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Our previous studies revealed that the expression of the 19-kDa
protein prenylated Rab acceptor 1 domain family, member 2
(PRAF2) is elevated in cancer tissues of the breast, colon, lung,
and ovary, when compared to noncancerous tissues of paired
samples. PRAF2 mRNA expression also correlated with several
genetic and clinical features and is a candidate prognostic marker
in the pediatric cancer neuroblastoma. The PRAF2-related pro-
teins, PRAF1 and PRAF3, play multiple roles in cellular processes,
including endo ⁄ exocytic vesicle trafficking and glutamate uptake.
PRAF2 shares a high sequence homology with these family mem-
bers, but its function remains unknown. In this study, we exam-
ined PRAF2 mRNA and protein expression in 20 different human
cancer types using Affymetrix microarray and human tissue micro-
array (TMA) analyses, respectively. In addition, we investigated
the subcellular distribution of PRAF2 by immunofluorescence
microscopy and cell fractionation studies. PRAF2 mRNA and pro-
tein expression was elevated in several cancer tissues with high-
est levels in malignant glioma. At the molecular level, we
detected native PRAF2 in small, vesicle-like structures throughout
the cytoplasm as well as in and around cell nuclei of U-87 malig-
nant glioma cells. We further found that monomeric and dimeric
forms of PRAF2 are associated with different cell compartments,
suggesting possible functional differences. Importantly, PRAF2
down-regulation by RNA interference significantly reduced the
cell viability, migration, and invasiveness of U-87 cells. This study
shows that PRAF2 expression is elevated in various tumors with
exceptionally high expression in malignant gliomas, and PRAF2
therefore presents a candidate molecular target for therapeutic
intervention. (Cancer Sci 2010; 101: 1624–1631)

M alignant glioma (MG) is the most common adult brain
tumor and is as yet almost incurable. Due to its invasive

nature and resistance to chemotherapy, the median survival is
only 14.6 months, even with the most advanced care.(1) There-
fore, there is an urgent need for new diagnostic markers and
potential drug targets. Proteins which are over-expressed in
malignant tissues but not in the healthy tissue of origin, can pro-
vide important insights into understanding the underlying
molecular mechanisms of malignant transformation, and also
represent good candidate targets for drug development and inter-
vention.

The prenylated Rab acceptor 1 domain family (PRAF) pro-
teins have recently gained increasing attention in the study of
cancer. In humans, three PRAF members exist (PRAF1–3), all
of which have four transmembrane domains, a hydrophilic
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N- and C-terminus, and a prenylated Rab acceptor (PRA) motif.
PRAF1 and PRAF3 were shown to interact with membrane-
organizing Rab GTPases.(2–5) In addition, they bind with
proteins that regulate several well-known cancer signaling path-
ways. For example, PRAF1 binds to and blocks the nuclear
transport of b-catenin(6) and interacts with Ras and Rho GTP-
ases,(7) associated with the promotion of metastasis. PRAF1 also
interacts with viral proteins of Epstein–Barr virus (EBV), influ-
encing its oncogenic behavior.(8–10) Similar to PRAF1, the
PRAF3 protein is involved in various oncogenic processes. In
the HeLa cervical cancer cell line, PRAF3 is essential for the
anti-proliferative effect of all-trans retinoic acid (ATRA)(11) and
inhibits both F-actin rearrangement and consequent cell migra-
tion via MAP kinase cascades.(12) It is also known that the
presence of point mutations in the human PRAF3 gene is associ-
ated with increased risk of various cancers.(13) Finally, PRAF3
controls the endoplasmic reticulum (ER) exit of glutamate trans-
porter EAAC1,(14,15) and inhibits neuronal cysteine transport,(16)

thereby capable of reducing high intracellular glutathione
(GSH) levels, a characteristic of cancer cells, which significantly
contributes to their survival and drug resistance.

