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Abstract: Few papers have focused on small guanosine triphosphate (GTP)-binding proteins and
their regulation during spermatogenesis. TBC1D21 genes (also known as male germ cell RAB
GTPase-activating protein MGCRABGAP) are related to sterility, as determined through cDNA
microarray testing of human testicular tissues exhibiting spermatogenic defects. TBC1D21 is a protein
specifically expressed in the testes that exhibits specific localizations of elongating and elongated
spermatids during mammalian spermiogenesis. Furthermore, through co-immunoprecipitation
(co-IP) and nano liquid chromatography—-tandem mass spectrometry (nano LC-MS/MS), Rap1 has
been recognized as a potential TBC1D21 interactor. This study determined the possible roles of
Rapl and TBC1D21 during mammalian spermiogenesis. First, the binding ability between Rap1
and TBC1D21 was verified using co-IP. Second, the stronger signals of Rap1 expressed in elongating
and elongated murine spermatids extracted from testicular sections, namely spermatogonia,
spermatocytes, and round spermatids, were compared. Third, Rapl and TBC1D21 exhibited
similar localizations at postacrosomal regions of spermatids and at the midpieces of mature sperms,
through isolated male germ cells. Fourth, the results of an activating Rap1 pull-down assay indicated
that TBC1D21 overexpression inactivates Rap1 activity in cell models. In conclusion, TBC1D21 may
interact with and potentially regulate Rap1 during murine spermatogenesis.

Keywords: Rap1l; TBC1D21; spermatids; male infertility

1. Introduction

1.1. Small Guanosine Triphosphate-Binding Proteins and GTPase-Activating Proteins

GTPase-activating proteins (GAPs) and guanine nucleotide exchange factors (GEFs) regulate
the biological status of small guanosine triphosphate (GTP)-binding proteins [1,2]. GAPs activate
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the GTPase domains of small GTP-binding proteins to enable transitions from the GTP-bound
active forms to the guanosine diphosphate (GDP)-bound inactive forms. For small GTP-binding
proteins, GEFs stimulate GDP-for-GTP exchanges. The guanine nucleotide dissociation inhibitors
bind to the small GTP-binding protein to prevent the nucleotide exchange of GDP-bound inactive
forms. Furthermore, the group of small GTP-binding proteins contains more than 100 members,
such as Ras, Rho, Ran, Rab, Rap, Ral, and Rhe [3]. Small GTP-binding proteins regulate almost all
aspects of cellular functions, including proliferation, survival, apoptosis, cytoskeleton modulation,
cell polarity, intracellular vesicular traffic and secretion, contact with neighboring cells, and contact
with extracellular matrices. [3,4]. Dysregulated small GTP-binding and its regulators are involved in
several diseases, such as cancer, endocrine diseases, and reproductive diseases [5,6].

1.2. Identification and Characterization of a Novel GTPase-Activating Protein: TBC1D21

We previously identified a novel sterility-related GAP gene through cDNA microarray;,
which compared testicular tissues from human fertile and Sertoli-cell-only syndrome cases [7].
The novel GAP contains a conserved RabGAP catalytic domain, Tre2/Bub2/Cdc16 (TBC). This GAP is
specifically expressed in post-meiotic male germ cells. It localizes particularly at the peri-acrosomal
and manchette regions of elongating and elongated spermatids and at the tail regions of
mature spermatozoa [8]. Furthermore, its GTPase-activating activity was demonstrated using a
GTPase-activating assay [9]. We identified Rab10, Rab5C, Rab1A, and Rapl as its potential interactors
and substrates through co-immunoprecipitation (co-IP) and nano liquid chromatography—tandem
mass spectrometry (nano LC-MS/MS) [9]. On the basis of its specific expression in male germ cells
during murine and human spermiogenesis, as well as its potential Rab-specific function, it also has
been named previously as male germ cell Rab GTPase-Activating protein (MGCRABGAP) [8].

1.3. Rap1 Function in Male Reproduction

Rapl is a small GTPase protein involved in controlling different cellular processes, including
proliferation, differentiation, apoptosis prevention, and cell adhesion [10]. Rap1 has recently been
implicated in the proper proliferation and differentiation of testicular germ cells and the release
of mature sperm from Sertoli cells [11-13]. In mice, overexpression of inactive Rapl mutant
resulted in (1) decreased sperm number and motility, (2) underdeveloped male germ cells released
prematurely from the supporting Sertoli cells, and (3) a high percentage of sperm with abnormal head
morphology [14]. Abnormal sperm heads and spermiation seem to be caused by apical spermatids that
destabilize Sertoli cells [15,16]. In a clinical study, Yang et al., reported that Rap1 transcripts isolated
from human azoospermic testes are significantly upregulated relative to controls [17]. These results
suggest that Rap1 genes are potentially associated with sterility-related genes.

