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Abstract: Membrane trafficking in male germ cells contributes to their development via cell 
morphological changes and acrosome formation. TBC family proteins work as Rab GTPase accelerating 
proteins (GAPs), which negatively regulate Rab proteins, to mediate membrane trafficking. In this 
study, we analyzed the expression of a Rab GAP, TBC1D9, in mouse organs and the intracellular 
localization of the gene products. Tbc1d9 showed abundant expression in adult mice testis. We found 
that the Tbc1d9 mRNA was expressed in primary and secondary spermatocytes, and that the TBC1D9 
protein was expressed in spermatocytes and round spermatids. In 293T cells, TBC1D9-GFP proteins 
were localized in the endosome and Golgi apparatus. Compartments that were positive for the 
constitutive active mutants of Rab7 and Rab9 were also positive for TBC1D9 isoform 1. In addition, 
TBC1D9 proteins were associated with Rab7 and Rab9, respectively. These results indicate that 
TBC1D9 is expressed mainly in spermatocytes, and suggest that TBC1D9 regulates membrane 
trafficking pathways related to Rab9- or Rab7-positive vesicles.
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Introduction

spermatogenesis is a complex process involving male 
germ cell division and differentiation, starting from pri-
mordial germ cells. The primordial germ cell differenti-
ates into spermatogonium, followed by primary sper-
matocytes, secondary spermatocytes, spermatids and 
sperm. This process involves a number of important 
events such as stem cell differentiation, spermatogonium 
division, meiosis, and haploid spermatids differentiation 
and maturation into the sperm accompanying with mor-
phogenesis [9].

Membrane trafficking has a number of important and 
diverse roles in cell physiology. rab gTPases are known 

to control the process of membrane trafficking, such as 
sorting, formation, motility, docking and fusion of trans-
port-vesicles [35]. These rab proteins are regulated by 
three factors; guanine nucleotide exchange factor (geF), 
gTPase accelerating proteins (gaPs) and gDP dissocia-
tion inhibitor. rabs are converted to a gTP-bound “ac-
tive” state by specific GEF [10, 25]. In contrast, GAPs 
bind to the rab to catalyze the hydrolysis of bound gTP 
to gDP and, thereby, convert the rab back to its gDP-
bound “inactive” state [10, 25]. In addition, Rab GAP 
proteins contain conserved TBc (Tre2/Bub2/cdc16) 
domains that confer GAP activity [10]. The TBC domain 
contains two highly conserved amino acid residues, ar-
ginine and glutamine, which promote gTP hydrolysis [3, 
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24]. rab gaPs are essentially implicated in the spatial 
and temporal dynamics of the cellular endomembrane 
system by regulating rab proteins [3]. Thus, rab proteins 
work as molecular switches that oscillate between gTP- 
and gDP-bound conformations, and this on/off regula-
tory function is restricted to the membrane compartments 
in which they are localized [37].

Membrane trafficking via rab protein is widely ob-
served in spermatogenesis: for example, cytokinesis [19, 
27, 28], acrosome biogenesis [20, 30] and junction dy-
namics [14, 21]. However, although some TBc domain 
family proteins, such as TBc1D7 and TBc1D21 (also 
known as mgcrabgaP), were abundantly observed in 
the testis [15, 33], levels of rab gaPs in spermatogen-
esis were reported to be much lower than their target 
proteins rabs. Here we focused on a novel rab gaP 
gene, Tbc1d9, which is abundantly expressed in the 
mouse testis and localized in the rab9- or rab7-positive 
late endosome. These observations suggest that TBc1D9 
is associated in spermatogenesis via regulation of the 
late-endosome, particularly the rab9- and/or rab7-
positive vesicle, trafficking pathway.

Materials and Methods

Animals
C57BL/6J mice were maintained in the animal breed-

ing rooms in the school of Veterinary medicine, Tottori 
university. animal breeding rooms were kept at 23 ± 
2°C and 50 ± 10% relative humidity with a 12 h light-
dark cycle. research was conducted according to the 
Guidelines for the Care and Use of Laboratory Animals 
of Tottori university. The experimental protocols were 
approved by the institutional animal care and use com-
mittee of Tottori university.