PRAF2 (previously known as JM4) is the least characterized
member of the PRAF protein family. PRAF2 was initially
identified as a human chemokine receptor CCR5-interacting
protein(17) and also interacts with the human glycerophosphoinos-
itol phosphodiesterase (GDE1 ⁄ MIR16).(18) Elevated protein lev-
els were detected in cancer tissues of the breast, colon, lung, and
ovary, when compared to noncancerous tissues of paired sam-
ples.(19) More recently, we analyzed the expression pattern and
localization of PRAF2 in the human brain and found evidence of
PRAF2 accumulation in synaptic vesicles.(20) We further discov-
ered that elevated levels of PRAF2 correlated with unfavorable
genetic and clinical features of the pediatric cancer neuroblas-
toma,(21) suggesting that PRAF2 is a candidate prognostic marker.
At the molecular level, PRAF2 primarily localized to endo-
some ⁄ vesicles in the cytoplasm of human neuroblastoma cells.(21)

In the present investigation, we have studied the expression
of PRAF2 in tissue samples from 20 different human
tumors including malignant glioma, where its expression was
exceptionally high. At the molecular level, we identified the
subcellular localization and distribution of PRAF2, which was
doi: 10.1111/j.1349-7006.2010.01570.x
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Fig. 1. Prenylated Rab acceptor 1 domain family, member 2 (PRAF2)
mRNA expression in malignant and healthy tissues. (a) PRAF2 mRNA
level in a variety of human tumors. The expression of PRAF2 in two
glioma tumor sets (black bars) was higher than in any other tumor
tissue (gray bars). For comparison: average expressions of GAPDH and
b-actin in this dataset were 9240 and 11 890, respectively. *Expression
data for other colon cancer sets are: 68.73 ± 6.63 for rectosigmoid
tumors (n = 9) and 92.01 ± 10.25 (n = 38) for rectal tumors. Tumor sets
are described in the Materials and Methods. (b) PRAF2 mRNA level is
significantly higher in glioma (black bars) than in healthy tissues (gray
bars) including the brain. Statistically significant differences in mRNA
expression are shown above the bars. T-tests were calculated in Excel.
Datasets used: brain glioma Sun-153, glioblastoma (GB) Lee-101,
healthy tissues Roth-504. Error bars represent the SEM, numbers in
parentheses refer to sample size.
associated with punctate structures in malignant glioma cells.
We found that the monomeric ⁄ dimeric state of PRAF2 influ-
ences its localization within the cell environment and permanent
down-regulation of PRAF2 impaired the viability, migration,
and invasiveness of glioblastoma cells.

Materials and Methods

Reagents and antibodies. Rabbit polyclonal anti-PRAF2
peptide antibody (300 lg ⁄ mL) directed against the C-termi-
nus of PRAF2 and the PRAF2 blocking peptide was from
QED Bioscience (San Diego, CA, USA). Peptide-blocked
PRAF2 antibody (PRAF2-P) was prepared by saturating its
binding sites with 5· excess (w ⁄ w) blocking peptide in PBS
for 2 h at room temperature. Primary antibodies against
neurexin 2a (ab34245), alpha-tubulin (ab7291-10), and
calreticulin (ab14234-50) were obtained from Abcam (Cam-
bridge, MA, USA); and anti-GFAP antibody (Z0334) was
purchased from Dako (Glostrup, Denmark). Horseradish per-
oxidase (HRP)-labeled anti-rabbit secondary antibody (ECL
#NA9340V) was purchased from GE Healthcare (Wauwatosa,
WI, USA); and conjugated fluorescent secondary antibodies
Alexa Fluor 555 goat anti-mouse IgG (A21424), Alexa Fluor
647 goat anti-chicken IgG (A21449), and Alexa Fluor 488
goat anti-rabbit IgG (A11034) were from Invitrogen (Carls-
bad, CA, USA).

Cell lines and culture conditions. The malignant glioma ⁄ glio-
blastoma cell line U-87 was cultured in DMEM containing 10%
heat-inactivated fetal bovine serum (FBS) (Atlanta Biologicals,
Lawrenceville, GA, USA), 100 U ⁄ mL penicillin, and 100
lg ⁄ mL streptomycin (Mediatech, Manassas, VA, USA). The
malignant glioma cell line U-251 was grown in 10-cm Nunc
Dishes (Fisher Scientific, Vastra Frolunda, Sweden) in DMEM
medium supplemented with 10% FBS and 1% amino acids
(Invitrogen) in the absence of antibiotics. Cultivation of cell
lines included in the cell microarray (CMA) were performed as
previously described.(22) The PRAF2-deficient or scrambled
control U-87 cell lines were generated by stable transfection
with Lipofectamine2000 (Invitrogen) using pre-designed 29-mer
HuSH small-hairpin (sh)RNA vectors (pRS) against PRAF2
(shPRAF2; TI340825) or a non-effective scrambled shRNA
cassette (Origene; Rockville, MD, USA). Transfected cell lines
were maintained as above in the presence of 0.2–1.0 lg ⁄ mL
puromycin.