In this study, we determined the possible interactions and regulation of TBC1D21 and Rap1l
during murine spermiogenesis.

2. Results

2.1. TBC1D21 Interacts with Rap1 in NTERA-2 cl.D1 Cells

In our previous study, we identified several small G proteins as possible TBC1D21 interactors
through co-immunoprecipitation (co-IP) and nano LC-MS/MS [9]. Rapl is an interactor of TBC1D21.
Two Rap1 peptides have been identified (Figure 1A,B). Moreover, Rapl was strongly expressed in
NTERA-2 c1.D1 (NT2D1) cells, a pluripotent human testicular embryonal carcinoma cell line (Figure 1C).
To confirm that TBC1D21 interacts with Rap1, co-IP was performed. The co-IP and immunoblotting (IB)
results in Figure 2 confirm that TBC1D21 interacts with Rap1: The lysates of cells co-transfected with
the pFLAG-TBC1D21 and pEGFP-Rap1 plasmids were co-immunoprecipitated and immunoblotted
using anti-FLAG (Figure 2, upper panel) and anti-GFP (Figure 2, bottom panel) antibodies.
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Figure 1. Identification of interactors of TBC1D21 through co-immunoprecipitation (co-IP) and nano
LC-MS/MS. (A,B) Tandem mass spectrometry (MS/MS) spectrum of the tryptic peptides of Rap1:
SALTVQFVQGIFVEK and NGQGFALVYSITAQSTFENDLQDLR. (C) Immunoblotting (IB) of NTERA-2
cl.D1 (NT2D1) cell lysates with the anti-Rap1 and anti-f-actin antibodies.
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Figure 2. TBC1D21 interacts and with Rap1. The co-IP of FLAG-TBC1D21 with Rap1-GFP. The lysates
of NTERA-2 cl.D1 (NT2D1) cells transfected with pEGFP-Rap1, and a pFLAG-TBC1D21 vector was
subjected to immunoprecipitation with an anti-FLAG antibody (Lane 3) or a nonspecific control IgG
(Lane 2), followed by IB with the anti-FLAG antibody (top panel) or anti-Green fluorescent protein
(GFP)antibody (bottom panel). An input protein (5%; Lane 1) was used as a control during IB.
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2.2. Expression Patterns of Rap1 during Murine Spermatogenesis

To determine the expression patterns of Rap1 transcripts during the different developmental stages,
testicular tissues were retrieved from mice on different postnatal days. In the mouse testes, male germ
cell populations within the seminiferous tubules develop into different stages on specific postnatal days
(days 1-5: spermatogonia; day 10: primary spermatocytes; day 15: pachytene spermatocytes; day 20:
round spermatids; day 35: elongating spermatids; days 80: mature spermatozoa) [18]. The reverse
transcription polymerase chain reaction (RT-PCR) results (Figure 3A) indicated that Tbc1d21 transcripts
were expressed in murine testes from postnatal day 35. Rapl transcripts appear from day 1 to
day 80 of the murine spermatogenesis process. Rap1 localization during murine spermatogenesis
was determined through immunofluorescence (IF) assays on the testicular sections. We discovered
that Rapl was slightly expressed around the spermatogonia, spermatocytes, and round spermatids
(Figure 3B, yellow arrowhead). The high-intensity signals for Rap1l were localized around the heads
of elongating spermatids (Figure 3Bc; white arrows). The results indicated that Rap1 is involved in
murine spermatogenesis.
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Figure 3. Expression patterns of Rapl during murine spermatogenesis. (A) Expression patterns of Rap1
and Thc1d21 transcripts in the mouse testes of different postnatal days, determined by RT-PCR. Gapdh
was the loading control. (B) Localization of Rap1 in testicular sections of an adult (80 days old) mouse,
as determined through an immunofluorescence (IF) assay. Anti-Rap1 (a—c) or mouse IgG (d) antibodies
(red); acrosomal marker (green; b,c); 4',6-diamidino-2-phenylindole (DAPI) (blue; a, ¢, and d); merging
of Rap1 and DAPI (a); merging Rap1 and acrosomal marker (b); merging of Rap1, acrosomal marker,
and DAPI (c); merging of mouse IgG control, acrosomal marker, and DAPI (d). Scale bar: 20 pm.
The discontinuous white line marks the edge of the seminiferous tubules within the murine testicular
tissue. Yellow arrowheads: Rapl signals in spermatogonia, spermatocytes, and round spermatids;
White arrows: Rap1 signals around the heads of elongating spermatids.
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2.3. Dynamic Localization of Rap1 and TBC1D21 during Murine Spermiogenesis