Reverse transcription-PCR (RT-PCR)
Total rNa from various organs in 8-week-old mice 

was isolated using Trizol reagent (Life Technologies, 
carlsbad, ca, usa). reverse transcription was per-
formed with 1 µg total rNa, super-script iii reverse 
transcriptase (Life Technologies), and an oligo dT prim-
er, according to the manufacturer’s recommended pro-
tocol. ExTaq (TaKaRa Bio Inc., Shiga, Japan) was used 
for rT-Pcr. Primer sequences are shown in Table 1.

In situ hybridization
The detailed procedure for in situ hybridization was 

previously described [22]. Two non-overlapping 45-mer 
antisense oligonucleotide DNa probes for each mrNa 
were designed to be complementary to the following 
sequences: 5′-TCTGCTCTGAAACGTGATCTGGAT-
GCCAGAGCGAAGAGCGAGCGA-3′ [1561–1605 of 
mouse Tbc1d9, isoform 1 (NM_001111304)], and 
5 ′ -TCCTGTGATCAAGATGAGCCTGACTCC -
GCCTTTGAAGCCA-3′ [3541–3580 of mouse Tbc1d9, 
isoform 1 and 2842–2880 of mouse Tbc1d9, isoform 2 
(NM_027758)]. Frozen sections from adult mice testes, 
14-µm-thick, were fixed and hybridized with a hybridiza-
tion buffer containing 33P-labeled probes (10,000 cpm/
ml). The hybridized sections were rinsed and dipped in 
an autoradiographic emulsion (NTB-2; kodak, roches-
ter, NY, usa) at 4°c for 8 weeks. The hybridized sec-
tions were counterstained with hematoxylin after devel-
opment. an in situ hybridization technique using the two 
non-overlapping antisense probes exhibited identical 
labeling in all the tissues examined. The specificity of 
the hybridization was also confirmed by the disappear-
ance of signals upon the addition of an excess of an 
unlabeled antisense probe.

Immunohistochemistry
Testes from 8-week-old mice were fixed in Bouin’s 

solution, dehydrated, and embedded in paraffin blocks. 
sections were then deparaffinized, rehydrated, and 
heated at 95°C in 1 mM EDTA (pH 6.0) for 45 min, and 
washed 3 times with PBS containing 0.1% Tween 20 
(PBS-T). The sections were then treated with 0.45% 
hydrogen peroxide in absolute methanol at 4°C for 30 
min. The sections were washed with PBs-T and incu-
bated with anti-human TBC1D9 antibody (1:100 in dilu-
tion; Sigma-Aldrich, St. Louis, MO, USA), which rec-
ognizes both isoforms 1 (amino acid 902–1007) and 2 
(amino acid 669–774), or anti-mouse TBC1D9 antiserum 
(1:500 in dilution; Kazusa DNA Research Institute, 
Chiba, Japan), which only recognizes isoform 1 (amino 
acid 193–361), for 60 min at room temperature. After 
washing with PBs-T, the sections were immunostained 
using an Dako eNVisioN kit HrP (Dako, glostrup, 
Denmark) according to the manufacturer’s recommend-
ed protocol. sections were counterstained with haema-
toxylin, dehydrated, cleaned and mounted. Preimmune 
rabbit IgG (Vector Laboratories, Inc., Burlingame, CA, 
usa) or rabbit serum were used as the negative control 
of the primary antibody.
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Plasmid construction
mouse cDNa clones of Tbc1d9 isoform 1 (FaNTom 

