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Abstract

TBC7, a TBC (Tre-2/Bub2/Cdc16) 1 domain protein, was identified as a novel binding protein to the TSC1-TSC2 tumor suppressor
complex by peptide mass fingerprinting analysis of the proteins immunoprecipitated with FLAG-epitope tagged TSC1 and TSC2 from
the transfected mammalian cells. The in vivo and in vitro association of TBC7 and the TSCI1-TSC2 complex was confirmed by the co-
immunoprecipitation and pull-down analysis, respectively, and TBC7 was revealed to bind to the C-terminal half region of TSC1, which
is distinct from the binding site with TSC2. The immunofluorescence microscopy and subcellular fractionation showed that TBC7 co-
localizes with the tumor suppressor complex in the endomembrane. Overexpression of TBC7 enhanced ubiquitination of TSC1 and
increased phosphorylation of S6 protein by S6 kinase, that is located in the mTOR-signaling pathway. These results indicate TBC7 could

take a part in the negative regulation of the tumor suppressor complex through facilitating the downregulation of TSCI.

© 2007 Elsevier Inc. All rights reserved.
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Tuberous sclerosis complex (TSC) is an autosomal dom-
inant disorder characterized by hamartoma formation in
various organs caused by mutation in either the TSCI/ or
TSC2 tumor suppressor gene [1]. The TSCI and T'SC2 gene
products, also known as hamartin and tuberin, respectively,
form a stable dimer to function as a GTPase activating pro-
tein (GAP) toward Rheb, a small GTPase [2]. Through the
stimulation of GTP hydrolysis of Rheb, the TSC1-TSC2
complex negatively regulates the mammalian target of rapa-
mycin (mTOR), an evolutionarily conserved serine/threo-
nine protein kinase that phosphorylates the translational
regulators such as S6 kinase and 4E-BP1 to control the pro-
tein synthesis. Importantly, the TSCI1-TSC2 complex
receives inputs not only from the phosphatidylinositol
3-kinase-Akt signaling pathway but also from those
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including Erk-p90 ribosomal S6 kinase and LKB1-AMPK
resulting in the phosphorylation of TSC2 [3]. The phosphor-
ylation reactions of TSC2 by Akt and Erk dissociate TSCI
from TSC2, whereas the modification reaction by AMPK
enhances its GAP activity. On the other hand, the TSCI-
TSC2 complex is retained in the endomembrane to regulate
Rheb and its downstream mTOR pathway, because Rheb
localizes in the membrane in a farnesylation-dependent man-
ner [4]. The conflicting results, however, have been reported
concerning the subcellular localization of TSCI and TSC2.
For instance, these two proteins are fractionated exclusively
in the membrane fraction [5]; they distribute both in the cyto-
sol and membrane fractions [6]; and TSC1 is restricted only
in the membrane fraction while localization of TSC2 in these
fractions is regulated by the Akt-mediated phosphorylation
[7]. Moreover, there are several proteins that associate with
either TSC1 or TSC2 [8]. For example, TSC1 and TSC2 have
been shown to be associated with RB1CC1/FIP200 and
HERCI1 ubiquitin ligase, respectively, to be downregulated
through the ubiquitin-proteasomal pathway [9-11]. Thus,
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the activity of the TSC1-TSC2 complex is regulated by mul-
tiple mechanisms.

In this study, we demonstrate that TBC7, a protein con-
taining TBC (Tre-2/Bub2/Cdcl6) 1 domain [12], is a novel
binding protein to the TSCI-TSC2 complex, and that the
introduction of TBC7 enhances the mTOR signaling path-
way through the interaction with TSC1 and its
downregulation.

