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Abstract

The prenylated Rab acceptor 1 (PRA1) is a ubiquitously expressed 21 kDa protein containing two transmembrane domains that
possibly induce its localization to the Golgi complex. It binds to prenylated Rab GTPases and VAMP2. In this study, we report that
PRA1-overexpressing cells exhibited a significantly retarded growth rate as compared to that of the mock-transfected cells, and the tran-
scriptional activity of TCF, as evaluated by TOPflash luciferase reporter assay, was profoundly reduced in the PRA1-overexpressed cells.
These intracellular functions of PRA1 were verified by introducing deletion mutant or site-directed mutants, or small interfering RNA of
PRA1. In addition, the translocation of b-catenin from the cytosol to the nucleus was blocked to a significant degree in the PRA1-cells,
and the interaction of PRA1 and b-catenin was identified by confocal microscopy and immunoprecipitation analysis. Finally, we
observed that the inhibition of TCF/b-catenin signaling by PRA1 is associated with ERK1/2 dephosphorylation. Therefore, our data
suggest that the in vivo modulation of PRA1 may be involved in TCF/b-catenin signaling, as well as cellular proliferation and
tumorigenesis.
� 2006 Elsevier Inc. All rights reserved.

Keywords: Prenylated Rab acceptor 1 (PRA1); Luciferase reporter assay; TCF; b-Catenin signaling
Prenylated Rab acceptor 1 (PRA1) containing two
transmembrane domains is a 21-kDa protein that is ubiqui-
tously expressed in most tissues, and localized in the Golgi
complex. PRA1 was initially identified as a Rab-GTPase-
interacting protein in a yeast two-hybrid screen, showing
that it binds to the prenylated Rab GTPase proteins includ-
ing Rab1, Rab3, and Rab5 [1,2]. These GTPases, which are
Ras superfamily GTPases, are small proteins (<25 kDa)
that bind to guanosine triphosphate (GTP) [3–5], and reg-
ulate a broad range of cellular processes, including cell
0006-291X/$ - see front matter � 2006 Elsevier Inc. All rights reserved.

doi:10.1016/j.bbrc.2006.08.026

* Corresponding authors. Fax: +82 2 2077 7322 (J.-S. Lim), +82 42 860
4593 (J.W. Kim).

E-mail addresses: wjkim@kribb.re.kr (J.W. Kim), jslim@sookmyung.
ac.kr (J.-S. Lim).
growth, differentiation, and movement. They also regulate
cellular vesicle trafficking, which includes vesicle budding,
tethering, and fusion. Rab GTPases play important regula-
tory roles in motility, via the recruitment of motor proteins
to various organelles, and also coordinate intracellular sig-
naling events associated with membrane trafficking [6–8].
All regulatory GTPases employ a common mechanism that
enables them to switch on a signal transduction cascade via
the unidirectional alteration of the GTPase from the active
GTP-bound to the inactive GDP-bound state by hydrolysis
of the GTP [9–11]. It has been shown that PRA1 may be
involved in the vesicle trafficking from the endoplasmic
reticulum (ER) to the Golgi complex. Because PRA1 is pri-
marily associated with GTPases exhibiting a variety of bio-
logical effects, the elucidation of intracellular PRA1
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functions is required in order to gain insight into the
sophisticated molecular network of Rab GTPases.

The interaction of GTPases with PRA1 requires their
post-translational modification by prenylation [1,2,12].
Prenylation is followed by the proteolysis of the C-terminal
tripeptide and the methylation of the newly generated C-
terminal amino acid within the ER compartment [13].
Prenylated-GTPases interact with PRA1, which functions
as an escort protein for GTPases and facilitates their trans-
location to the target membranes. PRA1 has been shown to
associate with the GDP dissociation inhibitor (GDI),
which solubilizes GTPases in the membrane [14]. There-
fore, PRA1 and GDI exert opposing effects on Rab GTP-
ases in regard to membrane targeting. Moreover, PRA1
has been shown to bind directly to vesicle-associated mem-
brane protein 2 (VAMP2), which is involved in both the
targeting and fusion of transport vesicles to their target
membranes [1,15]. The dissociation of PRA1-VAMP2
may facilitate vesicle fusion and transport to the mem-
brane. In addition, PRA1 has been shown to play roles
in anti-apoptotic processes and viral infectivity by interact-
ing with various viral proteins, including the CaMV move-
ment protein [16], the Epstein–Barr virus BHRF1 [17], the
rotavirus V4 spike protein [18], and the SIV gp41 [19].

The intracellular localization of PRA1 and its associated
molecules has been relatively well characterized, but the
intracellular functions of PRA1 remained to be elucidated.
Interestingly, when PRA1 was overexpressed in HEK293
and HCT116 cells, cell growth was arrested, and cell prolif-
eration was substantially inhibited. The results from cells
transfected with various mutants or small interfering
RNA of PRA1 suggested that Golgi-localized PRA1 might
be essential for the inhibition of Wnt signaling. Collective-
ly, the data suggest that PRA1 is a potential regulator in T
cell factor (TCF)/b-catenin signaling, and that its modula-
tion may play a crucial role in the transmission of cellular
signals related to tumorigenesis.

Materials and methods

Cell culture and treatment. The HEK293 and HCT116 cells were cul-
tured in Dulbecco’s modified Eagle’s medium (DMEM; Gibco-BRL,
Grand Island, NY) supplemented with 2 mM glutamine, 1% penicillin/
streptomycin, and 10% fetal bovine serum (FBS; HyClone, Logan, UT) at
37 �C in a CO2 incubator. LiCl (Sigma, St. Louis, MO) at 20 mM con-
centration was added to the cell culture for 6–12 h after transfection. The
inhibitors, including LY294002 for PI3K, PD98059 for ERK1/2, and
SB203580 for p38 kinase, were all purchased from Sigma, and adminis-
tered at a concentration of 20 lM. The AKT-I used for the AKT kinase
inhibition was purchased from Calbiochem (San Diego, CA).

