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We have previously identified prenylated Rab acceptor 1
(PRA1) as a novel cellular interacting partner for Epstein-
Barr virus-encoded oncoprotein, latent membrane protein
1 (LMP1). The intracellular trafficking and full signaling of
LMP1 requires its interaction with PRA1. To further ex-
plore the role of PRA1 in Epstein-Barr virus-associated
nasopharyngeal carcinoma (NPC) cells, we generated
several PRA1-knockdown cell clones, which exhibited al-
tered cell morphology and increased cell motility. We
identified proteins differentially expressed in the knock-
down clones by means of isobaric mass tags labeling
coupled with multidimensional liquid chromatography-
mass spectrometry. We validated a panel of proteins,
which showed consistent up-regulation in PRA1-knock-
down clones and participated in regulating lipid homeo-
stasis and cell migration. Immunofluorescence staining
further revealed altered localization of these proteins and
accumulation of intracellular cholesterol in PRA1-knock-
down clones. These effects were phenocopied by treat-
ment with a cholesterol transport inhibitor, U18666A.
Moreover, overexpressed PRA1 was able to alleviate the
dysregulation of these affected proteins either from PRA1
knockdown or U18666A treatment, implying a role for
PRA1 in regulating the levels of these affected proteins in
response to altered cholesterol homeostasis. We further
demonstrated that LMP1 expression caused PRA1 se-
questration in NPC cells, leading to a consequence rem-
iniscent of PRA1 knockdown. Finally, the immunohisto-
chemistry showed a physiological relevance of the
PRA1-associated proteome-wide changes in NPC bi-
opsy tissues. In sum, our findings delineated novel roles
of PRA1 in lipid transport and cell migration, and pro-
vided additional insights into the molecular basis of NPC
morphogenesis, namely a consequence of LMP1-PRA1
interaction. Molecular & Cellular Proteomics 10:
10.1074/mcp.M900641-MCP200, 1–19, 2011.

Prenylated Rab acceptor 1 (PRA1)1, which is a transmem-
brane protein of 21 kDa, is ubiquitously expressed in human
tissues and localizes at the Golgi apparatus, post-Golgi ves-
icles, endosomes, and the plasma membrane (1, 2). As re-
vealed by its name, PRA1 interacts with numerous Rab
GTPases (2, 3), the latter of which function in a wide variety of
biological processes such as endocytosis and exocytosis and
have emerging roles in diseases (4–6). The PRA1-Rab inter-
actions may assist in the packaging of Rabs into vesicles for
transport to the destined compartments (2). Moreover, PRA1
also acts as a dual receptor for vesicle-associated membrane
protein 2 (VAMP2) and GDP dissociation inhibitor 1 (GDI1) (7,
8). As a GDI displacement factor, PRA1 is able to catalytically
dissociate endosomal Rabs (Rab9 and Rab5) from GDI-bound
complexes and thereby escorts the liberated Rabs onto mem-
branes (9). Given this relative lack of Rab specificity, PRA1-
mediated regulation of Rab proteins is probably restricted by
the cellular localization of PRA1, i.e. PRA1 regulates the Rabs
present in the organelles with which PRA1 associates.

Although its precise physical role remains to be better
elucidated, PRA1 seems to function in the regulation of dock-
ing and fusion of transport vesicles both in the Golgi appara-
tus and at the plasma membrane, or alternately function as a
sorting protein in the Golgi apparatus (10). PRA1 can form a
complex with Rab3a and VAMP2, and the interaction of this
complex can result in VAMP2 activation (7). Once activated,
VAMP2 interacts with syntaxin, followed by the docking and
fusion of transport vesicles with target membrane (11). Since
syntaxin and VAMP2 are enriched in Golgi-derived lipid rafts
(12), PRA1 is thought to associate with lipid rafts (13).

As a platform for lipid-lipid and lipid-protein interactions,
lipid rafts play critical roles in protein transport, sorting, tar-
geting, signaling as well as membrane trafficking, and are
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essential for enveloped virus budding and assembly (14). In
agreement with this notion, several viral proteins have been
shown to interact with PRA1 to benefit the survival of viruses.
For instance, the spike protein VP4 encoded by rotavirus and
the envelope transmembrane protein gp41 encoded by retro-
virus can interact with PRA1, and their interaction with PRA1
may in turn enhance the assembly of rotavirus and retrovirus
particles, respectively (13, 15). In this regard, it is conceivable
to speculate a role for PRA1 in promoting or stabilizing protein
association with lipid rafts.

In the previous study, we have identified PRA1 as a novel
binding partner for the Epstein-Barr virus (EBV)-encoded on-
coprotein, latent membrane protein 1 (LMP1) (16). EBV is
closely associated with human diseases including nasopha-
ryngeal carcinoma (NPC) (17), which is one of the common
cancers in Taiwan and southern China, and LMP1 is shown to
mainly contribute to these EBV-associated malignancies (18).
By mimicking members of tumor necrosis factor receptor
(TNFR) family, LMP1 can induce several signaling pathways in
a constitutively-activated manner to exert its oncogenic po-
tency (19–21). Importantly, the intracellular trafficking of
LMP1 requires its interaction with PRA1, and this requirement
is critical for full activation of LMP1-meditaed signaling (16).
Accordingly, delineating the propensity of PRA would shed
light on the nature of PRA1-LMP1 interaction and yield addi-
tional insights into the tumorigenesis of NPC.

To further assess the role of PRA1 in NPC cells, in this study
we generated several PRA1-knockdown NPC cell clones, which
displayed altered cell morphology, and used these clones to
analyze the effect of PRA1 on cell morphology and relevant
biological processes. We discovered a panel of dysregulated
proteins in PRA1-knockdown clones, which participate in lipid
metabolism and transport and cell adhesion and migration, by
using isobaric mass tags (iTRAQ) labeling approaches com-
bined with multidimensional liquid chromatography-mass spec-
trometry (LC-MS/MS). To determine the physiological relevancy
of our findings, we investigated the functional consequence of
PRA1 sequestration in LMP1-expressing cells. We confirmed
the phenotype of LMP1-expressing cells, namely intracellular
cholesterol accumulation, elevated expression levels of those
PRA1-affected proteins, and increased cell motility, consistent
with the effect of PRA1 knockdown. We also validated the
PRA1-associated dysregulation of selected proteins in NPC
tissues using immunohistochemistry.

Taken together, our findings revealed a PRA1-involved
modulation in lipid homeostasis and cell migration, and im-
plied an unexpected association of the LMP1-PRA1 interac-
tion with NPC morphogenesis.

EXPERIMENTAL PROCEDURES

Antibodies—The polyclonal antibody against human PRA1 was
generated as previously described (16). The anti-LMP1 monoclonal
antibody (S12) was affinity purified from hybridoma. The monoclonal
antibody specific to integrin �6 (ITGA6), ITGB4, LAMC2, or FABP5,
and polyclonal antibody against CAV1, calreticulin or TIP47 were

purchased from Santa Cruz (Santa Cruz, CA). The monoclonal anti-
body specific to PFN2, and polyclonal antibody against annexin A3
were purchased from Abcam (Cambridge, UK). fluorescein isothio-
cyanate-conjugated anti-ITGA6 and PE-conjugated anti- ITGB4
monoclonal antibodies, and fluorescein isothiocyanate- or tetra-
methyl rhodamine iso-thiocyanate-conjugated secondary antibod-
ies were purchased from BD Transduction Laboratories (BD
Biosciences).

