been reproduced in
a study in vivo by silencing Rictor in the testis using
Rictor-specific siRNA duplexes which also leads to a
“leaky” BTB when examined by a functional assay
(Mok et al., 2013b). On the other hand, the knockdown
of rpS6 (the downstream signaling protein of mTORC1)

in Sertoli cells cultured in vitro with an established TJ-
barrier (or treatment of Sertoli cells with rapamycin)
promotes the Sertoli cell TJ-barrier function by making
it “tighter”, consistent with analysis of the testis in vivo
following rpS6 knockdown using rpS6-specific shRNA
(Mok et al., 2012b). In short, in the normal testis,
mTORC2 is used to promote the Sertoli cell TJ-barrier
function to confer BTB integrity, whereas mTORC1
promotes Sertoli TJ-barrier restructuring/remodeling/
disruption, making the BTB leaky. This thus provides a
unique and novel mechanism to efficiently support the
transport of preleptotene spermatocytes connected in
clones across the BTB to be discussed herein. The
antagonistic effects of mTORC1 and mTORC2 on BTB
dynamics could possibly be used to regulate the in-flow
of nutrients and biomolecules into the adluminal
compartment to modulate meiosis I/II and post-meiotic
spermatid development.

Although mTORC1 and mTORC2 are independent
signaling complexes utilizing distinctive up- and also
down-stream signaling molecules, these two pathways
are also inter-connected, and interact with each other.
Following activation of these two mTOR signaling
complexes by growth factors and amino acids (Fig. 2),
they share a common upstream regulator called the
TSC1/2 complex (tuberous sclerosis complex composed
of TSC1, TSC2, and Tre2-Bub2-Cdc16-1 domain family
member 7 (TBC1D7)), which promotes mTORC1 but
suppresses mTORC2 intrinsic activity (for reviews, see
(Li et al., 2004; Mok et al., 2013a; Dibble and Cantley,
2015)). Furthermore, S6K1, the downstream activator
(and substrate) of mTORC1, can also phosphorylate
Rictor, the critical binding partner of mTORC2, by
inhibiting the catalytic activity of mTORC2 on PKB
which is the upstream regulator of mTORC1 (for
reviews, see (Magnuson et al., 2012; Mok et al., 2013a)),
thereby forming a negative feedback regulatory loop
(Fig. 2). The finding that rictor knockdown by RNAi to
inactivate mTORC2 can perturb the function has opened
an interesting avenue of research to probe the regulatory
function of mTOR. Since this observation supports the
notion that an inactivation (or activation) of GJ through
mTORC2 can modulate intercellular communication,
mTORC2 can effectively modulate the transport of
biomolecules, including small regulatory miRNAs,
across GJ to regulate Sertoli and/or germ cell function in
the seminiferous epithelium. As such, coordinated
changes involving multiple biomolecules can take place
across the seminiferous epithelium in response to
changes in stages of the epithelial cycle. 
mTOR: mTORC1 and mTORC2 on BTB dynamics – a
mechanistic insight

The notion that mTOR is involved in BTB function
stems from the initial observation that using an antibody
specific to mTOR, this Ser/Thr protein kinase is highly
expressed in the seminiferous epithelium, and it is
localized at the BTB (Mok et al., 2013b). A recent report
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has shown that mTOR found in human Sertoli cells also
regulates glucose consumption and redox balance (Jesus
et al., 2016). Furthermore, the expression of mTOR at
the BTB is stage-specific, being highest at stages VI-IX
(Mok et al., 2013b), at the stages when BTB undergoes
remodeling and/or restructuring to accommodate the
transport of preleptotene spermatocytes across the
immunological barrier, which takes place at stage VIII of
the epithelial cycle (for reviews, see (Parvinen, 1982;
Xiao et al., 2014)). Furthermore, while rpS6, the
downstream signaling molecule of mTOC1, is expressed
at the BTB in all stages of the epithelial cycle from I-
XIV in the rat testis; however, the expression of its
activated form, p-rpS6, at the BTB is stage-specifically,
almost restrictively and predominantly expressed at the
BTB at stages VIII-IX, coinciding with the stages when
the BTB undergoes remodeling (Mok et al., 2012b). p-
rpS6 also co-localizes with F-actin at the BTB at stages
VIII-IX (Mok et al., 2012b). More importantly, p-rpS6-
Ser235/236 and p-rpS6-Ser240/244, the two activated
forms of p-rpS6, are also highly expressed at the BTB in
the seminiferous epithelium of adult rat testes but are
limited only to stage VIII-IX tubules (Mok et al., 2014),
co-localized with ZO-1, F-actin but also Eps8 (Mok et
al., 2014). Collectively, these findings illustrate the
likely involvement of mTORC1 through p-rpS6
downstream to modulate the actin microfilament bundles
at the basal ES/BTB to promote BTB remodeling,
making the barrier “leaky” (Fig. 2). On the other hand,
Rictor, the component protein of mTOR that creates the
mTORC2 signaling complex, is also expressed at the
BTB, and co-localizes with ZO-1, occludin and F-actin
(Mok et al., 2013b), supporting the notion that mTORC2
complex can likely modulate BTB dynamics through F-
actin organization at the basal ES/BTB (Figs. 1, 2). It is
of interest to note that the expression of Rictor is
considerably down-regulated at the BTB in stages VIII-
IX tubules (Mok et al., 2013b), illustrating that it may
have contrasting effects on the BTB function vs.
mTORC1 based on their differential spatiotemporal
expression at the BTB. In short, since mTORC2
promotes Sertoli cell BTB integrity so that its
downregulation at the BTB at stages VIII-IX of the
epithelial cycle is necessary to facilitate BTB
remodeling/restructuring at these stages. 
mTORC1 and BTB function – a mechanistic insight