Materials and methods

Antibodies. The anti-FLAG (M2), anti-myc (9E10), and anti-o-tubulin
antibodies were purchased from Sigma; the anti-HA antibodies (12CAS
and 3F10) were from Roche; the anti-TSC1, anti-S6 ribosomal protein,
and anti-phospho-S6 ribosomal protein (pS235/236) antibodies were from
Cell Signaling Technology; the anti-GST antibody was from Upstate
Biotechnology; the anti-TSC2 (C-20) and anti-calnexin (H-70) antibodies,
and normal rabbit immunoglobulin G were from Santa Cruz Biotech-
nology. The horseradish peroxidase (HRP)-conjugated anti-mouse and
anti-rabbit antibodies were obtained from Jackson ImmunoResearch
Laboratories and Bio-Rad, respectively. The Alexa Fluor 488-labeled anti-
rat and Alexa Fluor 546-labeled anti-mouse antibodies were obtained
from Invitrogen. The rabbit polyclonal anti-peptide antiserum recognizing
TBC7, T98, was produced by Immuno-Biological Laboratories by
immunizing rabbits with the synthetic peptide VSDATPQAEVYLRMYQ
LES (amino acids 98-116) coupled with thyroglobulin.

¢DNAs and siRN As. The cDNA encoding human TBC7 (Accession No.
NM_016495, GeneCopoeia) was amplified by PCR with following primers:
5'-GCAGTGGAATTCATGACTGAGGACTCTCAGAGAA-3’ and
5'-GCAGTGCTCTCGAGTCAGCTTGAATGGACCGGG-3’,  where
underlined sequences indicate the restriction enzyme sites added. The
product was cloned into pcDNA3 with HA- or myc-epitope tag. The GST-
TBCT7 fusion protein vector was generated by cloning the PCR product into
pGEX. FLAG-tagged TSC1 and FLAG-tagged TSC2 in pcDNA3 were
kindly provided by Dr. David J. Kwiatkowski (Brigham and Women’s
Hospital, Boston). Myc-tagged TSC1 wild type (amino acids 1-1164) and its
deletion mutants, N (amino acids 1-510), C (amino acids 511-1164), C-1
(amino acids 511-880), C-2 (amino acids 881-1164), and C-C (amino acids
730-996), were generated in pcDNAZ3. The expression vector of HA-tagged
ubiquitin in pCGN was kindly provided by Dr. Mitsuyoshi Nakao
(Kumamoto University). Small interfering RNA (siRNA) for targeting the
coding sequence of human TSCI1 was designed as described [13]. Scramble
control siRNA was purchased from iGENE Therapeutics.

Cell culture and transfection. HEK293, HeLa, and HeLa S cells were
cultured in Dulbecco’s modified Eagle’s medium (DMEM) (Sigma) with
10% fetal bovine serum (Gibco BRL), and NIH3T3 cells were maintained
in DMEM with 10% bovine serum (Gibco BRL) at 37 °C in a 5% CO,
incubator. HEK293 cells were transfected with expression vectors by lip-
ofection using lipofectAMINE (Invitrogen), and NIH3T3 and HeLa S
cells were transfected by nucleofection using Nucleofector 3 (AMAXA
Biosystems) according to the manufacturers’ protocols. Unless otherwise
indicated, 1 ug of each plasmid was employed for 10 cells. For the siRNA
studies, HEK?293 cells were transfected with 240 pmol of either TSCI or
control siRNA by nucleofection. The cells were then cultured for one to
two days before the experiments.

Immunoprecipitation. The following procedures were carried out at
0-4 °C. The cells were washed with Dulbecco’s phosphate-buffered saline
(D-PBS) and lysed with Buffer A (20 mM Tris-HCI at pH 7.5, 120 mM
NaCl, | mM EDTA, 20 mM B-glycerophosphate, 5mM EGTA, 0.3%
CHAPS, 20mM NaF, 1 mM phenylmethylsulfonyl fluoride, 2 pg/ml
aprotinin, 4 ug/ml leupeptin, and 1 mM dithiothreitol). After centrifuga-
tion at 15,000g for 25 min, the supernatant was incubated with 15 ul of
Protein G-Sepharose (GE Healthcare) coupled with each antibody for 2 h,
and the immunoprecipitate was washed three times with Buffer A.