Cell Culture—NPC-TW04 cells were cultured at 37 °C and 5% CO2

in Dulbecco’s modified Eagle’s media supplemented with 10% fetal
calf serum, penicillin, and streptomycin. NPC cells stably expressing
LMP1 were established previously (22) and cultured in Dulbecco’s
modified Eagle’s media with 10% fetal calf serum and 200 �g/ml
G418. Where indicated, cells were incubated with 3 �M U18666A
(Sigma-Aldrich) for 20 h prior to harvesting.

PRA1-knockdown Stable Clones—PRA1 shRNA (nucleotides 319–
337) was designed as previously described (16). The oligoduplexes
were cloned into pSUPER-puro (Oligoengine), and transfected into
NPC-TW04 cells using Lipofectamine (Invitrogen). Twenty-four hours
later, transfected cells were selected for 14 days with 1 �g/ml puro-
mycin. Pooled populations of knockdown cells were further sub-
cloned and maintained under puromycin selection. Control cell lines
were generated by transfecting cells with a pSUPER-puro construct,
which did not yield any appreciable knockdown of the protein product
in Western blot analysis.

Preparation of Cell Extracts and Digestion of Protein Mixtures—Cell
extracts were prepared as previously described (23). Briefly, two
PRA1-knockdown NPC cell clones and two control clones were
washed three times with 10 ml of PBS, lysed in hypotonic buffer (10
mM Tris, pH 7.4, 1 mM EDTA, 1 mM EGTA, 50 mM NaCl, 50 mM NaF,
20 mM Na4P2O7, 1 mM Na3VO4, 1 mM phenylmethylsulfonyl fluoride, 1
mM benzamidine, 0.5 �g/ml leupeptin, and 1% Triton-X100) on ice for
15 min. The cell lysates of four samples were collected in parallel and
then sonicated on ice, followed by centrifugation at 10,000 � g for 25
min at 4 °C. The resulting supernatants were used as the cell extracts.
Protein concentrations were determined by the BCA protein assay
reagent from Pierce (Rockford, IL, USA). For tryptic in-solution diges-
tion, the protein mixtures were denatured with 8 M urea containing 50
mM triethylammonium bicarbonate (Sigma-Aldrich), reduced with 10
mM Tris(2-carboxyethyl)-phosphine (Sigma-Aldrich) at 37 °C for 90
min, and then alkylated with 10 mM methyl methanethiosulfonate
(Sigma-Aldrich) at room temperature for 20 min. After desalting, the
protein mixtures were in-solution digested with modified, sequencing
grade trypsin (Promega, Madison, WI) at 37 °C overnight.

iTRAQ Reagent Labeling and Fractionation by Strong Cation Ex-
change (SCX) Chromatography—The peptides were labeled with
the iTRAQ reagent (Applied Biosystems, Foster City, CA) according to
the manufacturer’s protocol. Briefly, one unit of label (defined as the
amount of reagent required to label 100 �g of protein) was thawed
and reconstituted in ethanol (70 �l). The peptide mixtures were re-
constituted with 25 �l iTRAQ dissolution buffer. The aliquots of iTRAQ
114, 115, 116, and 117 were combined with peptide mixtures from
the two control samples (C15, C15–3) and two PRA1-knockdown
samples (K3–2, K3–14), respectively, and incubated at room temper-
ature for 1 h. The peptide mixtures were then pooled, dried by
vacuum centrifugation. The dried peptide mixture was reconstituted
and acidified with 0.5 ml buffer A (0.1% formic acid and 25% aceto-
nitrile, pH 2.5) for fractionation by SCX chromatography using the
Ettan MDLC system (GE Healthcare).

For peptide fractionation, the iTRAQ-labeled peptides were loaded
onto a 2.1 mm � 250 mm BioBasic SCX column containing 5-�m
particles with 300-�m pore size (Thermo Electron). The peptides were
eluted at a flow rate of 100 �l/min with a gradient of 0%–10% buffer
B (300 mM NH4Cl, 0.1% formic acid and 25% acetonitrile, pH 2.5) for
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20 min, 10–20% buffer B for 35 min, 20%–50% buffer B for 15 min,
and 50%–100% buffer B for 10 min. The elution was monitored by
absorbance at 220 nm, and fractions were collected every 1 min.
Each fraction was vacuum dried and then resuspended in 0.1%
formic acid (20 �l) for further desalting and concentration using the
ziptip home-packed with C18 resin (5–20 �m, LiChroprep RP-18,
Merck, Taipei, Taiwan).

Liquid Chromatography (LC)-Electrospray Ionization (ESI) Tandem
MS (MS/MS) Analysis by LTQ-Orbitrap PQD—To analyze the iTRAQ-
labeled peptide mixtures, each peptide fraction was reconstituted in
high performance liquid chromatography (HPLC) buffer A (0.1% for-
mic acid), loaded across a trap column (Zorbax 300SB-C18, 0.3 � 5
mm, Agilent Technologies, Wilmington, DE) at a flow rate of 0.2 �l/min
in HPLC buffer A, and separated on a resolving 10-cm analytical C18

column (inner diameter, 75 �m) with a 15-�m tip (New Objective,
Woburn, MA). The peptides were eluted using a linear gradient of
2%–30% HPLC buffer B (99.9% acetonitrile containing 0.1% formic
acid) for 63 min, 30%–45% buffer B for 5 min, and 45%–95% buffer
B for 2 min with a flow rate of 0.25 �l/min across the analytical
column.

The LC setup was coupled on line to a liner ion trap mass spec-
trometer linear trap quadrupole (LTQ)-Orbitrap (Thermo Fisher, San
Jose, CA) operated using the Xcalibur 2.0 software (Thermo Fisher).
Intact peptides were detected in the Orbitrap at a resolution of
30,000. Internal calibration was performed using the ion signal of
(Si(CH3)2O)6H� at m/z 445.120025 as a lock mass (24). Peptides
were selected for MS/MS using pulsed Q collision induced dissocia-
tion (PQD) operating mode with a normalized collision energy setting
of 27% and fragment ions were detected in the LTQ (25, 26). The
data-dependent procedure that alternated between one MS scan
followed by three MS/MS scans for the three most abundant precur-
sor ions in the MS survey scan was applied. The m/z values selected
for MS/MS were dynamically excluded for 180 s. The electrospray
voltage applied was 1.8 kV. Both MS and MS/MS spectra were
acquired using the 4 microscan with a maximum fill-time of 1000 and
100 ms for MS and MS/MS analysis, respectively. Automatic gain
control was used to prevent over-filling of the ion trap, and 5 � 104

ions were accumulated in the ion trap for generation of PQD spectra.
For MS scans, the m/z scan range was 350 to 2,000 Da.

Sequence Database Searching and Data Analysis—MS/MS spectra
were searched using MASCOT engine (Matrix Science, London, UK;
version 2.2.04) against a nonredundant International Protein Index hu-
man sequence database v3.27 (released at March 2007; 67,528 se-
quences; 28,353,548 residues) from the European Bioinformatics Insti-
tute (http://www.ebi.ac.uk/). For protein identification, 10 ppm mass
tolerance was permitted for intact peptide masses and 0.5 Da for PQD
fragment ions, with allowance for two missed cleavages made from the
trypsin digest, oxidized methionine (�16 Da) as a potential variable
modification, and iTRAQ (N-terminal, �144 Da), iTRAQ (K, �144 Da),
and MMTS (C, �46 Da) as the fixed modifications.