rpS6 (ribosomal protein S6) is one of 33 proteins,
which together with a molecule of 18S rRNA, create the
small 40S ribosomal subunit to regulate protein
translation (for reviews, see (Meyuhas, 2008, 2015)). It
is now established that rpS6 is a well conserved protein
among vertebrates, invertebrates, fungi and plants by
interacting with the m7GpppG 5’-cap-binding protein
complex required for translation initiation, which also
serves as a platform for regulatory convergence for
signal transduction pathways that controls translation
initiation in response to cell growth and proliferation

cues (for a review, see (Ruvinsky and Meyuhas, 2006)).
rpS6 is activated via inducible phosphorylation on a
cluster of 5 Ser residues near its C-terminus at: Ser-235,
-236, -240, -244 and -247 (Krieg et al., 1988), which
takes place sequentially, beginning with Ser-236, to be
followed by Ser-235, Ser-240, Ser-244 and Ser-247
(Martin-Perez and Thomas, 1983; Wettenhall et al.,
1992). It has been reported that modification of the four
Ser residues at residues 235, 236, 240 and 244 from the
N-terminus, such as via phosphorylation considerably
up-regulates rpS6 cap binding activity to initiate protein
translation, but the function of the S-247 site is not
known, which has earlier shown to be a target of the
casein kinase 1 (CK1) protein kinase (Hutchinson et al.,
2011). Thus, we have used a constitutively active
quadruple phosphomimetic mutant of rpS6 of rpS6-
S235E/-S236E and rpS6-S240E/-S244E by mutating
these four Ser residues to Glu (glutaminc acid) residues,
which was then cloned into the pCI-neo mammalian
expression vector for its overexpression in Sertoli cells
vs. the rpS6-WT (wild type) and pCI-neo empty vector
which serve as two controls (Mok et al., 2014). The
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Fig. 2. A schematic drawing illustrates the functional relationship of
mTORC1 and mTORC2 on BTB dynamics. As discussed in text,
mTORC1 promotes BTB remodeling whereas mTORC2 promotes BTB
integrity through their actions on the organization of actin microfilaments
at the basal ES/BTB, in which mTORC1 likely promotes unbundling of
actin microfilaments whereas mTORC2 promotes bundling of actin
microfilaments. The antagonistic actions of two these signaling
complexes thus provide an efficient mechanism to confer restructuring
of the BTB during the epithelial cycle of spermatogenesis, in particular
at stage VII-VIII of the cycle when preleptotene spermatocytes are being
transported across the immunological barrier. Furthermore, the effect of
mTORC2 on gap junction function can also modulate meiosis as
discussed in text.