Antibodies. Mouse anti-GFP mAb was purchased from Santa Cruz
Biotechnology (Santa Cruz, CA), and anti-b-catenin and anti-N-cadherin
mAbs were obtained from Upstate Biotechnology (Lake Placid, NY).
Anti-HA, anti-Flag, and anti-a-tubulin mAbs were purchased from Sig-
ma. The rabbit anti-phospho-GSK3b, anti-phospho-ERK1/2, and anti-
ERK1/2 Abs were all acquired from Cell Signaling Technology (Beverly,
MA). The horseradish peroxidase-conjugated anti-mouse or anti-rabbit
Ab and the TRITC-conjugated anti-mouse Ab were obtained from Sigma.
Polyclonal anti-PRA1 Ab was generated by injecting the recombinant
PRA1 protein into mouse.
Plasmids. The full-length cDNA for human PRA1 (185aa,
NM_006423) was cloned from a Jurkat cDNA library via PCR amplifi-
cation. The deletion or site-directed mutants of PRADTM (D65-164aa),
PRADN (D1-61aa), PRAD185V, PRA-V185E, and PRA-DGAA (DGEE
substitution) were generated via PCR, and the constructed plasmids were
verified by their sequences. b-catenin (781aa) and b-cateninD1–47 (a
deletion mutant of N-terminal 1–47 amino acids) were also cloned into the
pcDNA3 expression vector.

Transfection, immunoprecipitation, and Western blotting. Cells at 80%
confluence (50% for siRNA) were plated one day before transfection, then
transfected with Lipofectamine 2000 reagent (Invitrogen, Carlsbad, CA)
according to the manufacturer’s instructions. The amount of DNA or
siRNA for transfection was used at 1.5 lg or 30 lM per well in a six-well
plate, respectively. The Stealth siRNA specific for PRA1 was generated
from Invitrogen (PRA1; sense 5 0-GCGCCUGUUACAUUCUCUAUC
UGCG-30). After 1–4 days, the transfected cells were washed and har-
vested for the respective experiments. In the Western blotting, the cells
were washed with phosphate-buffered saline (PBS) and lysed with a lysis
buffer [20 mM Tris–HCl, pH 7.5, 150 mM NaCl, 1 mM EGTA, 1 mM
EDTA, 1% Triton X-100, 2.5 mM sodium pyrophosphate, 1 mM
Na3VO4/NaF, and protease inhibitors cocktail (Sigma)] on ice for 30 min.
The resultant lysates were then clarified by centrifugation and the total
protein content in the cell lysates was quantified via Bradford assay. For
immunoprecipitation assay, the lysates were incubated with anti-HA mAb
and protein-A/G–agarose at 4 �C for 4 h, and the immune complexes were
resuspended with SDS sample buffer. The lysates or precipitates were then
loaded onto 10–14% SDS–PAGE gels, transferred to PVDF membranes,
and the membranes were blocked with 5% non-fat dried skim milk in TBS
(20 mM Tris–HCl, pH 7.4, 150 mM NaCl) at room temperature. After
incubation with the appropriate primary Abs for 4 h, the membranes were
incubated with HRP-conjugated secondary Abs and visualized with an
ECL� detection system (Amersham Pharmacia Biotech, Piscataway, NJ).

Nuclear fractionation. Cells were transfected for 1.5 days, and then
harvested after washing with cold PBS. In order to segregate the nuclear
fractions from the cell lysates, cell pellets were resuspended in TM buffer
(10 mM Tris–HCl, pH 7.4, 2 mM MgCl2, and 0.4 mM PMSF) containing
protease inhibitors cocktail, and then allowed to react in 0.5% Triton X-
100 on ice for 20 min. After the lysates were centrifuged at 1500 rpm for
5 min, the pellets harboring the nuclear fractions were resuspended using
SDS sample buffer, and the supernatants obtained from a further 5 min of
centrifugation at 5000 rpm were employed in the detection of cytosolic
proteins.

Cell proliferation and luciferase reporter assay. The MTS reduction
assay (Promega, Madison, WI) was performed in a 96-well plate according
to the manufacturer’s instructions. Briefly, cells were transfected with
0.2 lg DNA per well, and after 1–4 days MTS/PMS solution was added to
each of the 96-well plates. After incubation at 37 �C in a CO2 incubator for
1 h, the absorbance at 490 nm was recorded with a plate reader. In order
to conduct the luciferase reporter assay, the cells were transfected with
TOPflash (or FOPflash) luciferase reporter plasmid (Upstate Biotechnol-
ogy), b-galactosidase plasmid, and pcDNA3(HA)-construct plasmid at
1.5 lg/well. b-Galactosidase was used to normalize the transfection effi-
ciency of the cells. After two days, the cells were lysed with lysis buffer
(20 mM Tris–HCl, pH 7.5, 150 mM NaCl, and 1% Triton X-100) on ice
for 30 min, and the cleared lysates were then transferred to each of the
wells in the 96-well plates, and luciferase assay reagent was added. The
light intensity of the reaction was determined using a plate-reading
luminometer (Turner Designs, Sunnyvale, CA) and the luciferase intensity
was calculated relative to the b-galactosidase activity.

Confocal microscopy. The cells were cultured on coverslips one day
prior to transfection and were transfected with plasmids for 1.5 days. They
were then rinsed three times in cold PBS, fixed with 4% paraformaldehyde
at room temperature for 20 min, washed, and permeabilized with 0.1%
Triton X-100/PBS for 10 min. Next, the cells were blocked with 1% BSA/
PBS for 30 min and stained with anti-b-catenin Ab for 2 h. Finally, the
cells were incubated with TRITC-conjugated rabbit anti-mouse Ab in
darkness for 1 h, and the nuclei were stained with DAPI. The coverslips
containing the cells were mounted on glass slides with VectaShield



202 J.-T. Kim et al. / Biochemical and Biophysical Research Communications 349 (2006) 200–208
mounting medium (Vector Laboratories, Burlingame, CA) and visualized
using a Zeiss confocal microscope LSM510META (Carl Zeiss, Jena,
Germany) at 40· magnification. The confocal images were captured by the
Zeiss LSM Image Browser program.