The MASCOT search results for each SCX elution were further
processed using the Trans-Proteomic Pipeline (TPP, version 3.4),
which includes the programs PeptideProphet, ProteinProphet, and
Libra (27, 28). PeptideProphet, a peptide probability score program,
aids in the assignment of peptide MS spectrum (29). ProteinProphet
program assigns and groups peptides to a unique protein or a protein
family if the peptide is shared among several isoforms, and allows
filtering of large scale data sets with assessment of predictable sen-
sitivity and false positive identification error rates (30). We used the
ProteinProphet probability score �0.95 to ensure an overall false
positive rate below 1%, and excluded the protein identified with
single peptide hit. Protein quantification was achieved with the Libra
program (28, 31), and the default setting of Libra was used. A
weighted average of the peptide iTRAQ ratios per protein was used to

quantify the protein. Peptide with iTRAQ reporter ion intensities lower
than 30 was removed to improve the reliability of protein quantifica-
tion; peptide with an iTRAQ ratio beyond twofold deviation from the
mean ratio was also excluded as an outlier. A 1.23-fold change cutoff
for all iTRAQ ratios (ratio �0.80 or �1.23) was selected to classify
proteins as up- or down-regulated. Proteins with iTRAQ ratios below
the low range (0.80) were considered to be under-expressed, whereas
those above the high range (1.23) were considered overexpressed.
Information about the PeptideProphet, ProteinProphet, and Libra pro-
grams in the TPP can be accessed from Institute for Systems Biology
of the Seattle Proteome Center (http://www.proteomecenter.org/).

RNA Interference—NPC-TW04 cells were transfected with 50 nM

dsRNA duplexes and 50 �l LipofectamineTM 2000 (Invitrogen) accord-
ing to the manufacturer’s protocol. SMARTpool reagents including
four 21-bp RNA duplexes targeting PRA1 sequence were purchased
from Dharmacon (Lafayette, CO). The oligonucleotide sequences are
presented as follows: pool duplex 1, sense 5�-GCAACUAUGUGUU-
CGUGUUUU and antisense 5�-PAACACGAACACAUAGUUGCUU;
pool duplex 2, sense 5�-GCAGAUGGAACCCGUGUGAUU and anti-
sense 5�-PUCACACGGGUUCCAUCUGCUU; pool duplex 3, sense
5�-GCAGAAAGAUGCCGAGGCGUU and antisense 5�-PCGCCUCG-
GCAUCUUUCUGCUU; pool duplex 4, sense 5�-CCUGUUACAUUCU-
CUAUCUUU and antisense 5�-PAGAUAGAGAAUGUAACAGGUU.
Control siRNA was synthesized by Research Biolabs (Ayer Rajah Indus-
trial Estate, Singapore). At 72 h post-transfection, cells were harvested,
and cell extracts were prepared for Western blotting to confirm the
knockdown efficacy.

Subcellular Fractionation—Approximately 80% confluent cells
were washed twice in PBS and scraped into Bud buffer (38 mM

potassium aspartate, 38 mM potassium glutamate, 38 mM potassium
gluconate, 20 mM potassium MOPS, pH 7.2, 5 mM sodium carbonate,
2.5 mM magnesium sulfate, 2 mM EGTA, 5 mM reduced glutathione,
adjusted to pH 7.2 with KOH) with freshly added protease inhibitors.
A cytoplasmic extract was prepared by homogenization with 10
strokes in a cell homogenizer and then centrifuged at 800 � g for 10
min. The resultant supernatant was layered onto a continuous su-
crose gradient (10%–45% sucrose in MOPS buffer containing 20 mM

EGTA) and centrifuged at 50,000 rpm in a SW50.1 rotor (Beckman,
Fullerton, CA) for 3 h. The fractions were collected manually from the
top of the gradient, and an equal portion of each fraction was sub-
jected to Western blot analysis.

Western Blot Analysis—Whole-cell lysates s were homogenized
and lysed in a buffer containing 50 mM Tris-Cl (pH 7.5), 150 mM NaCl,
10 mM MgCl2, 1 mM ethylenediamine tetraacetate (pH 8.0), 1% Non-
idet P-40, 100 mM sodium fluoride, 1 mM phenylmethylenesulfonyl
fluoride, and 2 �l/ml protease inhibitor mixture (Sigma-Aldrich). Pro-
tein concentrations were determined using the protein assay reagent
(Bio-Rad), and equal amounts of proteins (30�50 �g/lane) were re-
solved on 12% sodium dodecyl sulfate (SDS)-polyacrylamide gel. The
proteins were then electro-transferred onto nitrocellulose membranes
(Amersham Biosciences). After blocking with 5% nonfat powdered
milk in TBS, blots were incubated with the respective primary anti-
bodies at 4 °C overnight. Membranes were incubated with the re-
spective secondary antibody, horseradish peroxidase-conjugated
rabbit/goat/mouse anti-IgG (Invitrogen) for 1 h at room temperature.
Protein bands were detected by the enhanced chemiluminescence
method (Pierce® ECL, Thermo Scientific) on Fuji SuperRx films.

Immunofluorescence Microscopy—Cells grown on polylysine-
coated coverslides were fixed with 4% formaldehyde, permeabilized
and blocked with 0.1% saponin containing 1% bovine serum albumin
for 20 min. The coverslides were incubated with the indicated primary
antibodies for 2 h, followed by incubation with the appropriate fluoro-
phore-conjugated secondary antibodies for 45 min at room temp-
erature. Nuclei were stained with 4�-6-diamidino-2-phenylindole
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(Sigma-Aldrich). For intracellular cholesterol staining, coverslips were
incubated in 50 �g/ml filipin (Sigma-Aldrich) for 1 h after fixation. All
coverslides were mounted with the VECTASHEILD reagent (Vector
Laboratories Inc., CA, USA) and visualized by confocal microscopy
using a ZEISS LSM510 META laser scanning microscope (Carl Zeiss,
Germany) with a 63 � 1.32 NA oil immersion objective.

Clinical Specimens—Tumor specimens for immunohistochemistry
were collected from 10 NPC patients (five nonkeratinizing cancers
and five undifferentiated cancers) at the Department of Otolaryngol-
ogy-Head and Neck Surgery, Chang Gung Memorial Hospital (Lin-
Kou, Taiwan, Republic of China) from 2002 to 2003. These included
two stage-II, four stage-III, and four stage-IV patients comprising
seven men and three women ranging from 22 to 78 years of age
(mean age 39.5). The study protocol was approved by the Medical
Ethics and Human Clinical Trial Committee at Chang Gung Memorial
Hospital. All patients entered in the study signed an informed
consent.

Immunohistochemistry—Samples of NPC tissue and adjacent nor-
mal nasopharynx tissue were obtained from patients undergoing sur-
gery and were frozen immediately after surgical resection. Immuno-
histochemistry was performed according to the previously described
procedures (32). Staining for LMP1, PRA1, CAV1, ITGA6, ITGB4, or
LAMC2 was carried out using the Envision-kit (DAKO, Carpinteria,
CA). Briefly, the sections were deparaffinized with xylene, dehydrated
with ethanol and then heated in 0.01 M citrate buffer (pH 6.0). Endog-
enous peroxidase activities were inactivated in 3% H2O2 for 10 min at
room temperature, and the sections were blocked with 3% normal
goat serum in 0.2 M PBS (pH 7.4). Samples were then incubated with
antibodies specific for proteins described above for 2 h at room
temperature. Secondary antibody-coated polymer peroxidase com-
plexes (DAKO) were then applied for 30 min at room temperature,
followed by treatment with substrate and chromogen (DAKO) and a
further incubation for 5–10 min at room temperature. Slides were
counterstained with hematoxylin. Expression of the individual protein
was evaluated according to the simplified H score system (33), which
is based on the percentage of cell staining: 3 (�90%), 2 (50%–89%),
1 (10%–49%), or 0 (0%–9%), and the intensity of cell staining: 3
(high), 2 (moderate), 1 (low), or 0 (no cell staining). The two scores
were multiplied by each other and then divided by three to get the
final score. Strong staining was defined as a final score �2, moderate
staining was defined as a final score �1, and weak staining was
defined as a final score �1.