Affymetrix microarray analysis. Expression microarray analy-
ses in this study were performed on the genome-wide mRNA
expression platform (Affymetrix HG-U133 Plus 2.0, Santa
Clara, CA, USA). All gene transcript levels were determined
from data image files using GeneChip operating software
(MAS5.0 and GCOS1.0; from Affymetrix). Samples were scaled
by setting the average intensity of the middle 96% of all probe-
set signals to a fixed value of 100 for every sample in the
dataset. Transcript levels could thus be compared between
microarrays. The TranscriptView genomic analysis and visuali-
zation tool was used to certify that the probe-set selected had an
antisense position in an exon of the gene (http://bioinfo.
amc.uva.nl/human-genetics/transcriptview/). CEL data from the
Affymetrix data-sets in public GEO data-sets on the NCBI
website(23) were downloaded and analyzed as previously
described.(24) Annotations and clinical data for the tissue sam-
ples analyzed are available from http://www.ncbi.nlm.nih.gov/
geo/query/ through their GEO ID: GSE4290 (for the Sun-153
glioma set(25)), GSE4536 (for the Lee-101 glioma set(26)),
GSE7307 (for the Roth-504 set, unpublished), or GSE2109 (for
all other sets: https://expo.intgen.org/expo/public).

Tissue microarray analysis (TMA). The human brain tissue
samples were part of a large multi-TMA analysis which was per-
formed with over 8800 antibodies. Human brain tissue samples
Borsics et al.
were collected from surgical specimens, in accordance with
approval from the local ethics committee (Stockholm, Sweden).
All antibodies were validated by western blotting and the valida-
tion strategy was previously published.(27) Immunohistochemis-
try and quantification of stained tissues was in broad outline
performed as previously described.(20,28,29) Immunohistochemis-
try and quantification of stained CMAs was performed as previ-
ously described.(22,30,31) All antibodies, validation data, and
immunostainings are available at http://www.proteinatlas.org.

Immunofluorescence. A total of 10 000 cells were seeded in
glass-bottom, 96-well Whatman plates (GE Healthcare, Stock-
holm, Sweden) coated with fibronectin. After 3 h of incubation,
growth media was removed, and cells were washed in PBS and
fixed for 15 min in ice cold 4% paraformaldehyde [pH 7.2] in
growth medium supplemented with 10% FBS. Cells were then
permeabilized for 3 · 5 min with 0.1% (v ⁄ v) Triton X-100 in
PBS, washed once in PBS, and labeled overnight at 4�C with a
cocktail of primary antibodies against PRAF2 (1:150), calreticu-
lin (1:1000), and alpha-tubulin (1:1000) dissolved in PBS sup-
plemented with 4% FBS. The same buffer was used for
secondary antibodies (all used in 1:800 dilution) for 1.5 h at
Cancer Sci | July 2010 | vol. 101 | no. 7 | 1625
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Fig. 2. Expression of prenylated Rab acceptor 1 domain family, member 2 (PRAF2) protein in tumor tissues. (a,c) Quantitative analysis of 220
tissue microarray (TMA) samples of various cancer types stained with PRAF2 antibody or astrocyte-marker protein GFAP-specific antibody. Each
full circle represents one patient, and halves refer to staining performed in duplicates; color codes determine the strength ⁄ intensity of the
immunohistochemical staining signal: white, no staining; yellow, light; orange, moderate; purple, strong; black, not evaluated. Tissue samples of
malignant gliomas show extensive PRAF2 expression compared to other cancers. (b,d) Representative histological images of malignant glioma
and renal cancer tissue sections stained with (b) anti-PRAF2 or (d) anti-GFAP antibody. In each case, a total of 12 tumor tissue samples were
stained in duplicates (n = 12) and counterstained with hematoxylin. Patients’ gender and age are displayed in the lower right corner of each
sample. f, female; m, male. Inset represents a higher magnification of PRAF2 perinuclear staining in malignant glioma.
room temperature the next day after a thorough wash in PBS.
Finally, cells were counterstained with 0.3 lM DAPI (D21490;
Invitrogen) for 4 min, washed in PBS, and mounted in PBS sup-
plemented with 78% glycerol. Images were acquired using an
LSM 510 Meta confocal laser scanning microscope with a
63· ⁄ 1.4 numerical aperture oil immersion objective (Carl Zeiss,
Jena, Germany). Excitation lasers of 405, 488, 543, and 633 nm
wavelengths, and emission filters BP 420-480, BP 505-550, BP
560-615, and LP 650 were used to visualize DAPI, PRAF2,
microtubules, and ER, respectively.