clone ID: 6330501J07) and isoform 2 (FANTOM clone 
ID: C230095G18) were purchased from Dnaform 
(Kanagawa, Japan). These cDNAs were recloned into a 
gFP-fused expression plasmid, pegFP-c1 (clontech, 
mountain View, ca, usa). organelle marker plasmids 
were cloned as follows. as a lysosome marker, mouse 
Lamp1 cDNA (Accession no. NM_010684) [5]; and as a 
golgi apparatus marker, cDNa corresponding with amino 
acid 1–88 of human β1,4-galactosyltransferase 
(NM_001497) [16] were cloned into a RFP-fused expres-
sion plasmid, pTagrFP-N (enrogen, moscow, russia). as 
an endosome marker, mouse Rhob cDNA (NM_007483) 
[1] was cloned into a plasmid, pTagrFP-c (enrogen). as 
an endoplasmic reticulum (er) maker, cDNa of the signal 
sequence from human Calreticulin (NM_007591), RFP 
and the carboxyl terminal KDEL sequence [32] were 

cloned into an expression plasmid, pcl-neo (Promega, 
madison, wi, us). The cDNa fragments of wild-type 
Rab5, Rab7, Rab9, Rab11, and Rutbc2 of the mouse were 
amplified by RT-PCR using the primers shown in Table 1. 
The cDNa fragments of constitutively active mutants of 
Rab7 [Rab7 (Q67L)] and Rab9 [Rab9 (Q66L)] [17, 23] 
were amplified by overlapping PCR using the primers 
shown in Table 1. These cDNa fragments were cloned 
into pTagrFP-c, and Rutbc2 cDNa was cloned into 
pegFP-c1. The cDNas of wild-type rab7, rab9 and 
Rab9 (Q66L) were also cloned into a FLAG-tagged protein 
expression vector, p3×FLAG-Myc-CMV (Sigma-Aldrich).

Cell culture, transfection and confocal fluorescence 
microscopy analysis

The 293T cells were cultured in Dmem (sigma-al-
drich) containing 10% fetal bovine serum (Life Tech-
nologies) and 1% penicillin/streptomycin solution (Na-

Table 1. Primer sequences

gene and  
type of use

Primer sequences (5’–3’) Product size 
(bp) Position reference

Forward reverse

Tbc1d9 isoform 1 
and 2, rT-Pcr 

TcaagaTgagccT-
gacTccgcc

TacgcaccaggacTgT-
gTccTc

743 3549-4291 
(isoform 1)
2850-3592 
(isoform 2)

NM_001111304 
(isoform 1)

NM_027758  
(isoform 2)

Gapdh, rT-Pcr agTcggagTgaacg-
gaTTTgg

agTTgTcaTggaT-
gaccTTgg

488 249-736 NM_008084 

Rab5, cloning for 
rFP-fusion protein

aagcTTcgaTggcTa-
aTcgaggagc

TcagTTacTacaa-
cacTggcTTc

656 468-1115 NM_025887 

Rab7, cloning for 
rFP-fusion protein

cTcgagcTaTgaccTc-
TaggaagaaagTg

gTcgacTcaacaacTg-
cagcTTTcTgcgg

638 1-624 NM_009005

Rab9, cloning for 
rFP-fusion protein

cTcgagcTaTggcag-
gaaaaTcgTcTcT

TcaacagcaagaT-
gagTTTg

614 387-992 NM_019773 

Rab11, cloning for 
rFP-fusion protein

aagcTTc-
gaTgggcacccgcgac-
gacg

TTagaTgTTcTgacag-
cacTgc

659 134-784 NM_017382

Rab7, site-directed 
mutagenesis

Tgggacacagccg-
gTcTggaacgg

ccgTTccagaccggcT-
gTgTccca

(184-207) NM_009005

Rab9, site-directed 
mutagenesis

TgggacacagcTg-
gccTggaacgc

gcgTTccaggccagcT-
gTgTccca

(567-590) NM_019773 

Rab7, cloning for 
FLAG-fusion protein

aagcTTaTgaccTc-
Taggaagaaa

ggTaccTcaacaacTg-
cagcTTTc

630 1-624 NM_009005

Rab9, cloning for 
FLAG-fusion protein

gcggccgcgaTg-
gcaggaaaaTcgTcT

ggaTccTcaacagcaa-
gaTgagTT

621 387-992 NM_019773 

Rutbc2, cloning for 
gFP-fusion protein

cTcgaggccaccaTg-
gcTTcggTcccTgcg-
gaggccga

aagcTTcTTgTTcT-
caaTTagaaTcTgcacc

3297 95-3373 Nm_172718
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calai Tesque, Kyoto, Japan). Transfection using 
expression plasmids was performed with Lipofectamine 
2000 reagent (Life Technologies).