Supplementary Data—The Supplementary Data are available at
Molecular and Cellular Proteomics online (http://www.mcponline.org).

RESULTS

Morphological Changes in PRA1-knockdown Cells—To in-
vestigate the function of PRA1 in NPC cells, we generated
several PRA1-knockdown clones by persistent expression of
PRA1 shRNA in NPC cells. When grown at a low cell density,
the PRA1-knockdown cells exhibited a sparse distribution
and fibroblast-like shape, in contrast to the epithelial morphol-
ogy of control cells showing a relatively tighter cell-cell con-
tact (Fig. 1A). These PRA1-knockdown cells also exhibited
increased cell motility as revealed in wound healing assays
(Fig. 1B), in which wounds made in PRA1-knockdown cells
were completely healed by 16 h postwounding compared with
the controls healed by 24 h (data not shown). No significant
change in the cell proliferation rate was observed between
control and PRA1-knockdown cells (Supplementary Fig. S1A).
The knockdown efficacy (exceeding 80% reduction) was val-

idated by real-time RT-PCR (Supplementary Fig. S1B) and
Western blot analysis (Fig. 2A).

Identification of Proteins Differentially Expressed in PRA1-
knockdown Cells by iTRAQ-LC-MS/MS Analysis—We then
sought to analyze the morphological changes of PRA1-knock-
down cells in the aspect of protein expression. To identify

FIG. 1. Altered cell morphology and increased cell motility of
PRA1-knockdown cell clones. A, PRA1-knockdown clones (K3–2,
K3–14) exhibited elongated and fibroblast-like shape when grown at
subconfluence, whereas control clones (C15, C15–3) showed epithe-
lial morphology with relatively strong cell-cell contacts. Scale bar, 100
�m. B, A wound healing assay was performed to track cell migration
of two PRA1-knockdown clones and two control clones. Cells were
seeded in 60-mm plates at high density and allowed to form mono-
layers overnight. After wounding with a pipette tip, the wound healing
activity was observable between 3 and 24 h. By 16 h, cell migration
could be easily differentiated between cells with a low magnification
(10�) objective. Scale bar, 100 �m.
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proteins that are differentially expressed in PRA1-knockdown
cells compared with the controls, we conducted two repli-
cates of iTRAQ-based quantitative proteomics analyses (Exp
1 and Exp 2), each of which contained four measurements of
two PRA1-knockdown cell clones (K3–2 and K3–14) and two
control cell clones (C15 and C15–3), i.e. two biologically rep-
licated samples harvested and labeled in parallel (Fig. 3A). The
iTRAQ-labeled samples were then analyzed by two-dimen-
sional liquid chromatography-mass spectrometry (LC-MS/
MS) for the quantitative proteomic analysis. The two-dimen-
sional fractionation of the labeled peptides involved the use of
an offline SCX-based separation in the first dimension, fol-
lowed by an online reverse phase fractionation. Each fraction
was analyzed in two independent mass spectrometer runs.
The resulting MS/MS spectra were analyzed using the nonre-
dundant International Protein Index human sequence data-

base (Version 3.27) with the MASCOT algorithm. The search
results were further evaluated using the open-source TPP
software (version 3.4) with stringent criteria regarding protein
probability (�0.95) and at least two peptide hits for one pro-
tein identification. The false discovery rate of protein detection
was empirically determined by searching the dataset against
a random International Protein Index Human database (ver-
sion 3.27) using the same search parameters and TPP cutoffs.
The estimated false discovery rate of 1.1% was calculated as
the number of reverse proteins divided by the number of
forward proteins.

Using this approach, we identified 1137 nonredundant pro-
teins and quantified 1119 of them in Exp 1 (Fig. 3B;
Supplementary Table S1). A comparable number of proteins
were identified (1119) and quantified (1047) in Exp 2 (Fig. 3B;
Supplementary Table S2). Among the quantified proteins, 861

FIG. 2. Validation of the protein levels of selected candidates discovered by iTRAQ in PRA1-knockdown cell clones. A, Equal amounts
of protein lysates individually from four PRA1-knockdown clones (K3–2, K3–7, K3–8, and K3–14), three control clones (C15, C15–1, and
C15–3), and parental NPC-TW04 cells (NPC) were applied to Western blot analysis using antibodies as indicated. �-tubulin was used as a
loading control. Numbers represent relative fold differences of protein levels on the basis of densitometer quantitation. B, Immunofluorescent
staining for PRA1-affected proteins in NPC cells. Cells from each of two PRA1-knockdown clones (K3–2, K3–8) or each of two control clones
(C15, C15–3) were grown on coverslips for 48 h, then fixed and probed with specific antibodies as indicated, followed by incubation with
corresponding fluorophore-conjugated secondary antibodies and acquisition of images as detailed under “Experimental Procedures.” Intra-
cellular LAMC2 was probed with an anti-LAMC2 antibody. Nuclei were indicated by 4�-6-diamidino-2-phenylindole (blue) staining. Scale bar,
43.56 �m; ITGA6, ITGB4, and CAV1 exhibited increased localization at intracellular compartments in PRA1-knockdown cells compared with
the control. Scale bar, 34.82 �m; TIP47 in PRA1-knockdown cells (K3–2) was increased in intensity at the vesicular compartments. Scale bar,
47.62 �m.
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proteins existed both in Exp 1 and Exp 2 (Fig. 3B). Because
each of tested samples was derived from an independent
cell clone, each of the knockdown data was then ratioed to
both controls to minimize the possibility that the proteome-
wide changes actually resulted from a selective effect of in-
dividual cell clone, rather than from PRA1 depletion. Based on
this, each of the reported proteins was attributed with four
sets [K3–8/C15 (116/114); K3–8/C15–3 (116/115); K3–14/C15
(117/114); K3–14/C15–3 (117/115)] of iTRAQ ratios in each
experiment (Supplementary Tables S1 and S2). Only the pro-
teins differentially displayed in at least two sets were consid-
ered as potential candidates that were differentially expressed
in PRA1-knockdown cells. This approach ensures the proba-
bility for identification of candidates potentially affected by
PRA1 knockdown irrespective of the cell clone background. The
considerable candidates included 126 and 174 differentially
expressed proteins, identified in Exp 1 and Exp 2, respectively
(Fig 3C; Supplementary Tables S3 and S4). Among them, 50
proteins with higher expression levels and 20 proteins with
lower expression levels in the knockdown cells were consis-
tently shown in two experimental replicates (Fig 3C; Table I).

Selection of Candidates Potentially Affected by PRA1
Knockdown—Ontological analysis of these 70 proteins high-
lighted that eight and nine of the proteins reportedly contrib-
ute to lipid metabolism/transport and cell adhesion and mi-
gration, respectively (Table II). Biological network analysis
using MetaCore software further deduced the functional con-
nections among these proteins (Supplementary Table S5),
especially associated with organic acid transport and cell
adhesion processes (Supplementary Fig. S2). These biologi-
cal processes are related to cancer development, and also
are relevant to PRA1-associated cell morphology changes
(Fig. 1). In the list, laminin subunit �-2 (LAMC2) has been
reported to be over-expressed by tumor cells of the invasive
front or tumor-stroma interface of many carcinomas (34, 35).
LAMC2 composes a major component of epithelial basement
membrane, laminin-5. ITGA6 and ITGB4 can form a het-
erodimer (�6�4 integrin), which functions as a receptor for
laminin-5. Both ITGA6 and ITGB4 have been shown to act in
promoting carcinoma migration (36–38).