Gravity-based subcellular and nuclear fractionation. All frac-
tionation steps were carried out on ice or 4�C unless noted other-
wise. Semi-confluent U-87 cells (2 · 107) grown in 15-cm Petri
dishes (Greiner, Monroe, NC, USA) were scraped and homoge-
nized in a Dounce homogenizer (#357544; Wheaton, Millville,
NJ, USA) in ice-cold, detergent-free buffer (20 mM Tris–HCl
[pH 7.5], 1 mM EDTA, 5 mM MgCl2). Nuclei were sedimented
at 800g, and the pellet was suspended in 20 mM Tris–HCl [pH
1626
7.5], 255 mM sucrose, 10 mM MgCl2, and gently layered on a
sucrose cushion (20 mM Tris–HCl [pH 7.5], 350 mM sucrose,
0.5 mM MgCl2) to remove non-lysed cells. After 10-min centri-
fugation at 1430g, the nuclear pellet was suspended and stored
in membrane storage buffer (20 mM Tris–HCl [pH 7.5],
300 mM sucrose). To fractionate nuclei, four volumes of high
ionic strength lysis buffer (10 mM Tris–HCl [pH 7.5], 0.2 mM
MgCl2, 2 M NaCl) and 1% (v ⁄ v) 2-mercaptoethanol was
added(32) and lysis was allowed to complete at 4�C for 15 min.
After pelleting nuclear envelopes (1600g for 10 min), the super-
natant representing the intranuclear content was saved, and the
pellet was washed with high ionic strength lysis buffer, pelleted
again, and suspended in membrane storage buffer. To separate
membranous compartments (organelles and microsomes) from
cytoplasm, the nucleus-free sample was centrifuged with a
MLS-50 rotor at 163 000g in 5 mL volume on a Beckman
Optima Max ultracentrifuge for 1 h. The membrane-free super-
natant (cytosol) fraction was saved and the pellet was dissolved
doi: 10.1111/j.1349-7006.2010.01570.x
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Table 1. Statistical evaluation of malignant glioma tumor tissues,

stained for PRAF2

Tumor cells ⁄ tissue data Patient ratio Percentage (%)

Intensity

Strong 11 ⁄ 12 91.7

Moderate 1 ⁄ 12 8.3

Weak 0 ⁄ 12 0

Negative 0 ⁄ 12 0

Quantity

>75% 12 ⁄ 12 100

75–25% 0 ⁄ 12 0

<25% 0 ⁄ 12 0

Rare 0 ⁄ 12 0

Localization

Nuclear 0 ⁄ 12 0

Cytoplasm ⁄ Memb 12 ⁄ 12 100

Gender

Male 9 ⁄ 12 75

Female 3 ⁄ 12 25

Age

>60 years 4 ⁄ 12 33.3

>25, <60 years 7 ⁄ 12 58.3

<25 years 1 ⁄ 12 8.4

Cell type

Astrocytoma 3 ⁄ 12 25

Oligoastrocytoma 1 ⁄ 12 8.3

Oligodendroglioma 3 ⁄ 12 25

Glioblastoma 5 ⁄ 12 41.7

PRAF2, prenylated Rab acceptor 1 domain family, member 2.

(a)

(b)

(c)

Fig. 3. Immunohistochemical staining of normal cerebral cortex
tissue samples with antibodies directed against proteins prenylated
Rab acceptor 1 domain family, member 2 (PRAF2), neuronal marker
neurexin 2a, and glial marker glial fibrillary acidic protein (GFAP). (a)
Cerebral cortex tissue stained with PRAF2 shows weak PRAF2 presence
in glial cells (G) and high expression in neurons (N). (b) Neuronal
marker protein neurexin 2a localized to pyramidal neurons in normal
brain sections and showed a similar staining pattern as observed for
PRAF2. (c) Distribution of the glial marker GFAP in the cerebral cortex.
GFAP is strongly expressed in glial cells and is absent in neurons. Each
image is representative of three independent experiments.
in membrane storage buffer. All samples were volume-adjusted
and the relative amount of endogenous PRAF2 in each fraction
compared. Every lane represents protein amounts corresponding
to 0.5% of the total cell lysate volume.