RT-PCR analysis. Four groups of tissue pairs, including normal and
cancerous region from patients with colon cancer, were obtained from the
tumor tissue bank of local hospital. Prepared colon cancer tissues were
lysed, and total RNA was extracted by using TRIzol reagent (Invitrogen)
according to manufacturer’s instructions. The RNAs were quantified, and
5 lg RNA was used for RT-PCR to generate each cDNA sample using a
ProSTAR First-strand RT-PCR kit (Stratagene, La Jolla, CA). b-Actin
product was used as a reaction standard and human PRA1 product was
obtained using a specific primer sequence (sense: 5 0-ATGGCAG
CGCAGAAGGACCAG-3 0, antisense: 5 0-TCACACGGGTTCCATCTG
CAG-30).

Results

PRA1-overexpressing cells exhibit growth retardation

While PRA1 has been identified as an acceptor of Rab
GTPase proteins, and the cellular localization of PRA1
and its associated molecules has been relatively well charac-
terized, the intracellular functions of PRA1 remain to be
elucidated. To gain insight into the intracellular functions
of PRA1, the PRA1 gene, harboring the full-length cDNA,
was transfected into HEK293 cells. PRA1 protein contains
two transmembrane (TM) domains and the di-acidic
DGEE motif at the C-terminal region as shown in
Fig. 1A. It has been shown that the TM domains determine
PRA1’s cellular localization to the Golgi complex and the
di-acidic motif is important for the localization from ER to
the Golgi complex [20]. Interestingly, the cell growth rate,
as evaluated by MTS reduction assay, was reduced sub-
Fig. 1. Growth arrest in PRA1-overexpressing cells. (A) Schematic
representation of PRA1 wt and its deletion mutants. PRA1 has two
transmembrane (TM) domains and a di-acidic DGEE motif at the C-
terminus. (B) HEK293 cells were transfected with pcDNA3HA or
pcDNA3HA-PRA1 wt (or PRADTM). Cell proliferation was assessed
via MTS assay 1–3 days after transfection. PRA1-overexpressing cells, but
not PRADTM cells, exhibited growth arrest. Data are represented as
means ± SE from three independent experiments. * p < 0.005 versus mock
control.
stantially in the PRA1-overexpressing cells (Fig. 1B). How-
ever, the cells transfected with PRADTM, a TM-deleted
mutant, showed no significant change in the growth rate
when compared to a mock control. Also, we compared
the growth rate of the Golgi-localized PRA1 wild-type
and ER-localized PRA1 mutants such as PRAD185V
(185Val deletion) and PRA-DGAA (substitution of
DGEE), but the growth rate was similar, regardless of
PRA1’s localization (data not shown). Therefore, the data
suggest that PRA1 works in the conformation of a mem-
brane-bound state and may play a role in cellular
proliferation.

PRA1 inhibits TCF/b-catenin signaling

In an attempt to gain insight into the mechanisms asso-
ciated with cell growth inhibition by PRA1 overexpression,
we examined whether PRA1 can modulate TCF/b-catenin
signaling. The TCF/b-catenin complex is formed in cytosol
by intracellular or extracellular signals and then translo-
cates to the nucleus, functioning as a transcription factor
for differentiation and proliferation. To analyze these mod-
ulations, we used the TOPflash luciferase reporter assay,
which uses a luciferase reporter plasmid with three copies
of the optimal TCF/lymphoid enhancer factor (LEF) bind-
ing site upstream of the minimal thymidine kinase (TK)
promoter. The HEK293 cells were transfected with TOP-
flash (or FOPflash, which harbors mutant TCF binding
sites) luciferase reporter, b-galactosidase (for the quantifi-
cation of transfection efficiency), and PRA1 (PRA1 wt,
PRADTM, PRADN, PRAD185V, PRA-V185E, or PRA-
DGAA) plasmids. The PRA1-transfected cell lysates exhib-
ited very low levels of luciferase activity as compared with
the vector controls, and this degree of intensity was similar
to that evidenced by PRAD185V, PRA-V185E, or PRA-
DGAA (Fig. 2A). However, PRADTM and PRADN were
not able to inhibit the TOPflash luciferase activity, indicat-
ing that full-length form including the TM and N-terminal
regions is necessary for inhibiting the activity. FOPflash
luciferase activity was not altered by PRA1 expression.

In both canonical and non-canonical Wnt/b-catenin sig-
naling, the transport of the TCF/b-catenin complex to the
nucleus is an essential step with regard to the transcription-
al activity of genes associated with proliferation [21,22].
Therefore, we attempted to determine whether or not
PRA1 inhibits TCF/b-catenin signaling under conditions
in which b-catenin is exogenously expressed. As shown in
Fig. 2B, b-catenin induced an elevated TCF/b-catenin sig-
naling activity, but the TCF/b-catenin signaling activity
was significantly inhibited in the cells co-transfected with
PRA1. In contrast, the cells co-transfected with PRADTM
and b-catenin did not show any reduction of the TCF
activity. The activity of TCF signal by a-catenin introduc-
tion appeared to occur at lower levels than that in the vec-
tor control, indicating that an interaction between
a-catenin and b-catenin results in the inhibition of basal
b-catenin signaling. We also determined the effects of LiCl