Mass spectrometry. FLAG-TSCI1 and -TSC2 immunoprecipitates were
eluted from the resin with Buffer A containing 200 ug/ml FLAG peptide

(Sigma), and the proteins were separated by SDS-PAGE and visualized by
silver staining. Mass spectrometric analysis was carried out essentially as
described [14].

In vitro GST pull-down assay. GST-TBC7 and GST proteins expressed
in Escherichia coli were purified as described [15]. HEK293 cell lysate in
Buffer A was incubated for 2h at 4°C with glutathione-Sepharose
immobilized with 38, 150, and 600 pmol of either GST-TBC7 or GST. The
resin was then washed three times with Buffer A.

Immunoblotting. The samples were separated by SDS-PAGE, and the
proteins were transferred to a polyvinylidene difluoride membrane and
subjected to immunoblotting using each primary antibody. After incu-
bation with the HRP-conjugated secondary antibodies, detection of the
proteins was carried out by the enhanced chemiluminescence reaction.
When endogenous TBC7 was detected, HRP-conjugated Protein A (Bio-
Rad) was employed instead of the HRP-conjugated secondary antibodies.

Results and discussions

Identification of TBC7 as a novel binding protein to the
TSCI-TSC2 complex

The TSC1 and TSC2 proteins with FLAG-epitope tag
were immunoprecipitated from the transfected HEK293
cells, and the recovered proteins were visualized by silver
staining after SDS-PAGE (Fig. 1A). In addition to the
FLAGe-epitope tagged proteins, the protein bands of
approximate molecular mass of 70 and 30 kDa were
detected. The former was found in the control immunopre-
cipitate, and thus the 30-kDa protein (p30) was further
studied. Peptide mass fingerprinting analysis using mass
spectrometry identified the protein as TBC7 [TBC (Tre-2/
Bub2/Cdc16) 1 domain family member 7, Accession No.
NP_057579]. Human TBC?7 consists of 293 amino acids
with a putative TBC domain composed of approximately
200 amino acid residues (Supplemental Fig. 1A). The
TBC domain is conserved among eukaryotes, and the
human genome is predicted to encode at least 50 proteins
containing this domain [12,16]. Several TBC proteins, such
as GAP-CenA, RN-Tre, and RabGAP-5, have been shown
to have a GAP activity for the Rab small GTPase family
[17-19]. In addition, it has been reported that three ‘finger-
print’ sequence motifs, RxxxW, IxxDxxR, and YxQ, in the
N-terminal region of the TBC domain are highly preserved
among the members of the Rab-GAP family [20], and that
the arginine residue in the second motif is essential for the
GAP activity [21]. The database search revealed that TBC7
orthologs exist in Homo sapiens, Mus musculus, Xenopus
laevis, and Drosophila melanogaster, but not in Caenorhab-
ditis elegans or two yeasts (Supplemental Fig. 1B). Further-
more, the TBC domains of human TBC7 and its orthologs
only have the first “fingerprint’ motif but lack other two
motif sequences (Supplemental Fig. 1B). It is thus unclear
whether TBC7 has a GAP activity, and accordingly the
function of TBC7 has not been elucidated. Northern blot
analysis revealed that a single 7TBC7 mRNA of approxi-
mately 1.1 kb is highly expressed in heart, and slightly in
kidney, liver, and placenta among human tissues (Supple-
mental Fig. 2). On the other hand, 7SCI! mRNA was
widely expressed among human tissues in consistency with



220 A. Nakashima et al. | Biochemical and Biophysical Research Communications 361 (2007) 218-223

A IP Ab: FLAG

wa _— + FLAG-TSC1-TSC2 HA-TBC7 — + 2+
250 — le—FLAG-TSC2 TsC2 s —
150 —| E l4—FLAG-TSC1 IP Ab:
: HA| Tsci - —
100 —| BT
et e
75— e * e ——
|- a «1gG TsC2 - =
sa Cell
lysate TSC1 —
37 —| | HA-TBC7 e —
— lg— p30
(o4 HEK203 HeLa NHaTa D %7 =
% oA RPN s . 3
IP Ab: @Okl @l Ciefet (pmo) _(pmol) £
o e W] == e wul