overexpression of this constitutively active rpS6
quadruple phosphomimetic mutant is capable of
perturbing the Sertoli cell TJ-barrier function, even more
potent than the rpS6 WT (Mok et al., 2014), illustrating
that rpS6 promotes Sertoli cell BTB remodeling/
restructuring in normal physiological conditions. These
findings are also consistent with an earlier study in
which a knockdown of rpS6 in Sertoli cell epithelium in
vitro by RNAi promotes the Sertoli cell TJ-barrier,
making it tighter (Mok et al., 2012b). Using this rpS6
mutant for its overexpression in Sertoli cells in
conjunction with inhibitors and RNAi, it is now known
that rpS6 exerts its disruptive effects on the TJ-barrier by
promoting MMP-9 (matrix metalloprotease 9), which in
turn induces proteolysis-mediated downregulation of TJ-
proteins (e.g., occludin, claudin-11) (Mok et al., 2014).
Furthermore, this rpS6 mutant exerts its effects through a
down-regulation of p-Akt1/2 (also known as PKB),
suggesting p-Akt1/2 is the likely downstream signaling
molecule of rpS6. The involvement of p-AKT1/2 in p-
rpS6-mediated effects on the Sertoli cell TJ function is
confirmed by the simultaneous knockdown of Akt1 and
Akt2 by RNAi since an inactivation of Akt1/2 mimics
the phenotypes following overexpression of rpS6
quadruple phosphomimetic mutant on the Sertoli cell TJ-
barrier function by perturbing the TJ-permeability and
by disrupting the proper distribution of TJ-proteins at the
Sertoli cell-cell interface (Mok et al., 2014), confirming
that mTORC1 perturbs the Sertoli cell BTB function
through the p-rpS6-Akt1/2-MMP-9 pathway. A
subsequent study has expanded this earlier report that an
activation of the mTOC1-rpS6-Akt1/2-MMP-9 signaling
pathway also modulates F-actin organization at the basal
ES/BTB via its effects to recruit and/or activate Arp3
(actin related protein 3, which together with Arp2 forms
the Arp2/3 complex, known to induce branched actin
polymerization, effectively converting bundled actin
microfilaments into a branched network) at or near the
Sertoli cell-cell interface (Mok et al., 2015). This thus
causes de-bundling and truncation of actin
microfilaments to de-stabilize the Sertoli cell TJ-barrier,
leading to mis-localization of TJ proteins (e.g., occludin
and claudin-11) at the Sertoli cell-cell interface since
these proteins utilize F-actin for their attachment,
thereby perturbing the TJ-barrier function. In short,
mTORC1 promotes BTB remodeling/restructuring in the
rat testis.
mTORC2 and BTB function – a mechanistic insight

mTORC2, in contrast to mTORC1 which promotes
BTB remodeling/restructuring to make the barrier leaky
(Mok et al., 2012b, 2014, 2015), is known to promote
BTB integrity by making the Sertoli cell TJ-permeability
barrier tighter, since mTORC2 disruption by silencing
Rictor (the core component of mTORC2 complex) can
perturb the Sertoli cell TJ-barrier function (Mok et al.,
2013b). This disruptive effect on the Sertoli cell TJ-
barrier function following Rictor knockdown in vitro is

found to be related to changes in the organization of
actin microfilaments in Sertoli cells in which
microfilaments no longer stretch across the entire Sertoli
cell cytosol, becoming partially truncated and branched
(Mok et al., 2013b). Since TJ- (e.g., occludin/ZO-1) and
basal ES (e.g., N-cadherin/β-catenin) proteins utilize F-
actin for their attachment, a disruptive organization of F-
actin thus impedes adhesion of these proteins (Mok et
al., 2013b). Indeed, the structural association of either
ZO-1 or α-catenin with actin is significantly reduced
following Rictor knockdown (Mok et al., 2013b),
supporting the notion that mTORC2, similar to
mTORC1, exerts its effects to modulate the Sertoli cell
TJ-barrier function through F-actin organization at the
basal ES/BTB. More importantly, these findings in vitro
have been confirmed in a study in vivo by silencing
Rictor in the testis using Rictor-specific siRNA duplexes
vs. non-targeting negative control siRNA duplexes, in
which Rictor knockdown also perturbs BTB integrity,
making the barrier leaky through changes in the
organization of F-actin, such that occludin and ZO-1 are
no longer retained at the BTB, destabilizing the BTB
(Mok et al., 2013b). Furthermore, these findings have
been confirmed in a recent report using a Sertoli cell-
specific Rictor KO mouse model in which the loss of
Rictor in Sertoli cells leads to a disorganization of F-
actin in the testis (Dong et al., 2015), analogous to the in
vivo Rictor knockdown rat testis (Mok et al., 2013b).
Collectively, these finding illustrate that the antagonistic
effects of mTORC1 and mTORC2 that promote BTB
remodeling and integrity, respectively, are mediated
through changes in the organization actin microfilaments
at the basal ES. This thus provides a unique mechanism
to fine-tune the organization of F-actin network to
support germ cell movement and other cellular events
pertinent to the epithelial cycle of spermatogenesis. 
mTORC2 and gap junction