Fig. 2. PRA1 inhibits TCF/b-catenin signaling. (A) HEK293 cells transfected with TOPflash luciferase reporter (or FOPflash), pcDNA3HA-PRA1
variants, and b-galactosidase plasmid (to quantify the transfection efficiency) were cultured for 1–2 days. The cell lysates were assayed for the luciferase
intensity using a luminometer. The intensity was calculated as values relative to b-galactosidase activity. TOPflash reporter activity was inhibited by PRA1
as well as PRA-V185E, PRA-DGAA, and PRAD185V, but not PRADN and PRADTM cells. The activity of FOPflash reporter as a control plasmid was
not affected by PRA1. * p < 0.005. (B) Cells were transfected with TOPflash, b-catenin (or a-catenin), or PRA1 wt (or PRADTM). TCF activation by b-
catenin was inhibited in PRA1-cells, but not in PRADTM cells. * p < 0.005. (C) Cells were transfected with TOPflash and PRA1 wt (or PRADTM) for 1
day and treated with LiCl (20 mM) for 12 h. Data are represented as means ± SE from three independent experiments. * p < 0.005. (D) Cells were
transfected and further treated with or without LiCl (20 mM) for 12 h. Cell lysates were subjected to SDS–PAGE for Western blotting to assess b-catenin
expression and GSK3b phosphorylation. N-cadherin and a-tubulin were used as internal protein controls and b-catenin degradation is indicated by the
asterisk. Results are from a single analysis, representative of two independent experiments.
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on PRA1-related TCF/b-catenin signaling, because the
treatment of LiCl is known to inhibit GSK3b and mimic
Wnt signaling via the stabilization of b-catenin [23]. LiCl-
activated TCF/b-catenin signaling approximately six-fold,
whereas the exogenously introduced PRA1 completely
inhibited LiCl-activated TCF/b-catenin signaling
(Fig. 2C). However, TCF/b-catenin signaling by LiCl was
not inhibited by PRADTM. Subsequently, we tested the
stability and intracellular expression levels of b-catenin
via Western blotting for b-catenin and glycogen synthase
kinase (GSK) 3b. The stability of b-catenin and GSK3b
was not affected by PRA1 overexpression, whereas LiCl
stimulation resulted in a marked increase in the b-catenin
concentration and a slight increase of GSK3b phosphory-
lation, but N-cadherin expression was not changed
(Fig. 2D). The constant expression of phosphorylated-
GSK3b and b-catenin indicates the possibility that PRA1
does not directly affect the stability of b-catenin. Further-
more, the data obtained using the deletion mutants suggest
that the TM domain of PRA1, responsible for membrane
localization to the ER or Golgi complex, is crucial for
PRA1 activity with regard to TCF/b-catenin signaling.

PRA1 blocks the nuclear translocation of b-catenin

Because PRA1 was shown to inhibit the TCF reporter
activity, we examined whether the translocation of b-cate-
nin to the nucleus is blocked by PRA1. To do this, we gen-
erated the constructs for expression of an Enhanced Green
Fluorescent Protein (EGFP)-fused wild-type and mutant
PRA1. PRA1 was mainly localized to the Golgi complex,
whereas PRADTM was distributed at a higher density in
the nucleus and weakly in cytosol (Fig. 3A). To compare
the b-catenin concentration in the cytosol and the nucleus,
EGFP and EGFP-PRA1 variants were transfected and
lysates were prepared. Cellular fractionation showed that
the nuclear condensation of b-catenin in the EGFP-
PRA1- and EGFP-PRAD185V-cells was diminished



Fig. 3. The nuclear translocation of b-catenin is blocked by PRA1. (A) Cells on coverslips were transfected with EGFP or EGFP-PRA1 wt (or
PRADTM), fixed, mounted on microscope slides, and EGFP-PRA1 expression was visualized. Scale bar, 25 lm. (B) Cells were transfected with EGFP-
constructs and lysed for cellular fractionation as described in Materials and methods. PARP and a-tubulin were used as internal controls to detect the
nuclear and cytosolic protein, respectively. Also, the density of b-catenin bands was scanned by a densitometer. (C) Cells on coverslips were transfected
with EGFP, EGFP-PRA1 or EGFP-PRADTM, and treated with LiCl (20 mM) for 6 h. Cells were fixed and stained with anti-b-catenin Ab and DAPI for
nuclear staining. Solid arrowheads indicate the nuclear condensation of b-catenin and open arrowheads indicate the nucleus where b-catenin is not
translocated. As shown in merged images of EGFP-PRA1 column (especially in inset), EGFP-PRA1 and b-catenin were colocalized (indicated with
arrows, yellow regions). Scale bar, 50 lm. (D) After cells were transfected with EGFP, EGFP-PRA1 or EGFP-PRADTM for 1 day, they were treated with
LiCl as in (C). Cell lysates were immunoprecipitated with anti-GFP Ab and the immune complexes were analyzed by Western blotting against b-catenin.
b-Catenin was precipitated in PRA1-containing lysates, but not in GFP alone or PRADTM. HC, heavy chain. (For interpretation of the references in color
in this figure legend, the reader is referred to the web version of this article.)
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(Fig. 3B). Consistent with this observation, b-catenin was
strongly retained in the cytosol of both the PRA1 and
PRAD185V-cells, but PRADTM induced no detectable
change in b-catenin level. Also, using confocal microscope,
we investigated the b-catenin translocation to the nucleus
in PRA1-transfected HEK293 cells. Cells transfected with
the EGFP, EGFP-PRA1, or EGFP-PRADTM were treat-
ed with 20 mM LiCl for 6 h and then stained with anti-b-
catenin Ab and DAPI. Immunofluorescence staining
revealed the distribution of b-catenin in the nuclei of the
EGFP- or EGFP-PRADTM cells, as indicated by the solid
arrowheads (Fig. 3C). In contrast, most of the b-catenin in
the EGFP-PRA1-expressing cells clearly accumulated in
the cytosol, and the nuclear translocation of b-catenin
was severely hampered as indicated by the open arrow-
heads. Interestingly, we also found that PRA1 and b-cate-
nin were colocalized near the nucleus, likely at the Golgi
complex (indicated by arrows, yellow). This suggests the
possibility that PRA1 may interact with b-catenin. To ver-
ify its interaction, we performed immunoprecipitation
assay from the lysates of cells transfected with EGFP or
EGFP-PRA1 with or without LiCl. EGFP or EGFP-
PRADTM transfection did not precipitate b-catenin, but
EGFP-PRA1 precipitated b-catenin in cells that were both
treated or not treated with LiCl (Fig. 3D). If TCF/b-cate-
nin signaling was activated by LiCl, PRA1–b-catenin inter-
action was much stronger. Therefore, these data show that
the up-regulation of PRA1 in the Golgi complex is able to