Fluorescence in the cells were observed and quantified 
by confocal fluorescence microscopy (FLUOVIEW 
FV10i, OLYMPUS, Tokyo, Japan) according to manu-
facturer’s instructions. co-localization analysis was 
performed as follows. Fluorescent images of the cells 
were obtained from confocal fluorescence microscopy, 
and the intensity of the fluorescence from GFP and RFP 
was measured from each pixel in the image. The pixels 
in which the fluorescent intensity was higher than the 
background were counted, and then categorized as gFP-
positive/rFP-positive, gFP-positive/rFP-negative, or 
gFP-negative/rFP-positive. The percentage of co-local-
ized (gFP-positive/rFP-positive) pixels and non co-
localized (gFP-positive/rFP-negative and gFP-nega-
tive/RFP-positive) pixels to the total fluorescent pixels 
was the calculated. Values are means ± sem calculated 
from 5 images from independent visual fields.

Immunoprecipitation
The TBc1D9-gFP expression vector, ruTBc2-gFP 

expression vector, 3×FLAG-Rab7, 3×FLAG-Rab9 and 
3×FLAG-Rab9 (Q67L) expression vectors were trans-
fected in 293T cells. at 1 d post-transfection, the cells 
were lysed by cell lysis buffer as previously described 
[23]. Three hundred µg of cellular protein was incu-
bated with anti-FLAG antibody (Sigma-Aldrich) for 1 h 
at 4°c, and precipitated for 1 h at 4°c with pre-cleared 
Protein a sepharose (ge-Healthcare). Pellets were 
washed in Tris-buffered saline and used for sDs-Page. 
immunoblotting was performed using anti-gFP antibody 
(Nacalai Tesque). Twenty µg of cellular protein was also 
immunoblotted using antibodies against GFP and FLAG.

Statistics
statistical analyses were performed by unpaired t-test 

with welch’s correction using graphPad Prism 6 soft-
ware (GraphPad software, La Jolla, CA, USA).

Results

Tbc1d9 expression in mouse organs
The expression of rab gaP genes in mice spermato-

cytes or spermatids was surveyed by screening spermato-
genesis-related genes in the gene expression omnibus 
(GEO) database (GDS2390). This survey identified one 

rab gaP gene, TBc family member number 9 (Tbc1d9), 
which was expected to be expressed abundantly in sper-
matocytes and spermatids. The murine Tbc1d9 gene has 
two alternative splicing variants: Tbc1d9 isoform 1 
(NM_001111304) contains two GRAM (glucosyltrans-
ferases, rab-like gTPase activators and myotubularins) 
domains and one TBc domain, whereas Tbc1d9 isoform 
2 (NM_027758) is a short form that contains only the 
TBc domain (Fig. 1a).

we examined the mrNa expression level of Tbc1d9 
in mouse organs by rT-Pcr. Fig. 1b shows mrNa ex-
pression in mouse organs analyzed by rT-Pcr. when 
the set of primers for both isoforms (see Fig. 1a) was 
used, cDNA was more abundantly amplified in the testis 
than in other organs.

TBC1D9 expression in the mouse testis
we next examined the mrNa expression of Tbc1d9 

in the mice testis by in situ hybridization using probes 
for both isoforms. The signals for Tbc1d9 were detected 
in some seminiferous tubules, while other tubules are 
free from the signals (Fig. 1c, panels 1 and 2). at a 
higher magnification, the signals for Tbc1d9 are restrict-
ed to primary and secondary spermatocytes (Fig. 1c, 
panels 3 and 4).