The tail-interacting protein of 47 kDa (TIP47), alternatively
named as mannose-6-phosphate receptor-binding protein
1 (MPRBP1) or perilipin 3, is a Rab9 effector protein, which
binds both to Rab9 and to the mannose 6-phosphate

FIG. 3. Identification of differentially expressed proteins in
PRA1-knockdown NPC cell clones. A, Schematic diagram showing
the workflow designed for profiling of the PRA1-affected proteins by
iTRAQ-based analysis. The cell extracts were individually harvested
from two control NPC cell clones and two PRA1-knockdown cell
clones. These protein extracts were trypsin-digested, and the result-
ing peptides from each of four samples were labeled with corre-
sponding iTRAQ reporters in parallel. The iTRAQ-labeled peptides
were then pooled and applied to strong cation exchange (SCX) chro-
matography for fractionation, followed by reverse-phase liquid chro-
matography (RPLC) for further separation. The peptide identities and
intensities were analyzed by LTQ-Orbitrap MS with PQD mode. Data
analyses were then performed with the PeptideProphet, Protein-
Prophet, and Libra programs in the Trans-Proteomic Pipeline using
the MASCOT algorithm as the search engine. As indicated, the iTRAQ

experiment was conducted in duplicate (shown as Exp 1 and Exp 2).
B, Number of proteins identified or quantified in two iTRAQ-based
experiments. Venn diagrams show overlap between proteins identi-
fied or quantified in the two experiments. The total number of proteins
identified or quantified in each experiment is listed in brackets.
C, Number of proteins identified to be up-regulated or down-regu-
lated in two iTRAQ-based experiments. Venn diagrams show overlap
between proteins up-regulated or down-regulated in the two experi-
ments. The total number of proteins up-regulated or down-regulated
in each experiment is listed in brackets.
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receptors (MPRs) (Supplementary Fig. S2A). TIP47 is re-
quired for MPRs recycling from late endosomes to the Golgi
complex (39–41); importantly, this pathway also contributes
to lipid (such as cholesterol) export (42, 43). In addition, the
epidermal fatty acid-binding protein (FABP5) is postulated
to serve as a lipid shuttle; an elevation of FABP5 may be
necessary for the activation of cell motility within regener-
ative epidermis during wound healing (44). It is also notable
that caveolin-1 (CAV1), the primary structural component of
caveolae, is implicated in the processes of vesicular trans-
port, cholesterol balance, transformation, and tumorigene-
sis (45, 46). Considering these facts, we sought to validate
the expression of selected candidates, including the above,
in PRA1-knockdown cells and to further explore their roles
in PRA1-involved functions.

Validation of Proteins Differentially Expressed in PRA1-
knockdown Cells—We first performed Western blot analysis
to validate the protein levels of selected candidates in PRA1-
knockdown cells. To truly reflect the effect of PRA1 knock-
down, we prepared the cell extracts from other cell clones,
and extended the number of tested cell clones (four knock-
down clones, three control clones, and the parental cells) in
the validation experiments to exclude biological variations
among cell clones. As shown in Fig. 2A, each of the selected
proteins, including LAMC2, ITGA6, ITGB4, FABP5, CAV1,
TIP47, PFN2, and annexin A3, showed elevated protein levels,
albeit at varied magnitudes, in four PRA1-knockdown clones
(K3–2, K3–14, K3–8, and K3–7) compared with three control
clones (C13, C15, and C15–3) and the parental NPC-TW04
cells. These results confirmed the trend reported by the
iTRAQ experiments (Table I), which implicated the elevated
levels of these proteins in PRA1-knockdown cells. Using
quantitative RT-PCR analysis, we further examined whether
the mRNA levels of these proteins were elevated in parallel
with their protein levels in PRA1-knockdown clones. As
shown in Supplementary Fig. S1B, the mRNA levels of
LAMC2, ITGA6, ITGB4, FABP5, CAV1, and TIP47 were in-
creased in average to 4.7, 1.4, 2.7, 3.5, 2.5, and 1.5 fold,
respectively, in three PRA1-knockdown clones. The data sug-
gested that the above proteins were increased both at tran-
scriptional and post-transcriptional levels in PRA1-knock-
down cells.

Altered Localization of the Affected Proteins in PRA1-
knockdown Cells—To evaluate the cellular localization of the
proteins affected by PRA1 knockdown, we selectively per-
formed immunofluorescent staining of LAMC2, ITGA6, ITGB4,
CAV1, and TIP47 in PRA1-knockdown cells. As shown in Fig.
2B (also in Supplementary Fig. S3), the overall staining inten-
sities of these proteins were increased in PRA1-knockdown
cells, correlating with their elevated protein levels revealed by
Western blotting (Fig. 2A). In addition, the perinuclear pools of
ITGA6, ITGB4, and CAV1 were apparently increased in PRA1-
knockdown cells, indicating that PRA1 depletion also resulted
in spatial alteration of these proteins.

Association of PRA1 with the Expression Levels of the Af-
fected Proteins—To further confirm the effect of PRA1 knock-
down on the levels of the affected proteins, we used an
alternative siRNA-based approach. We examined the expres-
sion levels of selected proteins in NPC cells, which had been
transfected with PRA1 siRNA duplex for 72 h. As shown in Fig.
4A, siRNA-mediated depletion of PRA1 caused elevated pro-
tein levels of LAMC2 (4.1-fold), ITGB4 (2-fold), CAV1 (1.5-
fold), and TIP47 (1.4-fold) as compared with the control-
siRNA transfectants, indicating that transient knockdown of
PRA1 led to dysregulation of the above proteins.

To reinforce the effect of PRA1, we next examined whether
reintroduction of PRA1 into its knockdown cell clones was
able to restore PRA1 function in relation to the protein levels

FIG. 4. Association of PRA1 with the expression levels of the
affected proteins. A, Effect of transient knockdown of PRA1 on the
levels of affected proteins. Protein extracts were individually har-
vested from NPC-TW04 cells, which had been transfected with PRA1
siRNA or scramble control siRNA for 72 h. The extracts were then
analyzed by Western blot using antibodies as indicated. Numbers
represent relative fold differences of protein levels on the basis of
densitometer quantitation. B, Re-expression of PRA1 in PRA1-knock-
down cells. PRA1-knockdown cells (K3–2) and control cells (C15–3)
were pretransfected with plasmids encoding vehicle alone (denoted
as V) or HA-tagged PRA1m (denoted as P), which is irresponsive to
PRA1-siRNA interference. Protein lysates were harvested 48 h later
and applied to Western blot analysis. Numbers represent relative fold
differences of protein levels as previously described.
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of the affected proteins. As shown in Fig. 4B, ectopically
expressed PRA1 in the knockdown cells was able to alleviate
the dysregulated expression of LAMC2, ITGA6, ITGB4, CAV1,
FABP5, TIP47 and PFN2. Notably, ectopically expressed
PRA1 also reduced the expression levels of the above pro-
teins in the control cells. The data collectively demonstrated a
role of PRA1 in regulating the expression levels of these
PRA1-affected proteins. Based on the fact that PRA1 has not
been characterized as a regulator of protein expression levels,
the results implicate that dysregulated expression of the af-
fected proteins likely arose as a consequence of biological
process impairment by PRA1 knockdown.