To precisely elucidate Rapl localization during murine spermiogenesis, testicular germ cell
populations and mature spermatozoa were isolated and subjected to IF staining. In addition,
dissected sperm heads were used to declare the different developmental stages of spermatids through
4’ 6-diamidino-2-phenylindole (DAPI) staining. During the elongation phase, weak Rap1 signals were
noted around sperm heads (Figure 4A) of the elongating spermatids, and concentrated around the
postacrosomal regions of the elongated spermatids (Figure 4B,C). In mature spermatozoa, Rap1 signals
were localized under the perinuclear region and midpiece (Figure 4D). TBC1D21 exhibited patterns of
distribution highly similar to those of Rap1 (Figure 5).

Merge

Figure 4. Rap1 signals showed multiple localizations during murine spermiogenesis. From left to
right: bright field (BF), DAPI staining (blue), and Rap1 signal (green), as well as the merging of Rap1
and DAPI at early elongation (A), late elongation (B), early elongated spermatids (C), and mature
sperm (D). Arrows indicate Rap1 signals. Scale bar: 5 pm.

Figure 5. TBC1D21 signals showed multiple localizations during murine spermiogenesis. From left to
right: Bright field (BF), DAPI staining (blue), and TBC1D21 signal (green), as well as the merging of
TBC1D21 and DAPI at early elongation (A) and late elongation (B), early elongated spermatids (C),
and mature sperm (D). Arrows indicate TBC1D21 signals. Scale bar: 5 pm.
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2.4. Rap1 Is Regulated by TBC1D21

To confirm the GTPase-activating effects of TBC1D21 on Rapl1, the pull-down process for activating
Rap1 was applied in NT2D1 cells. To induce Rap1 activation, a membrane-permeable GTP analog,
8-pCPT-2'-O-Me-cAMP (8-pCPT), was used in this assay, as reported previously [12,13,19]. In the
experimental group, the 8-pCPT induction increased activated Rap1 levels (Figure 6A,B, Lane 2)
compared with the controls (Figure 6A,B, Lane 1). In the overexpressed TBC1D21 group, Rap1 signals
lost the inducing effects in Lane 4 relative to Lane 3 (Figure 6A,B). Figure 6 indicates that TBC1D21
may have inactivated Rap1 activity in the cell.
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Figure 6. TBC1D21 regulates Rap1 activity. (A,B) NT2D1 cells were transfected with pFLAG-empty
(Lanes 1 and 2) or pFLAG-Tbc1d21 (Lanes 3 and 4). Cell lysates were subjected to Rap1 activation
through treatment with 8-pCPT-2'-O-Me-cAMP (8-pCPT) (Lanes 2 and 4) or mock treatment
(Lanes 1 and 3). Following IB with the anti-Rap1 antibody (upper panel), activated Rap1 was incubated

with the Glutathione S-transferases (GST)-Rap-binding domain, and then pulled down using anti-GST
antibodies. An equal amount of cell lysates were immunoblotted with the anti-Rap1 antibody as a
control. “+”: add 8-pCPT; “—": absent 8-pCPT.

3. Discussion

In this study, we characterized Rap1 as a substrate of TBC1D21 through co-IP and an activated
Rap1 pull-down assay. We also determined the spatiotemporal expression and localization of Rap1
through isolation of murine male germ cells during mammalian spermiogenesis. On the basis of
these results, we suggest that TBC1D21 potentially interacts with and may regulate Rap1 in the testes,
and this may play a role in spermatogenesis.