J.-T. Kim et al. / Biochemical and Biophysical Research Communications 349 (2006) 200–208 205
inhibit the nuclear translocation of b-catenin for TCF/b-
catenin signaling by strongly forming PRA1–b-catenin
complex, indicating that PRA1 may exhibit diverse func-
tions such as the modulation of cell proliferation and
differentiation.

PRA1 is involved in the dephosphorylation of ERK1/2

Wnt signaling has been shown to be involved in extra-
cellular signal-regulated kinase (ERK) pathway activation
through b-catenin [24], and Ras-ERK pathway activation
has also been known to play a crucial role in cellular pro-
liferation and differentiation. To know whether the
ERK1/2-mediated signals are modulated in cells over-
expressing PRA1, we examined the ERK phosphorylation
and TCF signaling. After HEK293 cells were transfected
with PRA1, ERK activation was evaluated in the cell
lysates by using Western blotting. The phosphorylated
ERK1/2 levels were reduced substantially in the PRA1-
cells, as compared to those in the vector controls
(Fig. 4A). PRA1 protein in mammalian cell lines,
including HEK293 and HCT116 cells, was expressed in
weakly detectable levels in our study. Cyclin D1 expres-
sion, which is known to be upregulated by TCF/b-catenin
signaling, was also repressed in PRA1-cells. The effect of
ERK phosphorylation on the TCF/b-catenin signaling
was further evaluated via treatment with several protein
kinase inhibitors in cell culture. The ERK1/2 inhibitor,
PD98059, exerted a profound inhibitory effect on TCF/
b-catenin signaling (Fig. 4B). LY294002 and SB203580
also resulted in a moderate inhibition of the signal,
whereas the AKT/protein kinase B (PKB) inhibitor pro-
Fig. 4. PRA1 is involved in the dephosphorylation of ERK1/2. (A) Cells
were transfected with pcDNA3 or pcDNA3-PRA1, and cell lysates were
subjected to SDS–PAGE for Western blotting. In the PRA1-expressing
cells, ERK1/2 was dephosphorylated and cyclin D1 was also downreg-
ulated. b-Catenin was expressed at similar levels and total ERK1/2 and a-
tubulin proteins were used as internal controls. (B) Cells were transfected
with TOPflash and treated with various kinase inhibitors, such as
LY294002 for PI3K, AKT inhibitor, PD98059 for ERK1/2, and
SB203580 for p38 kinase (20 lM) for 1 h.
duced no such effect. Taken together, the mitogen-activat-
ed protein kinases are involved in TCF/b-catenin
signaling, and the dephosphorylated ERK in PRA1-cells
may negatively affect the b-catenin-involved signal
transduction.

PRA1 acts to block the TCF/b-catenin signaling in colon

cancer cells

In various cancers, including melanomas and colorectal
cancers, TCF/b-catenin signaling has been shown to be
abnormal, and some mutations of b-catenin and APC are
reported in colon cancers [25,26]. Because of this, we exam-
ined whether PRA1 affects the TCF/b-catenin signaling in
HCT116 colon cancer cells that harbor an oncogenic muta-
tion in b-catenin. Exogenous expression of either wild-type
b-catenin or b-cateninD1-47, a deletion mutant of the
GSK3b-mediated phosphorylation sites, increased the
TCF activity as previously shown in HEK293 cells
(Fig. 5A). The transfection of N-terminally deleted b-cate-
ninD1-47 showed slightly higher activity than that of
Fig. 5. PRA1 is a strong inhibitor of TCF/b-catenin signaling in colon
cancer cells. (A) HCT116 cells were transfected with b-catenin (or b-
cateninD1-47) in the absence or presence of PRA1, and assayed for TCF
activity. Also, cells were treated with LiCl (20 mM for 6 h) and assayed at
the same time. (B) HCT116 cells were transfected with plasmids and (or)
siRNA for 4 days, and cell lysates were analyzed for TCF activity and
used for RT-PCR. The siRNA specific for PRA1 effectively repressed the
expression of mRNA (inset). siRNActl indicates a negative siRNA control
from manufacturer and b-actin was used as a reaction control. Data are
represented as means ± SE from three independent experiments.
* p < 0.005. (C) Four colon tissue pairs consisting of normal and tumor
tissue were prepared, and RT-PCR using their RNA was performed for
PRA1 or b-actin. N and T of a tissue pair mean the healthy normal colon
and colon tumor from one individual, respectively. Density (ratio of PRA1
to beta-actin) of PCR product in tumor tissue (T) represents relative value
to density in normal tissue (N).
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wild-type, and treatment with LiCl, a GSK3b inhibitor,
induced a strong activity. However, when PRA1 was
co-expressed, these TCF activations were largely repressed,
indicating that PRA1 also plays an inhibitory role in TCF/
b-catenin signaling pathway in colon cancer cells.

