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a b s t r a c t

Expression of the hominoid-specific oncoprotein TBC1D3 promotes enhanced cell growth and prolifera- 
tion by increased activation of signal transduction through several growth factors. Recen tly we docu- 
mented the role of CUL7 E3 ligase in growth factors-induced ubiquitination and degradation of
TBC1D3. Here we expanded our study to discover additional molecular mechanisms that control TBC1D3 
protein turnover. We report that TBC1D3 is palmitoylated on two cysteine residues: 318 and 325. The 
expression of double palmitoylation mutant TBC1D3:C318/325S resulted in protein mislocalization and 
enhanced growt h factors-induced TBC1D3 degradation. Moreover, ubiquitination of TBC1D3 via CUL7 
E3 ligase complex was increased by mutating the palmitoylation sites, suggesting that depalmitoylation 
of TBC1D3 makes the protein more available for ubiquitination and degradation. The results reporte d
here provide novel insights into the molecular mechanisms that govern TBC1 D3 protein degradation.
Dysregul ation of these mechanisms in vivo could potentially result in aberrant TBC1D3 expression and 
promote oncogenesis.

� 2013 Elsevier Inc. All rights reserved.
1. Introductio n

TBC1D3, a hominoid-s pecific gene, was identified some 
25 years ago in pioneering cross-species transfection experiments 
[1]. Some years later, Pei et al. [2] showed that TBC1D3 (aka
PRC17) is an oncogene, with variable copy number, that is over-ex- 
pressed in prostate and breast cancer. This has been extended in
recent years to include bladder cancer [3] as well as MDS (myelo-
dysplastic syndrome) [4]. Pei et al. [2] also showed that TBC1D3 
encodes a protein with a TBC domain that binds the low molecular 
weight GTPase Rab5 suggestin g that the TBC1D3 TBC domain may 
serve as a Rab5 GAP. More recent work [5] indicates that the TBC 
domain of TBC1D3 lacks an arginine finger motif and has very 
low Rab GAP activity. Paulding et al. [6] carried out a comparative 
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study on the origin of TBC1D3 and reported that it is hominoid- 
specific and widely expressed in human tissues. More recent work 
[7] demonstrat ed that TBC1D3 is encoded by a collection of very 
similar paralogs with multiple copies of each paralog. Using the 
database made available by the 1000 genome project, Eichler and 
colleagues [8] showed that TBC1D3 is amongst the highest multi- 
copied genes in the human genome with some human genomes 
encoding well over 50 copies depending on ethnic origin of the do- 
nor. TBC1D3 operates as a regulator of growth factor signaling by
enhancin g the signaling of the EGF receptor [9] and the insulin/ 
IGF receptors [10]. As part of an apparent activation–deactivation 
cycle, TBC1D3 degradation is regulated by the E3 ligase CUL7 
[11]. In this paper we show that TBC1D3 is palmitoylat ed and 
localized to lipid rafts. Moreover, we show that palmitoylat ion 
influences TBC1D3 ubiquitinati on and degradat ion.
2. Material s and methods 

2.1. Plasmids and reagents 

The cDNAs for full-length TBC1D3 and domains were amplified
by PCR and ligated into EcoRI/NotI sites of a pCMV-Myc vector 
(Invitrogen). Cysteine mutants were generated with a QuikChange 
Site-Dire cted Mutagenesi s Kit (Agilent). Anti-Myc antibody was 

http://dx.doi.org/10.1016/j.bbrc.2013.04.001
mailto:pstahl@wustl.edu
http://dx.doi.org/10.1016/j.bbrc.2013.04.001
http://www.sciencedirect.com/science/journal/0006291X
http://www.elsevier.com/locate/ybbrc


C. Kong et al. / Biochemical and Biophysical Research Communications 434 (2013) 388–393 389
from Santa Cruz; Anti-Tubulin, GAPDH and CUL7 (monoclonal)
were from Sigma; Anti-ubiquiti n was from Invitrogen; 2C7 mono- 
clonal anti-TBC1D3 antibody was generate d by the Washington 
University Hybridom a Center with the last 50 amino acids of
TBC1D3 as antigen.