3.1. TBC1D21 Regulates Rabs and Other Small GTPases

In humans and mice, more than 42 proteins contain conserved RabGAP domains, the catalytic
domains of Tre2/Bub2/Cdcl6 (TBC) [2,20]. Over the past 10 years, accumulating evidence has
indicated that RabGAPs act as dominant regulatory nodes, involved in integrating signaling between
Rabs and other small GTPases [20,21]. For instance, USP6/TRE17 is a RabGAP that interacts with



Int. ]. Mol. Sci. 2018, 19, 3292 7 of 10

Arf6 GEFs to facilitate the movement of Arf6 to the plasma membrane [22]. Similarly, TBC1D3 also
joins an Arf6-dependent pathway in macropinocytosis [23]. Furthermore, TBC1D2A is an effector of
Racl, and TBC1D10C exhibits Ras-GAP activity [24,25]. We previously identified TBC1D21 interactors
and proved that one of them, Rab10, is involved in the formation of the manchette structure during
sperm head formation [9]. In the present study, we determined that TBC1D21 may interact with and
regulate Rapl.

3.2. Molecular and Cellular Functions of Rap1 during Mammalian Spermatogenesis

Rapl was initially found in mouse spermatids; it forms complexes with B-Raf/14-3-3 ¢
complexes [11]. It was also proven that Rapl is expressed at murine spermatocytes [13,26].
Aivatiadou et al. generated transgenic mice with a Rapl-inactivated mutation to discover possible
Rap1 functions. The immature germ cells in the mutated mice were collapsed from Sertoli cells and
exhibited heads with abnormal morphology [14]. Berruti claimed that Rap1 regulates spermiation
in apical ectoplasmic cases; this was presumed to operate through Cdc42/actin, Cdc42/Par-JamC,
or Afadin/Nectin-3 complexes [16]. However, whether or not Rapl1 is involved in differentiating
spermatids is still unknown. In this study, we found that Rap1 localizes the multiplex signals during
the formation of sperm heads and sperm tails (Figure 3). It provides another possible explanation of
the causes of abnormal sperm heads in Rapl-mutated mice.

3.3. GTPase-Activating Proteins and Other Small GTPases during Mammalian Spermiogenesis

The enzymatic functions of Rap1 are regulated by GEFs and GAPs. Several GEFs (e.g., EPAC, C3G,
PDZ-GEFs, CalDAGs, and RapGEF6) have been indicated as activating Rap1 for GTP forms in different
cells [12,27-31]. Two of them, EPAC and RapGEF6, are involved in male germ cells [13,30]. EPAC
(exchange protein directly activated by cAMP) is colocalized with Rap1 within murine spermatocytes
and round spermatids. It also promotes Rap1 activation in cultured cells [13]. Knockout of another
GEF, RapGEF6, results in male infertility, and accounts for reduced testis size as well as reduced
sperm count and motility. Moreover, the knockout also produces high percentages of morphologically
abnormal sperm [30]. Several GAPs are involved in the inactivation of Rapl in non-germ cell lines
(e.g., Rap1-GAP1, Rapl-GAP2, Spal, and SPAR1,2,3) [27]. However, investigational evidence for
Rap1-GAPs in the testis has not been reported thus far; for the first time, we propose that TBC1D21
potentially regulates Rap1.

3.4. TBC1D21 and Rap1 in Male Infertility

Infertility affects approximately 10% of couples globally; of these, approximately 30% are
infertile because of male infertility [32,33]. Male infertility is a complex condition, including
anatomical pathologies, environmental exposure, and genetic deficiency. However, the genetic
and molecular pathological mechanisms are generally unknown [32]. A clinical study, including
hypospermatogenesis, maturation arrest, and Sertoli-cell-only cases, reports that TBC1D21 transcript
levels in testicular tissue are lower in infertile men than in fertile men [8]. However, RapIA mRNA
expression is higher in the testicular tissues of men with hypospermatogenesis and maturation arrest
than in that of fertile men [17]. Thus, infertile men have decreased TBC1D21 expression but increased
Rap1A expression—a negative correlation. This may indicate the loss of TBC1D21 expression after
increase in Rap1 levels. However, further research on this is warranted.