Furthermore, using small interfering RNA (siRNA), we
examined again whether PRA1 affects on the TCF/b-cate-
nin signaling of tumor cells. HCT116 cells were transfected
with various sets of DNA or siRNA, and the TCF activity
in each lysate was determined. As shown in the inset, PRA1
mRNA expression was repressed in siPRA1-transfected
cells (Fig. 5B). In siPRA1-cells we observed a slight
increase of the TCF activity. Subsequently, when LiCl
was added to cells, the activity in siPRA1-transfected cells
was increased much more than that in control siRNA-cells.
Therefore, these findings indicate that PRA1 is surely
involved in TCF/b-catenin signaling and inhibits the sig-
naling through interaction with b-catenin. Finally, to com-
pare PRA1 expression levels in colon cancer tissues, we
examined the mRNA level of PRA1 in pairs consisting of
normal and tumor tissues by using a RT-PCR method.
Interestingly, as shown in Fig. 5C, colon cancer tissues ran-
domly selected from clinically diagnosed patients showed
significantly decreased PRA1 mRNA expression, which
was less than half of the expression level in normal colon
tissues. This suggests that PRA1 functions, such as b-cate-
nin binding, might be suppressed by unknown mechanism
that exists in colon cancers, and that PRA1 may be impor-
tant for functioning in tumor prevention and anti-
tumorigenesis.

Discussion

PRA1 is a transmembrane protein that initially inserts
into the ER compartment, followed by vesicular transport
along the exocytic pathway to the Golgi complex where it
may function. PRA1 is required for vesicle trafficking from
the Golgi complex, and recruits Rab effectors and SNARE
[soluble N-ethylmaleimide-sensitive factor attachment pro-
tein (SNAP) receptor] proteins during this vesicle traffick-
ing process. The cellular localization of PRA1 in the ER
and Golgi complex has been reported by several laborato-
ries by using a variety of site-directed or deletion mutants
of PRA1 [1,2,12,27]. The C-terminus of PRA1 is a require-
ment for the Golgi localization and binding to the Rab
GTPases, and PRA1 harbors the di-acidic motif DXEE
at its C-terminus. The mutation of any one of the acidic
residues within this motif results in significant retention
in the ER compartment [20]. However, it has been also
reported that the deletion of the C-terminal 10 amino acids
of PRA1 results in the blockage of its export from the ER,
and this di-acidic amino acid substitution exerts no effects
on the export of PRA1 from the ER [28]. Alanine-scanning
mutagenesis of the entire C-terminal region has revealed
that the C-terminal 185Val residue is required for the ER
export of PRA1. However, the deletion of 185Val has
shown only a moderate effect on the ER export, suggesting
that this Val is not involved in export signal itself; rather, it
may affect the folding or conformation of PRA1. Further-
more, ER-localized PRA1 mutants or Golgi complex-local-
ized PRA1 wt or mutants have been shown to interact with
VAMP2 and Rab. In this study, we have generated a series
of ER- or Golgi complex-localized mutants of PRA1,
including Golgi-localized PRA1 wild-type, ER-localized
PRA-V185E, PRA-DGAA, and ER-Golgi-localized
PRAD185V. We also generated PRADTM (D65-164), which
is distributed throughout the entirety of the cell (Fig. 3A).
Interestingly, the ER- or Golgi complex-localized wild-type
or mutant PRA1 variants showed similar results with
regard to the inhibition of TCF/b-catenin signaling. How-
ever, PRADTM did not effectively inhibit the signaling,
suggesting that the TM domain of PRA1 is necessary for
efficient signaling inhibition. Therefore, our findings indi-
cate that PRA1 functions in the ER, Golgi complex, or
ER-Golgi-related vesicles in its membrane-bound
conformation.

TCF/b-catenin complex is a transcription factor that is
able to modulate multiple genes involved in development
and proliferation. b-catenin is also a multifunctional pro-
tein that contributes to cell–cell adhesion by strengthening
the linkage of E-cadherin and b-catenin to the actin cyto-
skeleton. It appears to be involved in the Wingless/Wnt sig-
naling pathway, the inappropriate reactivation of which
results in tumorigenesis and several biogenic defects. The
intracellular concentration and localization of b-catenin
are regulated by its degradation, which occurs via interac-
tion with Adenomatous polyposis coli (APC) tumor sup-
pressor protein and phosphorylation at its N-terminus
through the interaction with GSK-3b [22,26,29]. Mutations
of APC or b-catenin and activation of the Wnt signal
inhibit GSK-3b activity and induce b-catenin stabilization
[25]. In such a case, b-catenin binds to TCF and the b-ca-
tenin-TCF complex translocates into the nucleus, functions
as a transcriptional factor, and stimulates tumor formation
via increases in the activity of c-myc and cyclin D1 [30].
Interestingly, we demonstrated that the inhibition of
TCF/b-catenin signaling by PRA1 does not result in the
degradation of b-catenin, nor does it induce the phosphor-
ylation of GSK3b (Fig. 2D). However, importantly, the
translocation of b-catenin into the nucleus was markedly
reduced by PRA1, and in the Golgi complex, b-catenin
was shown to colocalize with PRA1. Also, when we exam-
ined the interaction between b-catenin and PRA1 by
immunoprecipitation assay, b-catenin was precipitated
together with PRA1 in the absence or presence of LiCl
(Fig. 3C and D). This observation demonstrates that b-ca-
tenin-mediated signals may be regulated by protein-interac-
tion with PRA1, although exact role of PRA1 should be
further studied with relation to Rab GTPases.