Western blot analysis. Samples obtained from cell fraction-
ation steps were mixed with equal volume of Laemmli buffer
(Bio-Rad, Hercules, CA, USA), incubated for 30 min at
room temperature, resolved by 12% SDS-PAGE, and electro-
transferred onto PVDF membrane (Pall Life Sciences, Port
Washington, NY, USA) in 10 mM CAPS ⁄ 10% (v ⁄ v) methanol
transfer buffer. Membranes were air-dried, reconstituted in
methanol, and blocked in 0.1% TBST (TBS containing 0.1%
(v ⁄ v) Tween-20) containing 3% (w ⁄ v) BSA. PRAF2-specific
primary antibody or its peptide-blocked version was then added
in 1:5000 dilution, hybridized at 4�C overnight, washed, and
incubated with rabbit secondary HRP-antibody (1:5000) in 0.1%
TBST for 1 h. After a final wash, the membrane was developed
using the ECL plus kit (GE Healthcare). Membranes were
stripped at 50�C for 30 min with ECL stripping buffer
(62.5 mM Tris–HCl [pH 6.7], 2% (w ⁄ v) SDS, 100 mM 2-mer-
captoethanol) and sequentially probed.

Cell viability assay. The CellTiter 96 AQueous One Solution
MTS Cell Proliferation Assay is a colorimetric method for deter-
mining the number of viable cells (Promega, San Luis Obispo,
CA, USA) and was performed as previously described.(33)

Transwell migration and invasion assays. The permeable
support was either uncoated (migration assay) or coated with
reconstituted basement membrane extract (invasion assay) and
5 · 104 serum-starved cells were seeded in the top chamber
of a Transwell plate, in medium without FBS. Medium with
FBS was added to the bottom chamber. Cells were incubated
for 24 h, and maintained at 37�C in a CO2 incubator. The
media was removed, both chambers washed, calcein-AM was
added to the bottom chamber, and incubated for 1 h at 37�C.
The Relative Fluorescence Unit (RFU) was measured using a
fluorescent plate reader (485 nm excitation ⁄ 520 nm emis-
Borsics et al.
sion). A standard curve was used to determine the total num-
ber of cells that responded to serum-induced migration or
invasion.

Results

In our previous studies, we have described high PRAF2 protein
expression in several human tumors (breast, colon, lung, ovary,
and neuroblastoma).(19,21) This prompted us to investigate the
presence of PRAF2 in an extended set of normal and tumor tis-
sues. First, we compared the expression level of PRAF2 mRNA
in 20 tumor tissues of different origin. As shown in Figure 1(a),
the expression of PRAF2 was higher in gliomas than in any
other tumor type. To further expand our investigation, we deter-
mined the PRAF2 mRNA expression levels in various gliomas
as well as normal tissues. The glioma samples showed higher
PRAF2 expression, also when compared to the brain, where its
expression was most prevalent. This seemed especially true for
high-grade glioma tumors, glioblastoma stage 4, in two different
glioma sets (Fig. 1b). Statistical analysis revealed that PRAF2
mRNA expression in normal brain is significantly lower than in
three different types of glioma samples (glioblastoma grade 4,
commonly used glioma cell lines, and glioblastoma-derived
stem cells; Table S1).
Cancer Sci | July 2010 | vol. 101 | no. 7 | 1627
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Fig. 4. Subcellular localization of prenylated Rab
acceptor 1 domain family, member 2 (PRAF2) in U-
251 malignant glioma cells. (a–d) PRAF2 (green) is
expressed in punctuate structures throughout the
cytoplasm and also in ⁄ around the nucleus (blue).
The endoplasmic reticulum (ER) (yellow) and
microtubules (red) are shown to further visualize
the subcellular localization of PRAF2. (e)
Superimposition by overlay of images (a b, and d).
(f,g) Power images of (e), showing individual U-
251 cells. The images are representative of two
independent experiments, and each experiment was
performed in duplicate.

(a)

(b)