In a study that examines the effects of mTORC2 on
the Sertoli cell BTB function, Rictor knockdown by
RNAi not only perturbs the TJ-barrier function through
changes in F-actin organization that impede the
localization of TJ-protein complexes (e.g., occludin/ZO-
1) at the Sertoli cell-cell interface, the expression of the
gap junction (GJ) protein connexin43 (Cx43) is
considerably down-regulated and its localization at the
Sertoli cell cortical zone is also grossly disrupted (Mok
et al., 2013b). Interestingly, GJ communication function
is also perturbed based on a functional dye-transfer assay
following Rictor knockdown (Mok et al., 2013b). Since
Sertoli cells are known to express at least 10 different
connexins including the testis-specific Cx33 besides
Cx43 (Risley, 2000; Pointis et al., 2010), this finding
thus suggests that the loss of mTORC2 function
following Rictor knockdown perturbs the general
function of connexins in Sertoli cells instead of Cx43
alone. In this context, it is of interest to note that Cx43 is
a uniquely important GJ protein in the testis (for a
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review, see (Pointis et al., 2011)). For instance, Sertoli
cell-specific KO of Cx43 leads to infertility in male mice
in which the population of spermatogonia is reduced,
and they fail to differentiate and develop into
spermatocytes, leading to meiotic arrest (Brehm et al.,
2007), illustrating other connexins cannot supersede the
loss function of Cx43. Also, Sertoli cells remain
mitotically active in these Sertoli cell-specific Cx43 KO
mice, thus, the epithelium is filled with excessive Sertoli
cells, which leads to Sertoli cell sloughing in tubules.
Detailed morphological analysis of these Sertoli cell-
specific Cx43 KO mice shows that GJs are absent in
their testes (Carette et al., 2010), illustrating other GJ
proteins in the absence of Cx43 fail to assemble into
functional GJ channels to support GJ communications.
The BTB in these mice also displays reduced expression
of ZO-1, and mis-localization of ZO-1 and N-cadherin
(Carette et al., 2010). These findings are consistent with
earlier findings that Cx43 is crucial to maintain BTB
function by providing the necessary cross-talk to
maintain the collaborative efforts of multiple junctions,
such as TJ and basal ES, to confer BTB integrity (Li et
al., 2009). Since junctions at the BTB undergo
continuous remodeling, which thus requires their
constant remodeling, and Cx43 is crucial to the re-
assembly of a disrupted Sertoli cell TJ-barrier (Li et al.,
2010). At present, the mechanism by which mTORC2
regulates GJ function is not known. However, a recent
study has shown that a modulation of mTOR-mediated
cap-dependent (i.e., 5’-end of an mRNA molecule)
translation can determine the level of at least 4 truncated
Cx43 isoforms in human heart cells, which in turn auto-
regulate Cx43 intracellular trafficking, contributing to
Cx43-dependent GJ communication to regulate
synchronous cardiac contraction in the human heart
(Smyth and Shaw, 2013). It is not known at present if
mTORC2 disruption via a knockdown of Rictor perturbs
the mTOR-mediated cap-dependent translation to alter
the level of truncated Cx43 isoforms, which in turn
modulate the homeostasis of GJ function at the Sertoli
cell BTB; or whether it is associated with changes in a
specified signaling pathway. 
Gap junction induces re-initiation of spermato-
genesis and reboots meiosis

Treatment of adult rats with adjudin, 1-(2,4-
dichlorobenzyl)-1H-indazole carbohydrazide, a male
contraceptive drug known to induce reversible infertility
in rats and rabbits, following a single dose of 50 mg/kg
b.w. via oral gavage, leads to exfoliation of all classes of
germ cells from the testis, initially elongating/elongated
spermatids, to be followed by round spermatids and
spermatocytes until only spermatogonia and Sertoli cells
are present in the germ cell-depleted tubules throughout
the entire testis (for reviews, see (Cheng et al., 2005;
Mruk et al., 2008; Cheng, 2014)). However, when
adjudin is used at an acute dose such as at 125 or 250
mg/kg b.w. via oral gavage in adult rats, this leads to