2.2. Cell culture and transfections 

HeLa cells were grown in Dulbecco’s modified Eagle’s medium 
(DMEM) (Hyclone) supplemented with 10% fetal bovine serum.
Transfections were carried out using Lipofectami ne 2000 (Invitro-
gen) and experiments were carried out approximat ely 18 h after 
transfection.

2.3. Palmitoylation assays 

2.3.1. Metabolic labeling 
HeLa cells, transiently transfected with Myc-TBC1D3 or cysteine 

mutants-My c-TBC1D3:C318S, Myc-TBC1D3:C 325S, Myc- 
TBC1D3:C383S , Myc-TBC1D3:C 318/325S, and Myc-TBC1D3:C 318/ 
325/383S were pre-incubat ed for 30 min in serum-free DMEM 
with fatty acid-free bovine serum albumin and then labeled with 
0.5 mCi/ml [3H] palmitate (PerkinElmer) for 3–4 h. Cell lysates 
made in the 1% Triton X-100 lysis buffer were immunoprecip itated 
with anti-Myc monoclonal antibody and separated by SDS–PAGE.
The gel was fixed, dried under vacuum and exposed to film at
�80 �C for 3–4 weeks.

2.3.2. Fatty acyl exchange labeling 
Palmitoyl ation was detected as described in [12], TBC1D3 was 

isolated [11] from whole cell lysates (Cell Signaling Technology),
and free protein thiol groups in the lysate were blocked with 
1 mM N-ethylm aleimide. Cys-palmitoyl thioester linkages were 
cleaved with hydroxylamine (HA) and subsequent ly labeled with 
4 mM biotin-HP DP (Biotin-HPDP-N-[6-(Biotinamido)hexyl]-3 0-(20-
pyridyldithi o)propionamide (Sigma). Biotinylated proteins were 
then affinity-purified using neutravidin–agarose. Bound proteins 
were released from the affinity resin through reduction of the pro- 
tein–biotin disulfide linkages by the addition of 1% b-mercap-
toethanol. Palmitoyl ated TBC1D3 was detected by western blot 
with anti-Myc antibody . Samples cleaved using Tris–HCl, instead 
of HA, served as negative controls.

2.4. Lipid raft fractionation 

Detergent- free lipid rafts were prepared using published proto- 
cols with some modifications [13,14]. Briefly, HeLa cell pellets 
were resuspend ed in 1 ml of non-detergent lysis buffer (25 mM
Hepes-HCl, 150 mM NaCl, 1 mM CaCl 2, 1 mM MgCl 2, pH 7.4) with 
a protease inhibitors cocktail supplemented with 10 mM NaF and 
1 mM Na3VO4 and homogenize d by 20 strokes through a 23-gauge 
needle. Lysates were obtained by centrifugation at 1000 g for
10 min at 4 oC. A step gradient was prepared by overlaying the 
sample in 40% sucrose (2 ml) with 30% sucrose (6.5 ml) and 5% su- 
crose (3.5 ml) on top. Gradients were centrifuged at 39,000 rpm 
(180,000g) for 20 h at 4 oC. 1 ml fractions were collected from the 
top of the gradient. Samples were analyzed by immunob lot after 
SDS–PAGE.

2.5. Immunoblot analysis 

Whole cell lysates (50 mM Tris–HCl, pH 7.5, 100 mM NaCl, 1%
Triton X-100, 10% glycerol, 1 mM EDTA, and protease inhibitor 
cocktail supplemented with 10 mM NaF and 1 mM Na3VO4) were 
separated by SDS–PAGE and transferred to nitrocellulos e mem- 
branes (Schleicher & Schuell). The membranes were blocked in
TBST (100 mM NaCl, 10 mM Tris–HCl, pH 7.5, 0.1% Tween 20) con- 
taining 5% non-fat milk and incubate d with primary antibodies in
2% BSA/TBST overnight at 4 oC or 2 h at room temperature, fol- 
lowed by incubation with HRP-conjugate d goat anti-rabbit or
anti-mou se IgG (Jackson ImmunoResear ch) and detected by
chemilumines cence (Pierce). Immunobl ot data were quantified
by AlphaEaseFC 4.0 software (Alpha Innotech Corp.).

2.6. TBC1D3 degradation assay 

Cells in 12-well plates were transfected with Myc-TBC1D3. At
18 h post-trans fection, the cells were starved in serum-free med- 
ium for 3 h and either un-treated as a control or incubated with 
10% fetal calf serum (FCS). Cell lysates were subjected to SDS–PAGE
and immunoblo tting with specific antibodies.