To examine the localization of TBc1D9 proteins in 
the mice testis, immunohistochemical analysis was per-
formed using an anti-mouse TBc1D9 antiserum that 
recognized the gram domain in isoform 1. as shown 
in Fig. 1d, strong immunoreactivity for TBc1D9 isoform 
1 protein was detected in the cytoplasm of germ cells, 
particularly spermatocytes. The weak signal was seen in 
round spermatids. in addition, we also detected immu-
noreactivity for TBc1D9 isoform 1 and 2 proteins in 
spermatocytes and round spermatids using an anti-human 
TBc1D9 antibody that recognized the c-terminal region 
in both isoforms (Fig. 1e).

Intracellular localization of TBC1D9 proteins
The intracellular localization of TBc1D9 proteins was 

examined. expression vectors of each TBc1D9 protein 
fused to gFP (TBc1D9-gFP) and organelle marker pro-
teins fused to rFP that localize in the lysosome, er, 
golgi apparatus and endosome, respectively, were co-
transfected in 293T cells, and the co-localization of 
fluorescence was analyzed by confocal microscopy. As 
shown in Fig. 2, TBc1D9 was localized in the endo-
somes and partially in the golgi apparatus of 293T cells. 
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No differences were observed in the localization of or-
ganelles between the two isoforms. These results sug-
gested that TBc1D9 was mainly localized in the endo-
some and/or golgi apparatus and regulates membrane 
trafficking therein.

Co-localization of TBC1D9 protein with Rab7- and 
Rab9-positive vesicles

The intracellular localization of several rab proteins 
has been demonstrated previously [35]. To determine 
whether rab proteins were co-localized with TBc1D9 

Fig. 1. analyses of TBc1D9 expression in 8-week-old mouse tissues. (a) scheme of mouse TBc1D9 isoforms. isoform 1 protein 
(1264 amino acids) possesses two gram domains (dotted box). a TBc domain (solid box) exists in both isoform 1 and 
isoform 2 (1031 amino acids). The open bars represent regions amplified by RT-PCR. (b) RT-PCR analysis of Tbc1d9 and 
Gapdh mRNA in mouse tissues. Top, amplification of both isoforms of Tbc1d9; bottom, amplification of Gapdh. (c) In situ 
hybridization of Tbc1d9 mRNA in the mouse testis. Light microscopic dark (1, 3) and light field (2, 4) images of Tbc1d9 
mrNa in sections of the testis. signal is seen in the cytoplasm of spermatocytes (arrows). (d) and (e) immunohistochemical 
analysis of TBc1D9 proteins in the mouse testis using anti-mouse TBc1D9 antiserum (d) and anti-human TBc1D9 antibody 
(e). Top, negative control; bottom, immunoreactivity is seen in the cytoplasm of spermatocytes (arrows) and round spermatids 
(arrowheads). roman numerals, the stages in the seminiferous tubules.
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in cells, the following expression vectors for rFP-rab 
fusion proteins localized in the endosome were con-
structed; rab5, localized in the early-endosome; rab11, 
localized in the recycling-endosome; rab7, localized in 
the late-endosome and related to the late-endosome/
lysosome pathway, and rab9, also localized in the late-
endosome and transferred to the trans-golgi network 
[34, 35]. each rFP-rab expression vector was co-trans-
fected with TBc1D9-gFP in 293T cells, and the intracel-
lular localization of each protein was compared (Fig. 
3a). We quantified the co-localization of TBC proteins 
and rab5/rab7/rab9/rab11 by measuring the percent-
age of the fluorescence-positive pixels in 4 visual fields 
(Table 2). as shown in Fig. 3a and Table 2, rFP-rab5, 
rFP-rab7 and rFP-rab9 showed tendency to co-local-
ize with TBc1D9-gFP, indicating that TBc1D9 is 
largely localized in the early- and late-endosome. in 
contrast, rFP-rab11 tended not to co-localize with 
TBc1D9-gFP. interestingly, rFP-rab7 showed a ten-
dency of fewer co-localization to TBc1D9 isoform 
2-gFP than rFP-rab5 and rFP-rab9.