TSC1 e ——| | = Tsc2 m
mor el == —

GST-_ —
TBCT v

17 [Ty p—— | ———
TSC1 e = = |- - -

TECT [ e e [ - oo | &

Fig. 1. Association of TBC7 with the TSC1-TSC2 complex. (A) Identi-
fication of a 30-kDa protein as a TSC1-TSC2 complex associated protein.
The lysates from HEK293 cells transfected with the FLAG-TSC1 and
-TSC2 vectors or empty vector were subjected to immunoprecipitation
with the anti-FLAG antibody, and the proteins eluted from resin were
visualized by silver staining after SDS-PAGE. FLAG-TSC1, FLAG-
TSC2, IgG, and a 30-kDa protein (p30) are indicated by arrows. Asterisk
shows a protein of 70 kDa. The positions of the size standards are
indicated in kDa. (B) Association of epitope-tagged TBC7 with the
endogenous TSCI-TSC2 complex. HEK?293 cells were transfected with
HA-TBCT7 or the empty vector. Where indicated as 2+, the twice as much
as amounts of the HA-TBC7 expression vector was employed. Immuno-
precipitates with the anti-HA antibody (12CAS) were analyzed by
immunoblotting with the indicated antibodies. (C) Association of endog-
enous TBC7 and the TSCI1-TSC2 complex. The cell lysates and
immunoprecipitates with the anti-TSC1 or -TSC2 antibody from the cell
lines were analyzed by immunoblotting with the indicated antibodies.
Normal rabbit immunoglobulin G (NRG) was used as a control. (D)
Association of TBC7 with the TSC1-TSC2 complex in vitro. The cell
lysates from HEK293 cells were incubated with glutathione-Sepharose
coupled with either GST or GST-TBC?7, and the proteins were analyzed by
immunoblotting with the indicated antibodies.

Cell
lysate

the previous report [22]. These results indicate that TBC7
and the tumor suppressor protein are expressed differently
among the tissues, although the profiles are not exclusive to
each other.

TBC7 associates with the TSCI-TSC2 complex in vivo and
in vitro

The epitope-tagged TBC7 was expressed in HEK293
cells and its association with the endogenous TSCI and
TSC2 was examined (Fig. 1B). Both of the endogenous
tumor suppressor proteins were detected in the HA-TBC7
immunoprecipitate but not in the control immunoprecipi-
tate. The amounts of co-precipitated TSC1 and TSC2
increased in parallel with the expression level of HA-
TBC7. Immunoblotting using a polyclonal antibody
against TBC7 indicated that TBC7 is detected in the immu-
noprecipitates by anti-TSC1 and anti-TSC2 antibodies pre-

pared from three different cell lines, HEK293, HeLa, and
NIH3T3 cells, but not in those by normal rabbit immuno-
globulin G (Fig. 1C). Furthermore, the in vitro pull-down
analysis showed that both of TSC1 and TSC2 obtained
from HEK?293 cells bound to the bacterial GST-TBC7 in
a dose-dependent manner, but not to the control protein
(Fig. 1D). On the other hand, phosphorylation of TSC2
by Akt/PKB and Erk leads to the dissociation of the
TSC1-TSC2 complex [3]. The interaction of TBC7 with
the TSCI-TSC2 complex was, however, not altered by
the growth factor stimuli such as insulin, epidermal growth
factor, and serum (data not shown).