2.7. Immunofluorescence microscopy 

HeLa cells, plated onto the coverslips overnight, were transfec- 
ted with TBC1D3 constructs and fixed with 3% paraformal dehyde 
(Electron Microscope Sciences) for 20 min, quenched for 10 min 
with 50 mM ammoniu m chloride, permeabiliz ed with 0.1% Triton 
X-100 for 10 min, blocked with 2% goat serum and 1% BSA for 
1 h, and incubate d with primary antibodie s for 1 h, followed by a
secondar y antibody, Alexa-Fluor 568 goat anti-mouse IgG (Invitro-
gen) for 30 min at room temperature . All solutions were made in
phosphat e buffered saline. The coverslips were mounted with 
Fluorescent Mounting Medium (DakoCytomation) and examined 
under a MRC1024 confocal microscopy (Bio-Rad) using a 63X 
objective lens.

2.8. In vitro ubiquitination assay 

HeLa cells seeded in 6-well plates were transfected with 
HA-CUL7 , Myc-TBC1D3 or various TBC1D3 mutant constructs 
described above. The cells were washed and homogenized in cold 
sucrose buffer (0.25 M sucrose, 5 mM Tris–HCl, pH 7.4, 2 mM
EDTA) supplem ented with protease inhibitor cocktail and 10 mM
N-ethylm aleimide by 10 strokes through a 25-gauge needle. A
post-nuc lear supernatant (PNS) was prepared by centrifugation 
(2000g) for 10 min. Cytosol and membran e fractions were derived 
from the PNS fraction by centrifugati on for 20 min at 100,000 g. The 
membran e fractions were solubilize d in 1% TritonX-100/ly sis buf- 
fer. The insoluble material was pelleted by centrifugation for 
15 min at 10,000 rpm. The supernatant was saved as the ‘‘mem- 
brane fraction’’. The assay was initiated by incubating control or
HA-CUL7 -enriched cytosol with control or TBC1D3-enri ched 
‘‘membra ne fractions ’’ in buffer (5 mM MgCl 2, 20 mM Tris–HCl
pH 7.5, 2 mM ATP) at room temperature for 45 min. TBC1D3 was 
then immunoprecip itated with polyclonal Myc antibody, resolved 
by SDS–PAGE, and analyzed by immunob lot with anti-ubiquitin 
antibody .
3. Results 

3.1. TBC1D3 is palmitoyl ated and localized to the plasma membrane 

Earlier work demonstrated that TBC1D3 was preferentiall y
localized to the plasma membran e [5,9]. Since TBC1D3 lacks an
obvious transmembran e domain we entertained the possibilit y
that palmitoylation could be involved in membrane targeting.
HeLa cells, transiently expressing Myc-TBC1D3, were labeled with 
[3H] palmitate and TBC1D3 was immunoprecip itated with anti- 
Myc monoclonal antibody. The samples were separated by SDS–
PAGE and incorporation of radioactive palmitate by TBC1D3 was 
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Fig. 1. TBC1D3 is palmitoylated and localized to lipid rafts. (A) HeLa cells were transiently transfected with Myc-TBC1D3 and metabolically labeled with [3H] palmitate. Cell 
lysates were immunoprecipitated with or without anti-Myc antibody. [3H] palmitate incorporation (upper panel) and immunoblot (IB) (lower panel) are shown. (B) Biotin- 
labeled palmitoylation assay was performed in Myc-TBC1D3 transfected HeLa cells. Palmitoylated TBC1D3 was detected after the treatment of hydroxylamine (HA) by
western blot with anti-Myc antibody. (C) HeLa cell lysates were fractionated by ultracentrifugation on a discontinuous sucrose gradient as described in Section 2. A total of 12
fractions were collected from top to bottom of the gradient. An aliquot from each fraction and total lysate were resolved by SDS–PAGE and then immunoblotted with TBC1D3,
Flotillin-1, a lipid raft marker and GAPDH antibodies.
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measured by fluorography (Fig. 1A). Expresse d TBC1D3 protein 
efficiently and specifically incorporate d radioactive palmitate, sug- 
gesting that TBC1D3 protein is palmitoylat ed in HeLa cells.