Previous studies also demonstrated that constitutively 
active mutants of Rab proteins deficient in GTP hydro-
lytic activity showed more apparent co-localization with 
several TBc proteins, suggesting that TBc proteins 

prefer to bind to gTP-binding rab proteins [2, 11, 23]. 
we, therefore, co-transfected constitutively active mu-
tants of Rab7 and Rab9 [Rab7 (Q67L) and Rab9 (Q66L)] 
fused to rFP with the TBc1D9-gFP fusion protein in 
the 293T cells (Fig. 3b). almost all of the rFP-rab9 
(Q66L)-positive structures were TBC1D9-GFP-positive. 
In addition, RFP-Rab7 (Q67L)-positive structures were 
also positive for TBc1D9-gFP. in contrast, ruTBc2-
GFP, which was previously reported to bind specifically 
with rab9 [23], was not co-localized with rFP-rab7 
(Q67L) (Fig. 3b).

as shown in Table 3, we also quantified the co-local-
ization of TBC proteins and Rab7 (Q67L)/Rab9 (Q66L) 
by measuring the percentage of the fluorescence-positive 
pixels in 5 visual fields. The percentage of pixels in which 
both TBC1D9 isoform 1-GFP and RFP-Rab9 (Q66L) 
were positive was found to be approximately 40%. This 
value was similar to that in which both TBc1D9 isoform 
2-GFP and RFP-Rab9 (Q66L) were positive. The percent-
age of pixels in which both ruTBc2-gFP and rFP-rab9 
(Q67L) were positive was 48.3 ± 6.4%, which was also 
comparable to the values for the TBc1D9 proteins. The 
percentage of pixels in which both TBc1D9-gFP and 
RFP-Rab7 (Q67L) were positive was lower than that in 
which both TBC1D9-GFP and RFP-Rab9 (Q66L) were 

Fig. 2. The intracellular localization analysis of TBc1D9 in 293T cell. Fluorescence of TBc1D9-
gFP (left: isoform 1, right: isoform 2) and rFP-fused organelle markers (lysosome, er, 
Golgi apparatus and endosome) are shown. Scale bar, 10 µm.
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positive. in particular, the value of TBc1D9-gFP isoform 
2 and RFP-Rab7 (Q67L) was significantly lower than that 
of TBC1D9-GFP isoform 2 and RFP-Rab9 (Q66L). In 
contrast, the percentage in which both ruTBc2-gFP and 
RFP-Rab7 (Q67L) were positive was 1.3 ± 1.0%, a value 
much lower than observed for the other proteins. These 
results indicate that TBc1D9 strongly co-localized with 
Rab9 (Q66L), whereas the co-localization with Rab7 
(Q67L) was relatively weak.

Interaction of TBC1D9 with Rab7 and Rab9
a previous study reported that ruTBc2 was not a 

rab9 gaP but bound to rab9, suggesting that ruTBc2 
acts as a rab9 effector [23]. we, therefore, undertook 
an immunoprecipitation study to confirm the association 
of TBC1D9 with Rab7/Rab9. We co-transfected FLAG-
Rab7 and FLAG-Rab9 with TBC1D9-GFP or GFP in 
293T cells (Fig. 4). We found that both FLAG-Rab7 and 
FLAG-Rab9 co-immunoprecipitated with TBC1D9 iso-

Fig. 3. confocal microscopic analysis of co-localization of TBc1D9-gFP and rFP-rab proteins. (a) Fluorescence 
images of TBc1D9-gFP and rFP-rab proteins (rab5, rab11, rab7 and rab9) localized in the endosome 
are shown. (b) Fluorescence images of TBC1D9-GFP, RUTBC2-GFP, RFP-Rab7 (Q67L) and RFP-Rab9 
(Q66L) are shown. Scale bar, 10 µm.
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form 1-gFP, but not with gFP (Fig. 4a). in addition, 
TBc1D9 isoform 2 also co-immunoprecipitated with 
rab7 and rab9, respectively (Fig. 4b). Furthermore, the 
two isoforms of TBc1D9 could interact with wild-type 
and constitutively active rab9 in the 293T cells, respec-
tively (Fig. 4c). a similar result was observed when us-
ing ruTBc2 and rab9.