TBC7 binds to TSCI through the coiled-coil domain of
TSCI

When the three proteins were co-expressed, myc-TSCI1
and FLAG-TSC2 were efficiently immunoprecipitated with
HA-TBC7 (Fig. 2A). The association of myc-TSC1 with
HA-TBC7 was detected efficiently in the cells even without
FLAG-TSC2 as in the cells these three proteins were co-
expressed. In contrast, the association of FLAG-TSC2 to
HA-TBC7 was little in the cells without transfection of
myc-TSC1. These results raise the possibility that TBC7
associates with TSCI rather than TSC2. A small amount
of FLAG-TSC2 recovered with HA-TBC?7 in the absence
of myc-TSCl may be associated with the endogenous
TSCI in the immunoprecipitate. Indeed, siRNA-mediated
knockdown of TSC1 led to the decrease in the amount of
endogenous TBC7 recovered in the TSC2 immunoprecipi-
tate (Fig. 2B). Therefore, TBC7 was concluded to associate
directly with TSC1. To determine the binding region in
TSC1 with TBC7, a series of the TSCI1 deletion mutants
were generated (Fig. 2C). TSC1 has potential transmem-
brane and coiled-coil domains at the N- and C-terminal
regions, respectively [8]. As shown in Fig. 2D, TSC2 bound
to both of the N- and C-terminal fragments of TSCI in cul-
tured cells in consistency with the previous report [23]. On
the other hand, TBC7 was not detected in the immunopre-
cipitate of the N-terminal fragment (N) but in those of the
C-terminal fragment (C) and the coiled-coil domain (C-C).
Furthermore, the C-terminal half of the coiled-coil domain
(C-2) was sufficient for the binding of TBC7 but unsatisfac-
tory for TSC2, whereas the N-terminal half of the domain
(C-1) did not associate with either TBC7 or TSC2. Taken
together, TBC7 binds to the C-terminal half of the
coiled-coil domain in TSCI1, which is distinct from the
TSC2 binding region.

Co-localization of TBC7 and the TSCI-TSC2 complex

The intracellular localization of TBC7 was examined by
immunostaining HA-TBC7 in NIH3T3 cells co-expressed
with myc-TSC1 and FLAG-TSC2. Immunofluorescence
microscopy revealed the co-localization of HA-TBC7 with
myc-TSCI in the cytoplasm (Supplemental Fig. 3A). The
staining of myc-TSClI had a punctate appearance
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Fig. 2. Association of TBC7 with TSC1. (A) Association between TBC7
and the TSCI-TSC2 complex. HEK293 cells were transfected with
different combinations of myc-TSC1, FLAG-TSC2, HA-TBC7, and the
empty vectors as indicated. The cell lysates and immunoprecipitates with
the anti-HA antibody were analyzed by immunoblotting with the
indicated antibodies. (B) Effect of TSC1 knockdown. HEK293 cells were
transfected with either TSC1 or control siRNA. The cell lysates and
immunoprecipitates with the anti-TSC1 or -TSC2 antibody were analyzed
by immunoblotting with the indicated antibodies. NRG was used as a
control. (C) Deletion mutants of TSCI. The wild type (WT) of TSCI
having potential transmembrane and coiled-coil domains and the deletion
mutants were employed for the binding analysis. Numbers indicate amino
acids. The results shown in (D) are summarized on the right. (D)
Association between TBC7 and TSCIl mutants. HEK293 cells were
transfected with FLAG-TSC2, HA-TBC7, and each of myc-TSClI
constructs or the empty vector. The cell lysates and immunoprecipitates
with the anti-myc antibody were analyzed by immunoblotting with the
indicated antibodies.

consistent with the previous study reporting that TSCI is
located in the cytoplasmic vesicles [5], and HA-TBC?7 also
showed the punctate pattern in the cytoplasm. FLAG-
TSC2 showed the staining pattern similar to these two pro-

teins in the cells (data not shown). The subcellular localiza-
tion of TBC7 was further analyzed comparing with that of
TSC1 and TSC2 in HEK293 cells after separation into
S100 and P100 fractions employing a-tubulin and calnexin
as the markers of cytosolic and membrane proteins, respec-
tively [24]. Under the conditions employed, both of the
tumor suppressor proteins recovered predominantly in
the P100 fraction and were present in the S100 fraction,
whereas TBC7 was detected exclusively in the P100 fraction
(Supplemental Fig. 3B). These results indicate that TBC7
localizes in the cytoplasmic vesicles of the endomembrane
in association with the TSC1-TSC2 complex.