Fig. 5. Subcellular distribution of native prenylated Rab acceptor 1
domain family, member 2 (PRAF2) in U-87 malignant glioma cells. (a)
Samples were prepared by gravity-based fractional centrifugation of
homogenized cells as described in the Materials and Methods. ‘‘Total’’
represents all cellular proteins prior to fractionation. While
monomeric PRAF2 (19.3 kDa) and the alternatively spliced monomeric
variant PRAF2-v (16.7 kDa) are associated with membranous
compartments, dimeric PRAF2 (37 kDa) is mainly detected in the
membrane-free cytosolic fraction. The specificity of all bands,
including PRAF2-v was confirmed by probing the stripped membrane
with peptide-blocked PRAF2 antibody (not shown). Molecular weights
in kilodalton (kDa) are indicated. Lane 1, total cell lysate; lane 2,
membranes; lane 3, cytosol; lane 4, nucleus. Data are representative
of three independent experiments (n = 3). (b) Nuclear distribution of
PRAF2 in U-87 cells. Isolated nuclei were lysed, separated into intra-
nuclear and nuclear membrane fractions (envelope) and probed for
PRAF2 by western blot analysis (n = 2).
To verify our findings at the protein level, we determined the
PRAF2 expression in a TMA using the same tumor types. A
total of 210 tissue samples were processed and graded based on
PRAF2 signal strength following immune histochemical staining
with a specific, PRAF2-directed polyclonal peptide antibody.
We found that malignant glioma tumors expressed the highest
levels of PRAF2 among all tumor tissues investigated
(Fig. 2a,b). PRAF2 expression was high in 11 out of 12 patient
samples with predominant presence in the cytoplasm or mem-
brane (Table 1 and Fig. S1). In contrast, renal tumor tissue sam-
ples expressed the lowest PRAF2 levels (Fig. 2a,b). As a
control, the TMA was also stained with the astrocyte marker
GFAP. GFAP was predominantly expressed in malignant glioma
tumors and was only weakly present, or entirely absent, in all
other tumor tissues including renal cancer (Fig. 2c,d).

To compare the expression levels of PRAF2 in noncancerous
brain tissue, we stained cross-sections of the cerebral cortex. We
found that PRAF2 primarily stained neuronal cells and was
absent in non-neuronal ⁄ glial cells of the cerebral cortex
(Fig. 3a), consistent with our previous observations.(20) In addi-
tion, tissue from the cerebral cortex was also stained for the
neurexin 2a and GFAP marker proteins, confirming the staining
of neuronal cells and glial cells, respectively, within the cerebral
cortex (Fig. 3b,c).

Next, PRAF2 expression was determined in a total of 59 can-
cerous and noncancerous cell lines of various origins. A cluster
of brain-derived cell lines showed highest PRAF2 expression,
especially two well-characterized malignant glioma cell lines,
U-87 and U-251 (Fig. S2), thus confirming our observation in
malignant glioma tumor samples. In addition, high PRAF2
levels were detected in other cancer cell lines including HeLa,
MCF-7, RT-4, A-431, and F80 as well as two noncancerous cell
types, HaCaT and PBMCs. In contrast, the leukemia (CML) cell
line M11 expressed undetectable amounts of PRAF2.
1628 doi: 10.1111/j.1349-7006.2010.01570.x
ªª 2010 Japanese Cancer Association



(a)

(b)

(c)

(d)

Fig. 6. Functional analysis of prenylated Rab acceptor 1 domain
family, member 2 (PRAF2) knockdown in glioblastoma cells. (a) Stable
transfection of U-87 cells with shPRAF2 significantly reduced PRAF2
protein expression compared to controls (wild type and scrambled).
Tubulin served as a loading control. (b) The cell viability was
determined at 24, 48, and 72 h in triplicate wells in two separate
experiments with similar results. (c,d) PRAF2 down-regulation inhibits
cell migration (c) and invasion (d). Five · 104 cells were seeded in the
top chamber of Transwell plates. Serum-induced migration ⁄ invasion
was measured after 24 h. PRAF2 down-regulation appeared to inhibit
glioblastoma migration and invasion, compared to wild-type and
scrambled control glioblastoma cells. Three independent experiments
were performed in triplicates and data are represented as mean ± SD
(n = 9). WT, wild type.

Borsics et al.
To study the localization and distribution of PRAF2 within
the cell environment, we chose the high PRAF2 protein-express-
ing U-251 malignant glioma cell line for further analysis by
immunofluorescence using a confocal laser-scanning micro-
scope. As shown in Figure 4, the native PRAF2 protein was
present in bright punctate structures throughout the cytoplasm
and partially co-localized with the ER. Prenylated Rab acceptor
1 domain family, member 2 (PRAF2) expression was further
visible in and around the nucleus. The association of PRAF2
with distinct punctate structures was previously observed in
neuroblastoma cells where PRAF2 was found enriched in
endosomes.(21)