4. Materials and Methods

4.1. Liquid Chromatography—Tandem Mass Spectrometry, Co-Immunoprecipitation, and Immunoblotting

Identification of TBC1D21 interactors was performed through co-IP and following LC-MS/MS,
as described previously [9,10]. To test whether TBC1D21 was actually binding with Rap1, co-IP analysis
and IB were performed. NT2D1 cells were co-transfected with pFLAG-TBC1D21 and pEGFP-RAP1
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plasmids by using Lipofectamine 3000 reagent (Cat No. 1816988; Invitogene, Waltham, MA, USA).
Cell lysate (4 mg in 1 mL) was prepared and mixed with protein A /G beads (Santa Cruz Biotechnology
Inc., Santa Cruz, CA, USA) for 1 h at 4 °C on a rotator (15 rpm). Next, the clear supernatant was
isolated through centrifugation at 1000x g for 30 s at 4 °C; it was mixed overnight with control
immunoglobulin G and an anti-FLAG antibody (Cat No. F1804; Sigma-Aldrich, St. Louis, MO, USA)
at 4 °C on a rotator (15 rpm). The immunoprecipitated samples were collected through centrifugation
(1000x g for 1 h at 4 °C) and washed twice with phosphate-buffered saline. Subsequently, IB was
performed using anti-FLAG (Cat No. F1804; Sigma-Aldrich, St. Louis, MO, USA) and anti-EGFP
antibodies (Cat No. ab290; Abcam, Cambridge, MA, USA). This was followed by immunoblotting
with a secondary antibody conjugated with horseradish peroxidase (HRP), after which samples were
exposed on an X-ray film.

4.2. Real-Time Polymerase Chain Reaction

Total RNA was extracted from mice testes on postnatal day 1, day 5, day 10, day 15, day 20,
day 35, and day 80 and above (adult mice). The conditions for real-time polymerase chain reaction
(RT-PCR) and how product detection was performed were described in our previous publication [8].
The primer pairs used were MgcRabGAP (F': ctgectgegtggtttattet; R': gcaggtgtecattgtgagtg) and Rapl
(F': ccagtggaaaagaagaagcecta; R': gaatgetggeactttccaat).

4.3. Rap1 Pull-Down Assay

NT2D1 cells were transfected with pFLAG-empty or pFLAG-TBC1D21 plasmids by using
transfection reagents. After 48 h, the cell lysates were incubated with 200 uM 8-pCPT for 10 min
to activate Rap1l. The mixtures were incubated with a GS5T-Rap-binding domain and then pulled
down to activate Rap1 through anti-GST antibodies; the mixtures were subsequently activated for
IB with anti-Rapl antibodies. All steps were performed according to the manufacturer protocols.
The experiment used an Active Rap1 Pull-Down and Detection Kit (Cat No.: 16120; Sigma-Aldrich,
St. Louis, MO, USA). Equal amounts of cell lysates were analyzed through IB with an anti-Rapl
antibody to normalize the total Rap1 content.

4.4. Isolated Testicular Germ Cells and Immunofluorescence Assay

The mouse studies were approved by the Institutional Animal Care and Use Committee of Fu Jen
Catholic University (A10180, 1 May 2013). Testes of adult C57BL/6 male mice were isolated. Male germ
cells were separated using various centrifugal forces, based on the densities of different types of germ
cells; the protocol was modified from a previous protocol [34,35]. After decapsulation of murine testis,
the seminiferous tubules were broken down in a DMEM/F12 medium. The mixture was augmented
with 1 mg/mL trypsin, 0.75 mg/mL collagenase, 5 pg/mL DNAase I, 1x protease inhibitor cocktail
(Sigma-Aldrich, Shanghai, China), and 1x antibiotics (Invitrogen, Waltham, MA, USA), and was then
incubated for 1.5 h at 37 °C under shaking at 140 rpm. To exclude any undigested tissue, these mixtures
were filtered through 35-uM nylon filters. Four types of the suspension solutions were collected after
centrifugation at 700, 400, 200, and 100 x g. Finally, the cell pellets were collected from these suspensions
after centrifugation at 3000 g; the cell pellets were spread on a slide. Mature spermatozoa were
collected from the vas deferens of adult male mice. The current IF assay protocols were identical to
those of our previous studies [8]. Both anti-MGCRABGAP (Cat No. ab119060; Abcam, Cambridge,
MA, USA), and anti-RAP1 (Cat No.: ab175329; Abcam, Cambridge, MA, USA) were used for double
staining. Lectin peanut agglutinin conjugated to Alexa Fluor 568 (Invitrogen, Waltham, MA, USA) was
used to locate the acrosomes of the male germ cells, whereas DAPI was used to stain the nuclei.

5. Conclusions

For the first time, we suggest that TBC1D21 may interact with and regulate Rap1, and that Rap1
may be involved in mouse spermatogenesis.
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