A number of signals, including TCF/b-catenin signaling,
are propagated via the activation of MAPK cascades,
which are regulated, in part, by upstream small GTP-bind-
ing proteins. Like Ras, Rho GTPases such as Rac1 and
Cdc42 are molecular switches that regulate many essential
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cellular processes, including cell adhesion, cell cycle pro-
gression, and transcription. Cdc42 is involved in c-Jun N-
terminal kinase (JNK) activation by many stimuli [31]
and cooperates with Raf to activate the ERK pathway.
Ras associates with Raf kinase in a GTP-dependent man-
ner, and this complex phosphorylates and activates
MAPK/ERK kinase (MEK), and MEK then activates
ERK1/2 kinases [32,33]. Therefore, the Ras-ERK pathway
is employed ubiquitously in the transduction of cell-type
specific growth and differentiation signals from various
kinases and receptors. In this study, we have shown that
ERK is strongly dephosphorylated in PRA1-cells and sim-
ilarly, TCF/b-catenin activity is shown to be specifically
repressed by ERK inhibitor. Therefore, our results support
the notion that mitogen-activated protein kinases are
involved in TCF/b-catenin signaling, and the dephospho-
rylated ERK in PRA1-cells negatively affects the
b-catenin-involved signal transduction. However, TCF/
b-catenin signaling may also be associated with various sig-
naling networks in cell proliferation and development, such
as NF-jB or AP-1 activity. In fact, when we investigated
whether NF-jB or AP-1 activity is modulated in the
PRA1-cells, PRA1 expression appeared to weakly affect
both activities, although basal activity was relatively low
in the HEK293 cells used in our study (data not shown).
Thus, whether any of the transcriptional regulations are
related to PRA1 overexpression and mostly contribute to
the PRA1-mediated inhibition of TCF/b-catenin signaling
needs further investigation.

Finally, our results have shown that TCF/b-catenin sig-
naling, irrespective of signaling inducers such as exogenous
b-catenin and LiCl, is also inhibited in colon tumor cells
transfected with PRA1. In contrast, TCF/b-catenin signal-
ing was, to a certain degree, increased in the experiments
using siRNA specific for PRA1 in the same tumor cells,
although the enhancement of TCF/b-catenin signaling by
PRA1 siRNA was not strong compared to its inhibition
by PRA1 overexpression. It could be possible that siRNA
treatment might be not enough to completely inhibit a low
level of endogenous PRA1 protein present in tumor cells. It
could also be possible that the PRA1 overexpression effect
might be modulated by other proteins such as Rab or
VAMP2, and that the inhibitory effect of siRNA on
PRA1 function might, therefore, be minimal. In correlation
with these findings, PRA1 mRNA level was significantly
decreased in primary colon cancer tissues in comparison
to normal tissues in the same patients. These findings
indicate an interesting possibility that PRA1 expression
might regulate tumor development by a modulation of
TCF/b-catenin signaling, which is involved in both cellular
proliferation and tumor progression, especially in the pro-
gression of colon tumor. However, how b-catenin or APC
mutations usually observed in colon cancers are related to
the PRA1-mediated down-regulation of TCF/b-catenin
signaling remains to be determined.

In summary, we demonstrated that PRA1 is crucial for
TCF/b-catenin signaling, and that its TCF/b-catenin signal
regulation is mediated by an interaction with b-catenin,
although in this study PRA1 interaction with other pro-
teins including Rab GTPases has not been investigated in
depth. Thus, further studies will be required in order to
gain further insight into the role of PRA1 in membranous
organelle-mediated signal transduction, and to clarify and
elucidate the mechanisms underlying PRA1-mediated inhi-
bition of TCF/b-catenin signaling in the tumorigenesis of
colorectal cells.
Acknowledgments

This work was supported by a grant from the Research
Center for Women’s Diseases of the KOSEF (R11-2005-
017-03001) and by the Sookmyung Women’s University
Research Grants 2006.
References

[1] I. Martincic, M.E. Peralta, J.K. Ngsee, Isolation and characterization
of a dual prenylated Rab and VAMP2 receptor, J. Biol. Chem. 272
(1997) 26991–26998.

[2] C. Bucci, M. Chiariello, D. Lattero, M. Maiorano, C.B. Bruni,
Interaction cloning and characterization of the cDNA encoding the
human prenylated rab acceptor (PRA1), Biochem. Biophys. Res.
Commun. 258 (1999) 657–662.

[3] J.B. Pereira-Leal, M.C. Seabra, The mammalian Rab family of small
GTPases: definition of family and subfamily sequence motifs suggests
a mechanism for functional specificity in the Ras superfamily, J. Mol.
Biol. 301 (2000) 1077–1087.

[4] K. Wennerberg, K.L. Rossman, C.J. Der, The Ras superfamily at a
glance, J. Cell Sci. 118 (2005) 843–846.

[5] T. Matozaki, H. Nakanishi, Y. Takai, Small G-protein networks:
their crosstalk and signal cascades, Cell Signal. 12 (2000) 515–524.

[6] W. Guo, F. Tamanoi, P. Novick, Spatial regulation of the exocyst
complex by Rho1 GTPase, Nat. Cell Biol. 3 (2001) 353–360.

[7] S.C. van Ijzendoorn, K.E. Mostov, D. Hoekstra, Role of rab
proteins in epithelial membrane traffic, Int. Rev. Cytol. 232 (2003)
59–88.

[8] M.C. Seabra, C. Wasmeier, Controlling the location and activation of
Rab GTPases, Curr. Opin. Cell Biol. 16 (2004) 451–457.

[9] M. Zerial, H. McBride, Rab proteins as membrane organizers, Nat.
Rev. Mol. Cell Biol. 2 (2001) 107–117.

[10] K.D. Corbett, T. Alber, The many faces of Ras: recognition of small
GTP-binding proteins, Trends Biochem. Sci. 26 (2001) 710–716.

[11] H. Stenmark, V.M. Olkkonen, The Rab GTPase family, Genome
Biol. 2 (5) (2001), REVIEWS3007.

[12] C. Figueroa, J. Taylor, A.B. Vojtek, Prenylated Rab acceptor protein
is a receptor for prenylated small GTPases, J. Biol. Chem. 276 (2001)
28219–28225.

[13] C.A. Parish, R.R. Rando, Isoprenylation/methylation of proteins
enhances membrane association by a hydrophobic mechanism,
Biochemistry 35 (1996) 8473–8477.

[14] D.M. Hutt, L.F. Da-Silva, L.H. Chang, D.C. Prosser, J.K. Ngsee,
PRA1 inhibits the extraction of membrane-bound rab GTPase by
GDI1, J. Biol. Chem. 275 (2000) 18511–18519.