To further verify the subcellular distribution of PRAF2, we
performed gravity-based subcellular fractionation of U-87
malignant glioma cells. U-87 cell lysates (total) containing all
cellular proteins revealed high levels of PRAF2 (Fig. 5a, lane
1), confirming the PRAF2 expression data shown in Figure S2.
In addition to monomeric PRAF2 (19.3 kDa), we also detected a
dimeric (SDS-insoluble) form of PRAF2 (37 kDa), which was
previously reported.(20,21) Interestingly, both the membranous
fraction as well as the nuclear fraction (including nuclear mem-
branes) exclusively contained monomeric PRAF2 (Fig. 5a, lanes
2,4). In contrast, we detected the vast majority of dimeric
PRAF2 in the cytosolic fraction (Fig. 5a, lane 3). We also
detected a second, monomeric variant of PRAF2 (PRAF2-v)
which was slightly smaller in size (about 16–17 kDa, see lane 1)
and which was present in the nuclear fraction only (lane 4). A
peptide-blocked PRAF2 control antibody (PRAF2-P) was used
to demonstrate the specificity of bands (data not shown). To
learn more about the distribution of PRAF2 in the nucleus, iso-
lated nuclei were lysed and nuclear membrane proteins (enve-
lope) separated from soluble intra-nuclear proteins. As expected,
we found the majority of PRAF2 located in the membrane
(envelope) fraction (Fig. 5b).

To examine the potential function of PRAF2 in glioblastoma,
a stable U-87 shRNA PRAF2 knockdown cell line was gener-
ated using RNA interference (Fig. 6a). The cell viability of this
phenotype was significantly reduced (Fig. 6b) and the migratory
behavior and cell invasiveness was significantly impaired
compared to controls (Fig. 6c,d).

Discussion

In this investigation, we examined the presence of PRAF2 in
twenty types of tumor tissue at both mRNA and protein levels.
In both cases, we found strong expression of PRAF2 in malig-
nant glioma tumors and cell lines. We previously showed that
PRAF2 is expressed in neuronal cells and enriched in synaptic
vesicles.(20) Similar to PRAF1 and PRAF3, we show here that
PRAF2 is expressed at low levels in normal glia cells. Malignant
glioma tissue samples, however, express excessive PRAF2, both
in glioma tumor tissue and cell lines, even when compared to
the PRAF2 levels of other cancer types. In contrast, PRAF1 and
PRAF3 show only weak or slightly elevated expression in
malignant glioma, respectively, comparable to that in other
malignancies (data not shown). Therefore, the exceptionally
high expression of PRAF2 in malignant glioma is a unique
feature of this tumor type.

Strikingly, we found that PRAF2 appears in clear, bright punc-
tate structures within the cell and localizes mainly to the cyto-
plasm of U-251 malignant glioma cells. This finding is in
conjunction with our previous observations with neuroblastoma
cells.(21) It is possible that the distinct structures represent endo-
cytic vesicles, as these were shown to contain a high amount of
endogenous PRAF2 in LAN-1 neuroblastoma cells.(21) The
Cancer Sci | July 2010 | vol. 101 | no. 7 | 1629
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PRAF family members PRAF1 and PRAF3 were both shown to
interact with a variety of proteins involved in endocytic secretory
system including Rab GTPases and, therefore, PRAF2 may have
similar responsibilities. Additionally, we have noticed PRAF2
inside or in close proximity to the nucleus. Subcellular fraction-
ation data further support this observation, indicating the preva-
lent presence of PRAF2 in the nuclear membrane (envelope).

The few subcellular fractionation studies available for PRAF1
and PRAF3 were mostly conducted on cells over-expressing
PRAF proteins which does not necessarily mimic their native dis-
tribution under physiological conditions, and consequently, may
give rise to contradictory data. For example, the monomeric form
of over-expressed PRAF1 in BHK cells localizes solely to mem-
branes,(34) whereas endogenous PRAF1 in PC12 cells is mostly
cytosolic.(35) Similarly, when overexpressed, the majority of
PRAF3 localizes to the membranes,(36) but it appears to be cyto-
solic in mouse brain homogenates.(37) Here, we investigated the
distribution of native PRAF2 in malignant glioma cells. The
results revealed a distinct separation of monomeric and dimeric
PRAF2 molecules among cellular compartments. The monomeric
form of PRAF2 was strictly associated with membranous com-
partments, whereas the dimeric form was almost exclusively
located in the membrane-free cytosol. This sharp separation pat-
tern can be well explained on the basis of the predicted PRAF2
structure. Due to the strong hydrophobic nature of their
transmembrane domains, monomeric PRAF2 proteins are
unlikely to be present in the aqueous environment and prefer the
membranous environment. Indeed, computer prediction analyses
and experimental data with PRAF1 and PRAF3 demonstrated
their potential to form homodimers through their hydrophobic
domains,(38,39) and this was also observed with PRAF2.(17) This is
in support of our previous findings, where only monomers of
PRAF2 could be detected in isolated synaptic vesicles.(20) It is
possible that dimer formation provokes a conformational change
and camouflages the hydrophobic domains, thereby increasing
the solubility of the complex by exposing only the hydrophilic
N- and C-termini to the cellular environment. Depending on their
meric status, monomeric, homodimeric, and possibly heterodi-
meric PRAF proteins could function in different cellular compart-
ments and fulfill multiple roles in diverse molecular processes.