TBC7 and TSC-mTOR-signaling pathway

The role of TBC7 was investigated in the association with
the TSC1-TSC2 complex that suppresses the mTOR-signal-
ing pathway by attenuating the Rheb activity [2]. Namely,
the phosphorylation of ribosomal protein S6 through acti-
vation of S6 kinase in downstream of mTOR was examined
in HeLa S cells overexpressing TBC7. As shown in Fig. 3A,
overexpression of HA-TBC?7 significantly increased phos-
phorylation of S6 protein at Ser235/236. These results imply
that the overexpression of TBC7 enhances the mTOR path-
way, and it is attractive to assume that TBC7 eliminates the
negative regulation of mTOR by the TSC1-TSC2 complex.
It has been shown that RB1CC1/FIP200 interacts with the
middle region of TSCI including the coiled-coil domain
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Fig. 3. TBC7 in the mTOR signaling pathway. (A) TBC7 and S6
phosphorylation. HeLa S cells were transfected with HA-TBC7 or empty
vector, and the cell lysates were analyzed by immunoblotting with the
indicated antibodies. Upper half shows the representative result. Lower
half shows the relative S6 phosphorylation quantitated by densitometry
using NIH image (version 1.63). The OD of each S6 phosphorylation blot
was individually normalized to that of the S6 protein blot. The bars
represent relative means + S.D. of data from four independent experi-
ments. *P <0.05. (B) Ubiquitination of TSCl. HEK293 cells were
transfected with different combinations of FLAG-TSC1, HA-ubiquitin,
myc-TBC7, and the empty vectors as indicated. Where indicated as 4+,
four times as much as amounts of the HA-TBC7 expression vector was
employed. The cell lysates and immunoprecipitates with the anti-FLAG
antibody were analyzed by immunoblotting with the indicated antibodies.
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and induces the ubiquitin-mediated degradation of TSCl1
resulting in the reduction of the TSCI-TSC2 complex
[9,10]. We thus postulated that TBC7 is involved in the ubig-
uitination of TSCI1, as TBC?7 also interacts with TSC1 in its
coiled-coil domain as described above. To test this hypoth-
esis, myc-TBC7 was co-expressed with FLAG-TSC1 and
HA-ubiquitin in HEK293 cells, and FLAG-TSC1 was
immunoprecipitated to assess the effect of TBC7 on the
ubiquitination of TSCI. As expected, overexpression of
myc-TBC7 accelerated TSC1 ubiquitination (Fig. 3B).
TBC7 may enhance the ubiquitination of TSC1 indepen-
dently or cooperate with RB1CC1/ FIP200 to downregulate
the tumor suppressor protein. Recently, it has been shown
that TSC2 is released from the cytoplasmic vesicles by the
Akt-dependent phosphorylation, whereas TSC1 associates
with hypophosphorylated TSC2 in the cytoplasmic vesicles
where the complex exerts the GAP activity toward Rheb [7].
Thus, in addition to the regulation of TSC2 by the phos-
phorylation reaction, it seems to be possible that TSCI is
downregulated by TBC7 in the cytoplasmic vesicles via the
induction of its ubiquitination to prevent the complex for-
mation with TSC2, and that the Rheb activity is conse-
quently blocked. On the other hand, it has been reported
that the TSC complex immunoprecipitated from cultured
cells by the anti-TSC2 antibody works as a GAP not only
for Rheb but also for Rab5 [25]. The immunoprecipitate
may include the endogenous TBC7 having the TBC domain
shared among the Rab-GAP family. We could not detect,
however, the significant association of Rab5 with TBC7
(data not shown) consistent with the TBC7 sequence lacking
the two ‘fingerprint’ motif sequences common among the
Rab-GAP family (Supplemental Fig. 1B). Even though
TBC7 does not work as GAP for the Rab family, the results
do not necessarily rule out the role of TBC7 in the regulation
mechanisms other than TSC-mTOR pathway. Further
studies are required to clarify the detail roles of TBC7 in
the signaling pathways.
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