[15] P.Y. Gougeon, D.C. Prosser, L.F. Da-Silva, J.K. Ngsee, Disrup-
tion of Golgi morphology and trafficking in cells expressing
mutant prenylated rab acceptor-1, J. Biol. Chem. 277 (2002)
36408–36414.

[16] Z. Huang, V.M. Andrianov, Y. Han, S.H. Howell, Identification
of arabidopsis proteins that interact with the cauliflower mosaic
virus (CaMV) movement protein, Plant Mol. Biol. 47 (2001) 663–
675.



208 J.-T. Kim et al. / Biochemical and Biophysical Research Communications 349 (2006) 200–208
[17] L.Y. Li, H.M. Shih, M.Y. Liu, J.Y. Chen, The cellular protein PRA1
modulates the anti-apoptotic activity of Epstein–Barr virus BHRF1, a
homologue of Bcl-2, through direct interaction, J. Biol. Chem. 276
(2001) 27354–27362.

[18] V. Enouf, S. Chwetzoff, G. Trugnan, J. Cohen, Interactions of
rotavirus VP4 spike protein with the endosomal protein Rab5 and the
prenylated Rab acceptor PRA1, J. Virol. 77 (2003) 7041–7047.

[19] P. Blancou, D.T. Evans, R.C. Desrosiers, PRA1 co-localizes with
envelope but does not influence primate lentivirus production,
infectivity or envelope incorporation, J. Gen. Virol. 86 (2005) 1785–
1790.

[20] M. Abdul-Ghani, P.Y. Gougeon, D.C. Prosser, L.F. Da-Silva, J.K.
Ngsee, PRA isoforms are targeted to distinct membrane compart-
ments, J. Biol. Chem. 276 (2001) 6225–6233.

[21] M.J. Smalley, T.C. Dale, Wnt signalling in mammalian development
and cancer, Cancer Metastasis Rev. 18 (1999) 215–230.

[22] M. Aoki, A. Hecht, U. Kruse, R. Kemler, P.K. Vogt, Nuclear
endpoint of Wnt signaling: neoplastic transformation induced by
transactivating lymphoid-enhancing factor 1, Proc. Natl. Acad. Sci.
USA 96 (1999) 139–144.

[23] C.M. Hedgepeth, L.J. Conrad, J. Zhang, H.C. Huang, V.M. Lee, P.S.
Klein, Activation of the Wnt signaling pathway: a molecular
mechanism for lithium action, Dev. Biol. 185 (1997) 82–91.

[24] M.S. Yun, S.E. Kim, S.H. Jeon, J.S. Lee, K.Y. Choi, Both ERK and
Wnt/beta-catenin pathways are involved in Wnt3a-induced prolifer-
ation, J. Cell. Sci. 118 (2005) 313–322.

[25] P.J. Morin, A.B. Sparks, V. Korinek, N. Barker, H. Clevers, B.
Vogelstein, K.W. Kinzler, Activation of beta-catenin-Tcf signaling in
colon cancer by mutations in beta-catenin or APC, Science 275 (1997)
1787–1790.
[26] N. Sunaga, T. Kohno, F.T. Kolligs, E.R. Fearon, R. Saito, J.
Yokota, Constitutive activation of the Wnt signaling pathway by
CTNNB1 (beta-catenin) mutations in a subset of human lung
adenocarcinoma, Gene. Chromosome. Canc. 30 (2001) 316–321.

[27] J. Lin, Z. Liang, Z. Zhang, G. Li, Membrane topography and
topogenesis of prenylated Rab acceptor (PRA1), J. Biol. Chem. 276
(2001) 41733–41741.

[28] Z. Liang, H. Veeraprame, N. Bayan, G. Li, The C-terminus of
prenylin is important in forming a dimer conformation necessary for
endoplasmic-reticulum-to-Golgi transport, Biochem. J. 380 (2004)
43–49.

[29] B. Rubinfeld, I. Albert, E. Porfiri, C. Fiol, S. Munemitsu, P. Polakis,
Binding of GSK3beta to the APC-beta-catenin complex and regula-
tion of complex assembly, Science 272 (1996) 1023–1026.

[30] H.L. Wang, J. Wang, S.Y. Xiao, R. Haydon, D. Stoiber, T.C. He, M.
Bissonnette, J. Hart, Elevated protein expression of cyclin D1 and
Fra-1 but decreased expression of c-Myc in human colorectal
adenocarcinomas overexpressing beta-catenin, Int. J. Cancer 101
(2002) 301–310.

[31] L. Li, H. Yuan, W. Xie, J. Mao, A.M. Caruso, A. McMahon, D.J.
Sussman, D. Wu, Dishevelled proteins lead to two signaling
pathways. Regulation of LEF-1 and c-Jun N-terminal kinase in
mammalian cells, J. Biol. Chem. 274 (1999) 129–134.

[32] N. Thompson, J. Lyons, Recent progress in targeting the Raf/MEK/
ERK pathway with inhibitors in cancer drug discovery, Curr. Opin.
Pharmacol. 5 (2005) 350–356.

[33] S. Gysin, S.H. Lee, N.M. Dean, M. McMahon, Pharmacologic
inhibition of RAF fi MEK fi ERK signaling elicits pancreatic can-
cer cell cycle arrest through induced expression of p27Kip1, Cancer
Res. 65 (2005) 4870–4880.


	Prenylated Rab acceptor 1 (PRA1) inhibits TCF/ beta -catenin signaling by binding to  beta -catenin
	Materials and methods
	Results
	PRA1-overexpressing cells exhibit growth retardation
	PRA1 inhibits TCF/ beta -catenin signaling
	PRA1 blocks the nuclear translocation of  beta -catenin
	PRA1 is involved in the dephosphorylation of ERK1/2
	PRA1 acts to block the TCF/ beta -catenin signaling in colon cancer cells

	Discussion
	Acknowledgments
	References