Discussion

in the present study, we demonstrated that Tbc1d9 
mrNa was expressed at particularly high levels in the 
spermatocytes of the mice. our results indicate that at 
least TBc1D9 isoform 1 protein was detected in late-
stage spermatocytes and round spermatids. as mrNa 

and protein of isoform 2 were overlapped with those of 
isoform 1, TBc1D9 isoform 2 alone was not able to 
detect. However, the protein may also be expressed in 
these male germ cells because the immunoreactivity for 
TBc1D9 proteins was detected in spermatocytes and 
round spermatids, not in other types of cells when using 
antibody that recognized the c-terminal region in both 
isoforms. another TBc family gene, MgcRabGAP, was 
also reported to be expressed in the testis of the mice 
and its protein was observed in elongated spermatids 
[15]. These differences suggest the existence of step-wise 

Table 2. Co-localization analysis of fluorescent pixels in 
images from 293T cells expressing TBc-gFP and 
rFP-rab proteins

Transfected genes co-localization 
(%)*

Non co-localization 
(%)**

TBc1D9 isoform 1
+ rab5 26.3 ± 2.0 73.7 ± 2.0
+ rab7 24.3 ± 8.1 75.7 ± 8.1
+ rab9 24.9 ± 4.1 75.1 ± 4.1
+ rab11 13.2 ± 4.4 86.8 ± 4.4

TBc1D9 isoform 2
+ rab5 24.5 ± 1.8 75.5 ± 1.8
+ rab7 13.3 ± 1.6 86.7 ± 1.6
+ rab9 34.4 ± 3.7 65.6 ± 3.7
+ rab11 10.7 ± 6.8 89.3 ± 6.8

*Percentage of pixels that were both GFP-positive and RFP-
positive. **Percentage of pixels that were GFP-positive/RFP-
negative or gFP-negative/rFP-positive.

Table 3. Co-localization analysis of fluorescent pixels in 
images from 293T cells expressing TBc-gFP and 
rFP-rab mutants

Transfected genes co-localization 
(%)*

Non co-localization 
(%)**

TBc1D9 isoform 1
+ Rab9(Q66L) 39.0 ± 7.3 61.0 ± 7.3
+ Rab7(Q67L) 31.6 ± 5.4 68.4 ± 5.4

TBc1D9 isoform 2
+ Rab9(Q66L) 46.7 ± 7.0 53.3 ± 7.0
+ Rab7(Q67L) 16.4 ± 4.9† 83.6 ± 4.9

ruTBc2
+ Rab9(Q66L) 48.3 ± 6.4 51.7 ± 6.4
+ Rab7(Q67L) 1.3 ± 1.0† 98.7 ± 1.0

*Percentage of pixels that were both GFP-positive and RFP-
positive. **Percentage of pixels that were GFP-positive/RFP-
negative or gFP-negative/rFP-positive. † P<0.05 vs. respec-
tive + Rab9 (Q66L) by unpaired t test with Welch’s correction.

Fig. 4. interaction of TBc1D9 with rab7 and rab9 in cells. im-
munoprecipitation (IP) was performed with anti-FLAG 
antibody and immunoblotted (wB) with anti-gFP antibody.
(a) IP of FLAG-Rab9 with TBC1D9-GFP or GFP. (b) IP 
of TBC1D9-GFP with FLAG-Rab7 and FLAG-Rab9. (c) 
IP of TBC1D9-GFP with FLAG-Rab9 and FLAG-Rab9 
(Q66L). Arrowhead; non-specific bands, overlapping with 
TBc1D9.