To confirm our findings, TBC1D3 palmitoylat ion was assayed by
fatty acyl exchange labeling [12]. HeLa cells were transiently trans- 
fected with Myc-TBC1D3. Cys-palmitoy l thioester linkages were 
cleaved with hydroxylam ine (HA) as described in Methods. The 
data in Fig. 1B show that immunopr ecipitated TBC1D3 has readily 
detectable palmitate groups.
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constructs: TBC1D3:1-549 (full length), TBC1D3:1-313, TBC1D3:313-549 (A) and C-termi
495 (B). 24 h after transfection, cells were fixed and stained with monoclonal anti-Myc a
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3.2. TBC1D3 is localized to lipid rafts 

Lipid rafts operate as a platforms that recruit and retain a di- 
verse collection of signaling molecules that promote interactions 
with signal transducing receptors [15]. Proteins lacking trans- 
membran e domains are targeted to lipid rafts by post-trans lational 
modifications including palmitoylation [16]. A series of cell 
fractionati on experime nts were carried out to examine TBC1D3 
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detergent-bas ed method that yielded similar results [17]. HeLa 
cells were transfected with Myc-TBC1D3 and at 24 h post-transfec- 
tion, the cells were lysed and a post-nuclear supernatant (PNS) was 
prepared. The PNS was loaded on the bottom of a sucrose gradient 
and after centrifugation, fractions were collected, proteins were re- 
solved by SDS–PAGE and analyzed by Western blot. Fig. 1C shows 
the distribution of markers across the gradient fractions . Flotillin- 1,
a lipid raft marker [18], and Myc-TBC1D3 both floated in the lipid 
raft fraction. GAPDH, a soluble protein, did not float and was found 
at the bottom of the gradient. These results indicated that TBC1D3 
is localized to lipid rafts.

3.3. TBC1D3 is targeted to the plasma membrane by protein 
palmitoylatio n

To identify the regions of TBC1D3 that mediate membran e tar- 
geting, we over-expres sed various truncated fragments of TBC1D3 
into HeLa cells and observed their intracellular localization 
(Fig. 2A). Both the full-length TBC1D3 (FL, 1-549) and a C-terminal 
fragment (CT, 313-549) localized mainly to the plasma membran e
while an N-terminal fragment (NT, 1-313) was diffusely distrib- 
uted throughout the cytoplasm. The localization of several smaller 
epitope-tag ged truncations of the C-terminal fragment was exam- 
ined including TBC1D3:310 -360, TBC1D3:350-400, TBC1D3:395- 
450 and TBC1D3:445-500 (Fig. 2B). Among these only the 
TBC1D3:310 -360 fragment was preferentiall y localized to the 
membrane suggesting that this fragment determines the plasma 
membrane targeting of TBC1D3.

The sequence of the membrane- targeted TBC1D3:310-3 60 frag- 
ment revealed two cysteine residues at position 318 and 325 as po- 
tential palmitoylat ion sites. Cysteine 383, although outside the 
targeting fragment, was used as a control. TBC1D3 mutants were 
constructed in which each of these three cysteine residues was 
mutated to serine. HeLa cells were transfected with the wild type 
TBC1D3 or the following mutant constructs – TBC1D3:C318S ,
TBC1D3:C325S , TBC1D3:C383S , TBC1D3:C318/ 325S and 
TBC1D3:C318/ 325/383S. The cells were radiolabeled with [3H] pal- 
mitate and TBC1D3 was immunopreci pitated with anti-Myc mono- 
clonal antibody. Western blots (Fig. 2C) showed that wild type 
TBC1D3 and mutants were all expresse d at comparable levels.
Fluorography of the filter showed that while wild type TBC1D3 
had incorporated [3H] palmitate, the deletion of either cysteine 
318 or cysteine 325 or both almost completely abrogated palmi- 
toylation of TBC1D3. Deletion of cysteine 383 did not alter the ex- 
tent of TBC1D3 palmitoylation (Fig. 2C). These findings indicate 
that cysteine 318 and cysteine 325 within the membrane- targeting 
fragment of TBC1D3 are palmitoylat ed, suggesting a mechanism 
for membrane insertion.