irreversible aspermatogenesis in which spermatogenesis
fails to resume in these rats, and is associated with an
irreversible BTB disruption (Mok et al., 2012a).
Moreover, the phenotypes of the testis are similar to the
Sertoli cell Cx43-specific KO mice since spermatogonia
fail to develop into spermatocytes to initiate meiosis
(Brehm et al., 2007; Mok et al., 2012a,b), unlike rats
treated with a low dose of adjudin at 50 mg/kg b.w.
wherein the BTB is transiently disrupted, and
spermatogenesis resumes when the disrupted BTB is
resealed, and germ cells gradually repopulate the
epithelium of virtually all the tubules (Cheng et al.,
2001). The only difference between these two models is
that the Sertoli cell population is not altered in adjudin
treated rats; however, Sertoli cells are actively
proliferating and associated with Sertoli cell sloughing
in Sertoli cell Cx43-KO mouse testes. In an attempt to
better understand the functional relationship between
Cx43, BTB integrity and the onset of meiosis, Cx43 is
overexpressed in adjudin-treated rats vs. rats treated with
adjudin alone or overexpressed with the empty
mammalian transfection vector to assess changes in BTB
integrity and the initiation of meiosis in these rats (Li et
al., 2016). It is noted that overexpression of Cx43
reboots spermatogenesis, in which spermatogonia
differentiate into spermatocytes, and meiosis also takes
place since round spermatids are found in a considerable
number of tubules in rats treated with an acute dose of
adjudin (Li et al., 2016). More importantly, testes having
overexpressed Cx43 display corrective expression of
actin barbed end capping and bundling protein Eps8 and
also actin nucleation protein formin 1, which in turn re-
establishes the disrupted F-actin network in the
seminiferous epithelium of adjudin treated rats. These
changes are associated with recruitment of TJ- (e.g.,
occludin, ZO-1) and basal ES- (e.g., N-cadherin, γ-
catenin) proteins to the BTB site, which in turn reseals
the disrupted BTB caused by adjudin treatment, making
the BTB functional again (Li et al., 2016). These
changes thus support re-initiation of spermatogenesis.
However, round spermatids fail to develop further into
elongating and elongated spermatids (Li et al., 2016),
illustrating that overexpression of Cx43 alone is not
sufficient to support the full spectrum of cellular events
of spermatogenesis following an acute dose of adjudin.
In this study, however, it is not known whether the
mTORC2 signaling pathway is involved. Nonetheless,
these findings support the notion that Cx43-based GJ
function is crucial to support spermatogenesis,
illustrating that the loss of GJ function following Rictor
knockdown that impedes mTORC2 signaling can impair
multiple cellular events pertinent to spermatogenesis. 
Concluding remarks and future perspectives

mTORC1 and mTORC2 are two signaling
complexes that have recently been shown to play
contrasting roles in modulating the Sertoli cell BTB
function based on studies in vitro and in vivo. For
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instance, activation of mTORC1 promotes BTB
remodeling/restructuring by making the barrier “leaky”,
whereas mTORC2 promotes BTB integrity by making
the barrier tighter. Furthermore, mTORC2 inactivation
following Rictor knockdown by RNAi also impedes GJ-
mediated cell-cell communication, illustrating activation
of mTORC2 promotes Cx43-based GJ function in the
testis. Since a number of chemical signals can be
transported across the GJ-based communication
channels, including small regulatory miRNAs (Suzhi et
al., 2015; Valiunas et al., 2015) (for a review, see (Higa
et al., 2014)). Indeed, studies have shown that both
Sertoli and germ cells express large numbers of
endogenous siRNAs (Song et al., 2009, 2011). Thus,
miRNAs found in these cells can be transported actively
between them to tightly regulate the timely expression of
genes and/or sets of genes to modulate cellular changes
in response to the epithelial cycle of spermatogenesis,
such as the cellular events pertinent to BTB restructuring
to facilitate the transport of preleptotene spermatocytes
across the immunological barrier. Work is needed to
better understand the mechanism(s) by which mTORC1
vs. mTORC2 exert their regulatory effects via actin
microfilament organization. For instance, does this
involve cap-mediated translation? Does this involve the
truncated Cx43 isoforms to auto-regulate Cx43
trafficking? It is likely that cap-mediated translation can
affect the spatiotemporal expression of actin binding
proteins such as the Arp2/3 complex, Eps8, and formin
1, which in turn modulate the organization of actin
microfilament bundles at the basal ES/BTB.
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