TBc1D9, a raB9 eFFecTor iN sPermaTocYTes 423

regulation of membrane trafficking mediated by switch-
ing of the expression of each TBc protein in developing 
male germ cells.

in the 293T cells, both isoforms of TBc1D9 proteins 
were localized in the late-endosomes and golgi appara-
tus. This result indicates that TBc1D9 may regulate the 
membrane trafficking pathway to the late-endosome and/
or golgi apparatus. although there are only a few stud-
ies on membrane trafficking events via rab proteins in 
the late-endosomes and golgi apparatus in spermato-
cytes, several membrane trafficking events, such as 
proacrosome formation [13, 20], morphological chang-
es in the Golgi apparatus [20, 36] and endocytosis of the 
sex-steroid binding protein and transferrin receptor [7, 
8, 26], have been reported in spermatocytes. we suggest 
that these events may be regulated by TBc1D9 proteins.

in this study, it was demonstrated that TBc1D9 pro-
teins tended to co-localize with rab5, rab7 and rab9, 
compared with rab11. we also showed that co-localiza-
tion of TBC1D9 with Rab7 (Q67L) was weaker than that 
with Rab9 (Q66L), although RUTBC2 was not co-local-
ized with Rab7 (Q67L). These results indicate the pos-
sibility that TBC1D9 regulates the trafficking of Rab7- or 
rab9-positive vesicles. rab7 is known to localize in the 
acrosome [29], although the mechanisms of rab9 or 
rab9-positive vesicles in spermatogenesis remain un-
clear. Rab9 mrNa, on the other hand, was detected in 
the mouse testis (data not shown). we also showed that 
TBc1D9 was able to interact with rab7/rab9. There-
fore, TBc1D9 may function as an effector of gTP-bound 
rab7/rab9 in spermatocytes. However, the co-localiza-
tion of and binding between TBc proteins and rab pro-
tein does not only indicate that the TBc proteins have 
rab gaP activity against the rab protein binding them 
[12]. For example in yeast, a rab gaP, gyp1, binds to 
gTP-bound Ypt32 rab, and is recruited to the compart-
ment containing Ypt1, which is inactivated by gyp1 [31]. 
a recent report showed that TBc1D9B, which is a ho-
molog of TBc1D9 and contains two gram domains, 
can bind to rab11a via TBc domain and activate a gT-
Pase activity of rab11a. in addition, TBc1D9B is also 
able to bind rab4a [6]. Further studies, such as rab gaP 
assays, are necessary to clarify the relationship between 
rab9 or rab7 and TBc1D9.

in this study, no differences in intracellular localiza-
tion were observed between isoforms, indicating that the 
gram domain is not involved in intracellular localiza-
tion. The gram domain was found in putative mem-

brane-associated proteins such as TBc domain-contain-
ing proteins, and it was speculated that the gram 
domain was an intracellular protein-binding or lipid-
binding signaling domain [4]. For example, a phospha-
tidylinositol 3-phosphatase, myotubularin-related pro-
tein 6 (mTmr6), binds to rab1B via its gram domain 
[18]. The absence of two gram domains in TBc1D9 
isoform 2 in comparison to the TBc1D9 isoform 1 may 
abolish its binding ability to a certain type of proteins 
expressed in spermatocytes. indeed, at least in our re-
sults, there was no difference in the ability of both iso-
forms to associate with rab9, indicating that TBc1D9 
associates with rab9 via a region outside the gram 
domain. in contrast, TBc1D9 isoform 2, compared with 
isoform 1, have weaker interaction with rab7 (Fig. 4b 
and Tables 2 and 3). To clarify the differences in the roles 
of the two isoforms of TBc1D9 proteins in germ cell 
development, further studies are required to identify the 
proteins in the male germ cells that interact with the 
gram domain in TBc1D9 isoform 1.
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