3.4. Palmitoylation modulate s TBC1D3 degradation 

To explore the role of palmitoylat ion in TBC1D3 turnover, we
limited endogenous palmitate synthesis using the FA synthase 
inhibitor C75 [19]. Palmitoylati on is known to be a dynamic pro- 
cess, with palmitate residues removed and replaced over time.
Cells were transfected with Myc-TBC1D3 and incubated with or
without C75 in presence of cycloheximi de (CHX). TBC1D3 protein 
levels were monitore d by immunob lot analysis over a 6 h period.
As shown in Fig. 3A, TBC1D3 decayed over the course of the exper- 
iment; however C75 accelerated the rate of loss of TBC1D3. These 
results suggested that the palmitate residues on TBC1D3 are con- 
tinually replenished by palmitoyl-tr ansferase and that their ab- 
sence enhanced TBC1D3 degradation. To confirm the effect of
palmitoylat ion on growth factor-induc ed degradat ion, wild type 
TBC1D3 and TBC1D3:C318/ 325S degradation was examined in
cells that were starved and treated with 10% FCS. Whole cell 
lysates were prepared, resolved by SDS–PAGE and analyzed by
immunob lotting. Both wild type TBC1D3 and TBC1D3: C318/325S 
mutants experienced enhanced degradation following FCS stimula- 
tion. However, the TBC1D3: C318/325S mutant exhibited a signif- 
icantly higher rate of TBC1D3 degradat ion compared with wild 
type TBC1D3 (Fig. 3B) further highlight ing the importance of palm- 
itoylation in TBC1D3 degradation .
3.5. Palmitoylati on of TBC1D3 suppresses CUL7-indu ced TBC1D3 
ubiquitina tion 

Our previous study has shown that ubiquitinati on and degrada- 
tion of TBC1D3 is regulated by CUL7 E3 ligase [11]. To investigate 
whether palmitoylat ion of TBC1D3 is also important for CUL7- 
mediated ubiquitin ation, a CUL7-enr iched cytosolic fraction was 
prepared from one set of HeLa cells transfected with CUL7. TBC1D3 
full length (FL) or palmitoylat ion-deficient TBC1D3:C318/ 325S 
(double mutant or DM) constructs were expressed in a second 
set of HeLa cells. TritonX-100-ex tracted membrane fractions from 
these cells served as a source of TBC1D3 (FL) or TBC1D3 (DM).
CUL7-enr iched cytosol and TBC1D3-enri ched membran e fractions 
were incubated together with ATP and MgCl 2. Polyubiquitina tion 
of TBC1D3 and the TBC1D3 double mutant were analyzed, follow- 
ing SDS–PAGE, by immunoblot using anti-ubiquit in antibody. As
shown in Fig. 4, TBC1D3 ubiquitinati on was substantially increased 
compare d to the absence of cytosol. However, the palmitoy lation- 
deficient TBC1D3 construct appeared to be a superior substrate for 
ubiquitin ation by CUL7-enr iched cytosol (Fig. 4). Consisten t with 
the data presented in Fig. 3, these data strongly suggest that 
TBC1D3 palmitoylation suppresses TBC1D3 ubiquitination.
4. Discussion 

TBC1D3 is one of a small number of hominoid-spec ific genes.
Although few in number and poorly understo od [20], the human 
genome encodes scores of human-spec ific genes. The pool of hom- 
inoid-specific genes that are shared between humans and other 
hominoid species may be larger yet. Perry et al. [21] have proposed 
that recently evolved multi-copie d genes may play a role in cell 
prolifera tion and cell signaling which is consonant with the con- 
cept of more highly evolved signal regulation. TBC1D3 appears to
fit into this category although the physiologica l function remains 
unclear.

TBC1D3 expression enhances cell prolifera tion. This observation 
led several groups to examine the EGF receptor, prototypi cal for 
the study of cell proliferation [5,9]. TBC1D3 expression enhances 
EGFR signaling by sparing the receptor from ubiquitination and 
degradat ion [9]. The mechanisms are still unclear but the data 
point to an effect of TBC1D3 on EGFR phosphorylatio n and the 
recruitment of CBL, an E3 ligase known to ubiquitin ate EGFR. Fri- 
tolli et al. [5] examined the effect of TBC1D3 on EGF stimulated 
pinocyto sis and concluded that TBC1D3 enhanced EGFR signaling.