The Cholesterol Transport Inhibitor, U18666A, Phenocop-
ied the Effect of PRA1 Knockdown—The results that PRA1
affected the expression levels of CAV1, FABP5, and TIP47,
which were involved in cellular lipid homeostasis, prompted us
to evaluate whether PRA1 knockdown affected cellular choles-
terol distribution. Using filipin labeling of cellular cholesterol, we
visualized the distribution of cellular cholesterol in PRA-knock-
down cells. As shown in Fig. 5A (also in Supplementary
Fig. S4A), we observed the intracellular accumulation of cho-
lesterol at vesicular compartments in the knockdown cells
(K3–2) compared with the control cells (C15–3). Treating NPC-
TW04 cells with U18666A, a reagent known to inhibit cellular
cholesterol efflux (47, 48), was used as a positive control (Fig.
5A, bottom panels), which morphologically resembled the phe-
notype of PRA1-knockdown cells. The data revealed that PRA1
depletion affected the process of cholesterol transport.

To further evaluate whether the levels of the proteins af-
fected by PRA1 depletion associated with impaired choles-
terol transport, we conducted Western blotting to analyze the
protein levels of affected proteins in U18666A-treated NPC
cells. As shown in Fig. 5B, the protein levels of LAMC2,
ITGA6, ITGB4, CAV1, and TIP47 were respectively increased
to 1.6, 1.6, 1.8, 1.3, and 1.6 fold under U18666A treatment,
revealing that excessive cholesterol accumulation affected
the protein levels of these proteins. Notably, the expression
level of PRA1 itself was also 2.5-fold increased in the same
situation, indicating that PRA1 responded to impaired choles-
terol homeostasis via increasing its expression level.

Through overexpression of PRA1 in U18666A-treated cells,
we intended to better elucidate the role of PRA1 in regulating
the levels of the affected proteins in response to altered
cholesterol homeostasis. The results showed that ectopically
expressed PRA1 was able to alleviate the U18666A-induced
dysregulation of the above proteins (Fig. 5B). Altogether, the
data demonstrated that PRA1 knockdown led to impaired
cellular cholesterol efflux, resulting in elevated expression
levels of the PRA1-affected proteins that were involved in lipid
transport and cell migration.

Elevated Levels of PRA1-affected Proteins in LMP1-ex-
pressing Cells, Which Showed Functional Interference of
PRA1—We have demonstrated that PRA1 is critical for the
trafficking and signaling of LMP1 (16). However, it is not clear

FIG. 5. U18666A treatment phenocopied the effect of PRA1
knockdown in NPC cells. A, Cellular cholesterol accumulation in
PRA1-knockdown cells. Cellular cholesterols in PRA1-knockdown
(K3–2) or control (C15–3) cells were visualized by filipin staining as
detailed under “Experimental Procedures.” NPC-TW04 cells preincu-
bated with 3 �M U18666A, a hydrophobic amine known to impair
cholesterol efflux, were harvested 20 h later for a positive demonstra-
tion of cholesterol accumulation. Scale bar, 25–30 �m. B, Ectopic
expression of PRA1 alleviated protein dysregulation by U18666A.
NPC-TW04 cells pretransfected with plasmids for HA-tagged PRA1
(denoted as P) or vehicle alone (denoted as V) were incubated with or
without 3 �M U18666A at 24 h post-transfection. After another 20 h,
protein lysates from each treatment were harvested and analyzed by
Western blot using indicated antibodies. Numbers represent relative
fold differences of protein levels.
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whether LMP1 interaction with PRA will inversely affect the
physical function of PRA1, for instance, its intracellular local-
ization. Based on this, we performed subcellular fractionation
to analyze PRA1 distribution in LMP1-expressing NPC cells.
As shown in Fig. 6A, PRA1 was redistributed to the LMP1-
expressing fractions (fractions 7–11), whereas it was more
widely distributed in fractions 7–25 in the neo control cells.
Moreover, this LMP1-mediated PRA1 redistribution was sim-
ilarly observed in NPC cells with transient expression of LMP1
but not its truncated form lacking the PRA1-binding domain
(LMP1
TM; data not shown), indicating that LMP1 affected the
localization of PRA1 likely through interacting with PRA1.

We next investigated the functional consequence of this
PRA1 sequestration via validating the levels of PRA1-affected
proteins in LMP1-expressing cells. We found that the protein
levels of LAMC2, ITGA6, ITGB4, CAV1, TIP47, FABP5, and
PFN2 were increased in each of two LMP1-expressing cell
clones compared with the neo control (Fig. 6B), correlating
with the trend reflected in PRA1-knockdown cell clones (Fig.
2A). In addition, these LMP1-expressing cells showed pheno-
typic changes similar to those shown by PRA1-knockdown
cells, including elongated cell shape, increased cell motility,
and intracellular cholesterol accumulation (Supplementary
Fig. S5A–C).

To better elucidate the role of PRA1 in the LMP1-associ-
ated increase of PRA1-affected proteins, we analyzed the
levels of selected proteins in NPC cells, which had been
transiently transfected with various amounts of expression
vectors encoding LMP1 or its truncated form (LMP1
TM) lack-
ing the PRA1-binding domains. Compared with the vector
control (without pLMP1 transfection), the protein levels of
LAMC2, ITGA6, ITGB4, CAV1, TIP47, and PFN2 were in-
creased in relation to LMP1 expression in NPC-TW04 cells
(Fig. 6C). However, the levels of these proteins were unaf-
fected by LMP1
TM expression regardless of its expression
extents (Supplementary Fig. S5D). The data collectively sug-
gested that LMP1 interaction with PRA1 may sequestrate
PRA1 from the sites where it physically functions, thereby
affecting the cellular cholesterol distribution and elevating the
expression levels of relevant PRA1-affected proteins. These
data provided a mechanistic interpretation for LMP1-associ-
ated morphogenesis of NPC cells in terms of PRA1.

Elevated Levels of PRA1-affected Proteins in NPC Tis-
sues—To evaluate physiological relevance of the protein dys-
regulation by PRA1, we performed immunohistochemistry to
examine the expression patterns of relevant proteins (CAV1,
LAMC2, ITGA6, and ITGB4) together with PRA1 and LMP1 in
ten NPC specimens, including three cases with adjacent non-
tumor epithelia (case numbers 1–3). The staining results were
scored as negative, weak, moderate, or strong expression
(details under “Experimental Procedures”). NPC tissues,
where LMP1 is positive, showed higher expression of CAV1,
LAMC2, ITGA6, and ITGB4, in contrast to the nontumor coun-
terparts without LMP1 expression (Fig. 7A). The representa-

tive expression patterns for CAV1, LAMC2, ITGA6, and ITGB4
in one case containing nontumor counterparts were present in
Fig. 7B. The distribution of PRA1 was changed from predom-

FIG. 6. Elevated levels of PRA1-affected proteins in LMP1-ex-
pressing cells, which showed PRA1 sequestration. A, Sequestration
of PRA1 in LMP1-expressing NPC cell clones. Cell extracts from NPC
cells which persistently expressed LMP1 (LMP1) or mock control (Neo)
were prepared and subjected to subcellular fractionation as described
under “Experimental Procedures.” Every other fraction was analyzed by
Western blotting using the indicated antibodies. Calreticulin and clathrin
heavy chain were used as markers for endoplasmic reticulum (ER) and
post-Golgi apparatus, respectively. B, Elevated expression levels of
PRA1-affected proteins in LMP1-expressing cells. Protein lysates were
individually extracted from two LMP1 stable clones and the neo control.
In C, NPC-TW04 cells were transfected with various amounts of plas-
mids encoding FLAG-tagged LMP1 (pLMP1) and cultured for 24 h.
Each of the resulting lysates was applied to Western blot analysis using
antibodies as indicated. Actin was used as a loading control. Numbers
represent relative fold differences of protein levels.
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inant localization at the intracellular compartments in adjacent
nontumor epithelial cells, to a dispersed pattern in NPC tis-
sues co-expressing LMP1 (upper-left panels). Coincidentally,
the intracellular portions of CAV1, LAMC2, ITGA6, and ITGB4
were increased in NPC tissues compared with the nontumor
counterparts (upper-right and lower panels), providing a rele-
vance to the results revealed in NPC cell lines.