Further of interest was the occurrence of a PRAF2 splice vari-
ant (PRAF2-v) in malignant glioma cells. PRAF2-v was not
observed in our previous studies with neuroblastoma cells or in
healthy tissues.(19,21) In recent years, a growing number of splice
variants have been determined that were expressed in a cancer-
specific manner(40) with a role in tumorigenesis and metasta-
sis.(41) To elucidate the origin of the 16.7-kDa PRAF2-v mono-
mer (Fig. 5a), we searched the expressed sequence tag (EST)
library data set of PRAF2,(42) which revealed the existence of
numerous complete and incomplete splice variants, producing
smaller PRAF2 molecules. Most variants lacked the characteris-
tic C-terminal sequence motif which contains the PRAF2
1630
antibody recognition site, with the exception of one splice vari-
ant, PRAF2-v. Although its 5¢ sequence is incomplete in the
database, the sequence-based completion of the partial ORF
resulted in a 158 amino acid residue protein with a predicted
size of 16.7 kDa. This corresponds with the band size detected
by western blotting (Fig. 5a), and suggests the existence of an
alternatively spliced PRAF2 in malignant glioma cells. Alterna-
tive splicing can add or remove domains necessary for correct
subcellular localization,(43) influencing protein behavior and cel-
lular signaling, sometimes even in a dominant-negative manner.
Our hydrophobicity profile analysis predicted that the PRAF2-v
splice variant retains three of four transmembrane domains (data
not shown). Therefore, alternatively spliced PRAF2 could form
a heterodimer with the full-length protein and subsequently alter
its function.

Malignant gliomas are among the most invasive of all
tumors.(44) Their diffuse nature contributes to poor surgical out-
come and is thought to be one of the major causes of the infa-
mously low survival rate.(45) In recent years, numerous
chemokine receptors were shown to contribute to cancer cell
migration, including CCR3 and CCR5 as well as CXCR4 in
glioblastoma.(46–49) PRAF2 interacts with the intracellular C-ter-
minal tail of CCR5 and thereby might regulate the cell surface
expression of CCR5.(17) Here we showed that PRAF2 knock-
down impairs the migration and invasiveness of U-87 cells
(Fig. 6). Together, this suggests a potential role for PRAF2 in
tumor metastasis and invasion and renders it a novel target for
therapeutic intervention.

In summary, we found strong PRAF2 expression in human
malignant glioma tissues as well as cell lines, and comparably
lower expression in normal tissues or other tumor types. PRAF2
is found in vesicle-like, punctate structures throughout the cell
suggesting its involvement in membrane trafficking. It is possi-
ble that PRAF2 contributes to the highly invasive nature of
malignant gliomas either through its involvement in vesicular
transport and ⁄ or by interaction with chemokine receptors. The
present study suggests that PRAF2 is a candidate therapeutic
target in malignant glioma.
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Additional Supporting Information may be found in the online version of this article:

Fig. S1. Representative display of 12 malignant glioma tumor tissue samples immunohistochemically stainted with prenylated Rab acceptor 1
domain family, member 2 (PRAF2) antibody. Bar slices in the first rows represent the same 12 patients evaluated in Figure 2(a).Selected regions
of all samples are magnified below. Cell-type abbreviations; a, astrocytoma; oa, oligoastrocytoma; od, oligodendroglioma; g, glioblastoma. Num-
bers after cell type refer to tumor grade.

Fig. S2. Expression of prenylated Rab acceptor 1 domain family, member 2 (PRAF2) protein in cultured cancer cell lines. The strength of PRAF2
expression in cultured cell lines is shown as detected by immunohistochemical staining with the PRAF2 antibody. Staining intensity is displayed
relative to the strongest signal. Cell cultures with brain origin are among those with the highest PRAF2 expression, including malignant glioma
cell lines U-251 and U-87 (circled).

Table S1. Statistical evaluation of prenylated Rab acceptor 1 domain family, member 2 (PRAF2) mRNA expression differences between normal
brain and gliomas.
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