A yeast two-hybr id screen identified the E3 ligase CUL7 as a
TBC1D3 interacting protein [11]. CUL7 is a key enzyme in the insu- 
lin/IGF1 signaling pathway where it is responsible for the ubiquiti- 
nation and subsequent degradation of IRS1, an important insulin/ 
IGF1 mediator [22]. Indeed, we showed that TBC1D3 expression 
led to a selective suppressi on of the phosphorylatio n of IRS1 
accompanied by delayed ubiquitin ation and degradation [10].
Key phosphorylatio n sites on IRS1 that control ubiquitinati on are 
regulated by the mTOR-re gulated kinase, S6 kinase. In turn, S6 ki- 
nase is regulated (i.e., deactivated) by the phosphatase PP2A [23].
Initial results indicate that TBC1D3 interacts with B56 c, one of
the regulatory subunits of PP2A [11]. The story is incomplete but 
the effect of TBC1D3 expression on the phosphoryla tion/dephos- 
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phorylation of key intermediaries in signaling pathways , such as
the EGFR and the insulin/IGF 1 pathways , emerges as a likely 
possibility.

We examine d the role of CUL7 in TBC1D3 ubiquitinati on and 
degradation and observed that TBC1D3 is ubiquitinated directly 
by CUL7 by interacting with the recruitment arm of CUL7, FBox8.
Moreover, TBC1D3 ubiquitinati on is a process that is enhanced 
by growth factor stimulation. We proposed that TBC1D3 ubiquiti- 
nation and degradation completes an activation/deac tivation cycle 
whereby TBC1D3 is activated to assist signaling mechanism s and 
subsequent ly ubiquitinated and degraded to reverse or abrogate 
receptor signaling. The activation/deac tivation cycle of TBC1D3 
must involve targeting information that allows TBC1D3 to interact 
with its physiological partners.

Epitope-tagged constructs of TBC1D3 localize to the plasma 
membrane and gradient sedimentation indicates that TBC1D3 is
a lipid raft protein. We examined truncated constructs of TBC1D3 
to identify regions associated with the plasma membrane.
Inspectio n of TBC1D3:310 -360 revealed two adjacent cysteine res- 
idues that might serve as targets for palmitoylat ion. Adjacent 
palmitoy lation sites are not uncommon [24,25] and indeed, we
showed that both intact TBC1D3 and the TBC1D3:310 -360 frag- 
ment incorporate d radiolabeled palmitate which was reversed by
deleting two cysteine residues (C318 and C325). Deletion of either 
C318 or C325 results in a nearly complete loss of palmitate labeling 
suggestin g either that palmitoylation of these two nearby sites is
linked (e.g., palmitoylation of one is required for palmitoylat ion 
of the other) or that one site is palmitoylat ed and the other site 
is a regulatory site. It is noted that palmitoylat ion of cyteines in
proteins often occurs in multiple, closely associate d cysteine resi- 
dues. In addition to palmitoylation , there are other possible post 
translationa l modifications, such as tyrosine nitration [26], re- 
ported for TBC1D3, that could promote plasma membrane and li- 
pid raft association.

Because TBC1D3 is degraded by proteasome s [11], we specu- 
lated that TBC1D3 is likely de-palmitoyl ated prior to ubiquitina- 
tion and proteasoma l degradation . Indeed, palmitoylation -
deficient TBC1D3 mutants were more extensively ubiquitinated 
by CUL7 and more rapidly degraded in response to a growth factor 
challenge than intact TBC1D3. It is possible that palmitoylat ed
TBC1D3 is inaccessible to modifying E3 ligases because of its local- 
ization in lipid rafts or that palmitoylat ion modifies the folding of
TBC1D3 such that the interaction between TBC1D3 and Fbw8, the 
recogniti on arm of CUL7, is impeded , perhaps for steric reasons.

We conclude that TBC1D3 is palmitoylated, targeted to lipid 
rafts and degraded following ubiquitin ation by CUL7. These find-
ings may be important in developing an understand ing of the 
pathobiol ogy of TBC1D3, a breast and prostate cancer oncogene 
that has been linked to a variety of other cancers including myelo- 
dysplasti c syndrom e, as the impact of TBC1D3 expression on cell 
prolifera tion becomes more clearly resolved.
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