To reinforce the significance, we further consulted the Hu-
man Protein Atlas, a database containing the immunohisto-
chemical staining profiles of numerous proteins in a variety of
cancerous and noncancerous tissues (49, 50), for analyzing
the expression profiles of selected PRA1-affected proteins in
normal nasopharynx versus the head-and-neck cancer, a

cancer type that is most relevant to NPC among accessible
cancerous tissues in Human Protein Atlas. As shown in
Supplementary Table S6, the expression extents of CAV1,
FABP5, LAMC2, ITGB4, and ITGA6 were overall elevated in
the head-and-neck cancerous tissues compared with normal
nasopharyngeal epithelia, indicating a favorable correlation
between the above proteins and cancers.

DISCUSSION

PRA1 is potentially implicated in numerous cellular pro-
cesses, whereas lots of its functions still remain to be clarified.
Using iTRAQ-based quantitative proteomics analysis, we
demonstrated for the first time that inhibition of expression or
function of PRA1 led to global changes in the levels of cellular
proteins. Among them, a panel of proteins is found to be
functionally linked with the networks regulating cellular lipid
homeostasis and cell migration, which are related to cancer
development. Based on this, our study advances the under-
standing of the functional properties of PRA1 and their cor-
relation with human diseases.

The ratios of affected proteins revealed by iTRAQ quan-
tification in this study are statistically meaningful and can be
validated by Western blot analysis (Fig. 4), although they
seem less impressive at their magnitudes. Technically, al-
though iTRAQ possesses the potential to provide accurate
quantification spanning two orders of magnitudes, it is lim-
ited by (i) isotopic impurities, a manufacturing issue, and (ii)
peptide cofragmentation, a problem of sample complexity
(51), implying that the reagents tend to “underestimate” the
abundance of protein in certain cases. In a properly de-
signed experiment, users can safely rely on iTRAQ-reported
trend, but not their magnitudes; for that, validation and
follow-up experiments using orthogonal methods are nec-
essary (51). In agreement, we first extended the tested
sample sizes in validation experiments (Fig 2A). We then
conducted an alternative experiment using a siRNA-based
approach to confirm the effect of PRA1 knockdown on
relevant protein expression (Fig 4A). We further conducted
the experiments reintroducing PRA1 expression in knock-
down cells to restore its function in relation to relevant
protein expression (Fig. 4B). Finally, we validated the in-
creased levels of the relevant proteins in cells, which
showed functional interference of PRA1 (Fig. 6). Altogether,
we used combinatorial approaches to clearly demonstrate
that PRA1 indeed affected protein levels of selected pro-
teins initially revealed by iTRAQ quantification.

Apart from the recognized function of PRA1 in vesicle traf-
ficking, we herein further find out that PRA1 has important
roles in modulating lipid transport and cell migration. Expres-
sional or functional block of PRA1 can affect cellular choles-
terol efflux in NPC cells and elicit responses to adapt the
impairments, rendering NPC cells to change cell shape and
motility (Fig. 8A). Cholesterol is an essential structural com-
ponent in the cell membranes of most vertebrates; it also

FIG. 7. Elevated levels of PRA1-affected proteins in NPC tis-
sues. A, IHC staining scores for the selected proteins in 10 NPC
tissue specimens, including three cases with adjacent nontumor
epithelia (case numbers 1–3). Consecutive NPC tissue sections
were immunohistochemically stained for these proteins and scored
as described under “Experimental Procedures.” B, Representative
IHC patterns for the selected proteins in NPC tissues versus the
adjacent nontumor counterparts. Original magnification, 400�.
Scale bar, 100 �m.
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modulates the functions of membrane proteins and partici-
pates in several membrane trafficking and transmembrane
signaling processes (52). The mechanism underlying how
PRA1 modulates cholesterol transport awaits in-depth clarifi-
cation, however, one of the possibilities could be the PRA1-
involved regulation of Rab9, a Rab localized at the late endo-

somes and involved in the recycling of MPRs (Fig. 8B). In
agreement with this, overexpressed Rab9 is able to relieve the
cholesterol accumulation in fibroblasts of Niemann-Pick type
C disease, a lipidosis characterized by excessive accumula-
tion of free cholesterol as well as fatty acids in the late endo-
somal/lysosomal system (53, 54). Based on these facts, PRA1
is likely to regulate the cellular cholesterol egress in terms of
Rab9. Our data showed that the expression level of TIP47 was
elevated both by U18666A treatment, which is known to
resemble the phenotype of Niemann-Pick type C disease (55),
and PRA1 depletion (Figs. 2, 4, and 5), functionally linking
PRA1 for the first time to the interplay of Rab9 with TIP47. This
functional linkage additionally raises the likelihood as pro-
posed in Fig. 8B. Although not being a known cholesterol-
binding protein, PRA1 by itself may alternatively act as a
cholesterol regulator. This idea is encouraged by the amino
acid analysis revealing that PRA1 posses a cholesterol-bind-
ing domain (102L/V-X1–5-Y-X1–5-K/R113), as shown in the case
of cholesterol-binding protein, �-1 receptor (56).

In addition to TIP47, PRA1 depletion also affected the ex-
pression of LAMC2, ITGA6, ITGB4, CAV1, and FABP5 both at
transcriptional and post-transcriptional levels (Fig. 2A;
Supplementary Fig. S1B). Owing to a lack of evidence delin-
eating involvement of PRA1 in transcriptional regulation, the
dysregulated mRNA expression of the above proteins may
arise, at least in part, from cholesterol accumulation by PRA1
depletion. In agreement with this, the expression levels of
these proteins were elevated in response to U18666A treat-
ment and can be alleviated by over-expressed PRA1 (Fig. 5B).
Notably, the protein expression of endogenous PRA1 per se
was responsive to U18666A. The data collectively suggest
that the gene encoding PRA1, and those encoding PRA1-
affected proteins, potentially encompass response elements
for certain transcription factors involved in lipid homeostasis.
Consulting the web-based Transcription Element Search Sys-
tem (TESS; http://www.cbil.upenn.edu/cgi-bin/tess/tess), we
indeed found putative response elements for functionally rel-
evant transcription factors, including sterol regulatory ele-
ment-binding protein, peroxisome proliferator-activated re-
ceptor, and retinoid X receptor, within the promoter of genes
encoding relevant proteins (Supplementary Table S7). Sterol
regulatory element-binding protein resides in the ER and is
activated in sterol-poor conditions by transport to the Golgi
complex, where it undergoes proteolytic processing. The pro-
cessed fragment is then imported into the nucleus, where it
switches on the transcription of sterol-regulated gene prod-
ucts that function to increase cellular cholesterol levels (57,
58). On the other hand, peroxisome proliferator-activated re-
ceptors are lignad-inducible nuclear hormone receptors,
which can be activated by fatty acids and their derivatives
(59). Following activation by their ligands and heterodimer-
ization with their obligate partners retinoid X receptor
(Supplementary Fig. S2A), peroxisome proliferator-activated
receptors interact with the peroxisome-proliferator response

FIG. 8. A, A model depicting the role of PRA1 in morphogenesis of
NPC cells. PRA1 knockdown affects cellular cholesterol transport,
thereby causing cellular cholesterol accumulation reminiscent of the
effect of U18666A. This cholesterol accumulation elicits adaptive re-
sponses, leading to elevated expression levels of selected proteins,
such as CAV1, FABP5, and TIP47, which modulate lipid homeostasis
and transport. This altered lipid homeostasis coincidentally results in
increased expression levels of proteins involved in cell scattering and
migration (such as LAMC2, ITGA6, and ITGB4), concomitant with al-
tered intracellular localization of these proteins. Moreover, overex-
pressed PRA1 can alleviate the dysregulation of these proteins by PRA1
depletion or U18666A treatment, indicating that PRA1 can regulate the
levels of these proteins in response to altered lipid homeostasis. EBV-
encoded LMP1 can sequestrate PRA1 through interaction with PRA1,
leading to a spatially functional interference of PRA1, consistent with the
effect of PRA1 depletion. Altogether, this model delineates the PRA1-
associated proteome-wide dysregulation in relation to lipid homeostasis
and cell migration, implicating a physiological relevance of PRA1-in-
volved functions in LMP1-associated morphogenesis of NPC. B, Inter-
play of PRA1 with Rab9 and TIP47 and the relevance implicated in lipid
homeostasis. Rab9 is localized at the late endosomes and involved in
the recycling of MPRs. PRA1 dissociates Rab9 from GDI-bound com-
plexes in the cytosol and then escorts the liberated Rab9 to the late-
endosomal membranes (9). Once localized to the membranes, Rab9
binds to its effector TIP47, which in turn triggers MPRs recycling from
late endosomes to the Golgi complex (39–41). This recycling pathway
is also implicated to mediate cholesterol export (42, 43, 52).
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element in the promoter of their target genes and lead to
transcriptional regulation of pathways that are involved in lipid
metabolism and homeostasis (60–62). Further investigation is
needed to clarify how these transcription factors coordinate
the expressional regulation of PRA1 as well as its affected
proteins, such as LAMC2, ITGA6, ITGB4, CAV1, and FABP5,
for adapting to changes in cellular lipid homeostasis.

Concomitant with their elevated expression levels, PRA1
depletion also led to spatial alteration of CAV1, ITGA6 and
ITGB4 (Fig. 2B; Supplementary Fig. S3C), an effect presum-
ably representing increased endocytic/recycling dynamics of
alpha6beta4 integrin (Supplementary Fig. S6). It has been
shown that, in the cells with impaired cholesterol export, the
Golgi pool of CAV1 is increased, accompanied by cellular
cholesterol accumulation at the late endosomes (63, 64). As a
constitutive protein of caveolae, CAV1 plays an important role
in the regulation of cellular cholesterol homeostasis, and can
modulate the activities of other proteins that are involved in
such regulation processes (46). While it is unclear whether
CAV1 can modulate the function of PRA1 and vise versa, the
functional link between CAV1 and PRA1 has been suggested
by the data that dominant-negative Rab7 and Rab9 can inhibit
Golgi targeting of sphingolipids internalized via caveolae (43).
Because PRA1 can interact with Rab7 (3) and affect the
activity of Rab9 (9), the data implicate that PRA1 and CAV1
may coordinate in regulating lipid homeostasis via action of
Rabs. Beside its vital role in lipid recycling, CAV1 also regu-
lates integrin endocytosis and cell migration as exampled by
�5�1 integrin, which can be endocytosed by caveolae in the
absence of fibronectin and fibronectin matrix (65). Thus, it is
plausible that the increased endocytosis of �6�4 integrin in
PRA1-depleted cells is associated with the increased intra-
cellular pool of CAV1.

The recycling of ITGA6 and ITGB4 is thought to be medi-
ated by Rab11-driven vesicular trafficking, which is increas-
ingly associated with cell migration (66–68) and is important
for maintaining cellular cholesterol homeostasis (69, 70).
Changes in the cellular level of cholesterol can modulate the
intracellular distribution of Rab11 as well as the endocytic
routes of a subset of membrane lipids through Rab11 (71). It
is conceivable to speculate that the altered distribution of
cellular cholesterol by PRA1 depletion (Fig. 5A) may elicit
Rab11-dependent pathways, thereby enhancing the efficacy
of integrin recycling. In addition, alpha6beta4 integrin associ-
ates with vimentin intermediate filaments through the cyto-
plasmic tail of ITGB4 in a ligand-independent fashion (72).
Phosphorylation of vimentin by protein kinase C within the
recycling integrin compartment is crucial for the integrin traf-
ficking through the cell (73), and this phosphorylation also
regulates vimentin interaction with Rab9 and hence affects
intracellular lipid transport (74, 75). A potential interaction
between PRA1 and vimentin is revealed by yeast two-hybrid
assays (76), indicating a possibility that PRA1 may play a
convergent role in lipid transport and integrin recycling

through interacting with vimentin. Additional experiments are
required to elucidate better the molecular basis underlying
these PRA1-involved processes and the interplay with CAV1.

It has been shown that viruses can hijack the physiological
lipid-transfer functions to favor their infections or mainte-
nance (77, 78). In the previous study, we have identified that
proper trafficking and full signaling of LMP1 mainly rely on its
interaction with PRA1 (16). In this study, we further disclose
an association between PRA1 and lipid homeostasis as re-
vealed by the iTRAQ-based quantitative proteomic analysis
(Table II; Supplementary Fig S2A), reinforcing the view that
PRA1 may assist LMP1 in stabilizing into lipid rafts and tar-
geting to destined compartments, by virtue of regulating lipid
transport. Conversely, PRA1 interaction with LMP1 can hinder
PRA1 from its physical functions, in particular when LMP1 is
expressed for long terms or at excessive amounts (Fig. 6). The
LMP1-associated sequestration of PRA1 may lead to the
functional consequence reminiscent of the effect from PRA1
knockdown (Fig. 6B and C; Supplementary Fig. S5). In addi-
tion, PRA1 is reported to inhibit T-cell factor (TCF)/�-catenin
signaling, which is related to tumorigenesis, by binding to
�-catenin and preventing it from translocation into the nucleus
(79). LMP1 interaction with PRA1 may hinder PRA1 from
binding to �-catenin, thereby allowing nuclear translocation of
�-catenin and activation of the signaling. In agreement with
this, �-catenin is shown to activate the expression of LAMC2,
albeit in colorectal carcinomas (80), suggesting an additional
way for PRA1 to affect gene expression. Despite the possi-
bility that other factors may also contribute to the LMP1-
associated NPC morphogenesis, the PRA1-involved func-
tions are shown for the first time to be a promoting force in
such events.

In conclusion, we discover that PRA1 is involved in lipid
homeostasis and cell migration, in aspects of a proteome-
wide effect on protein expression and function. We also reveal
that EBV-encoded LMP1 may affect these PRA1-involved
processes through sequestration of PRA1, coordinating the
tumorigenesis of NPC. Because PRA1 is ubiquitously ex-
pressed in human tissues, this study will provide a new ave-
nue for exploring the roles of PRA1 in other diseases that are
associated with lipid abnormalities, for instance, the type 2
diabetes (58), and neuronal diseases including Alzheimer’s
disease (81–83).
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