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The normal cellular prion protein (PrP) is a glycosylphos-
phatidylinositol (GPI)-anchored cell surface glycoprotein.
However, in pancreatic ductal adenocarcinoma cell lines, such
as BxPC-3, PrP exists as a pro-PrP retaining its glycosylphos-
phatidylinositol (GPI) peptide signaling sequence. Here, we
report the identification of another pancreatic ductal adenocar-
cinoma cell line, AsPC-1, which expresses a mature GPI-an-
chored PrP. Comparison of the 24 genes involved in the GPI
anchor modification pathway between AsPC-1 and BxPC-3
revealed 15 of the 24 genes, including PGAP1 and PIG-F, were
down-regulated in the latter cells. We also identified six mis-
sense mutations in DPM2, PIG-C, PIG-N, and PIG-P alongside
eight silent mutations. When BxPC-3 cells were fused with Chi-
nese hamster ovary (CHO) cells, which lack endogenous PrP,
pro-PrP was successfully converted into mature GPI-anchored
PrP. Expression of the individual gene, such as PGAP1, PIG-F, or
PIG-C, into BxPC-3 cells does not result in phosphoinositide-
specific phospholipase C sensitivity of PrP. However, when
PIG-F but not PIG-P is expressed in PGAP1-expressing BxPC-3
cells, PrP on the surface of the cells becomes phosphoinositide-
specific phospholipase C-sensitive. Thus, low expression of
PIG-F and PGAP1 is the major factor contributing to the accu-
mulation of pro-PrP. More importantly, BxPC-3 cells express-
ing GPI-anchored PrP migrate much slower than BxPC-3
cells bearing pro-PrP. In addition, GPI-anchored PrP-bearing
AsPC-1 cells also migrate slower than pro-PrP bearing BxPC-3
cells, although both cells express filamin A. “Knocking out”

PRNP in BxPC-3 cell drastically reduces its migration. Collec-
tively, these results show that multiple gene irregularity in
BxPC-3 cells is responsible for the formation of pro-PrP, and
binding of pro-PrP to filamin A contributes to enhanced tumor
cell motility.

PrP2 is a highly conserved and widely expressed glycoprotein
tethered on the cell surface by a GPI anchor (1). Although PrP
has been implicated in a plethora of biological functions (2– 4),
the physiologic function of PrP remains elusive, as Prnp knock-
out mice and cattle show no obvious phenotype and PrP null
sheep due to a stop codon mutation also occurs naturally (1,
5–7). The only well established function of PrP is that this pro-
tein is required for the pathogenesis of a group of fatal neuro-
degenerative diseases commonly referred to as prion diseases
(8).

The expression of PrP is up-regulated in some cancer cells,
which normally either lack PrP or have low levels of PrP (9 –14).
The up-regulation of PrP has been reported to contribute to
tumor cell migration, proliferation, and multiple drug resis-
tance (9, 15–17). More importantly, increased PrP expression is
a biomarker for poor prognostics for patients with pancreatic
cancer, breast cancer, or gastric cancer (11, 13, 18). Previously,
in our studies of six PDAC cell lines and a melanoma cell line,
we found that the PrP existed as a pro-PrP, as defined by retain-
ing its normally cleaved GPI-PSS (11, 12). Sequencing of the
open reading frame (ORF) of PRNP in these cell lines did not
identify any mutations. Therefore, the retention of the PrP GPI-
PSS is not due to mutation in the PRNP. Interestingly, the GPI-
PSS of PrP contains an FLNa-binding motif and thus pro-PrP
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binds to FLNa (12). FLNa is a cytolinker protein that is impor-
tant in linking cell surface receptors to the cytoskeleton (19, 20).
Hence, binding of pro-PrP to FLNa alters the normal physiol-
ogy of FLNa rendering the tumor cell to be more aggressive (11,
12).

The underlying mechanism for retaining the PrP GPI-PSS in
PDAC is not clear. More than 20 genes are known to be impor-
tant in the synthesis, assembly of the GPI anchor components,
cleavage of the GPI-PSS, and eventual en bloc attachment of an
assembled GPI anchor to its substrate (21). Mutations in GPI
anchor synthesis enzymes are associated with many human dis-
eases; most of these diseases affect neuronal development (22–
35). Furthermore, a lack of GPI anchored protein in cancer cells
has also been reported to be due to transcriptional silencing of
the genes involved in biosynthesis of the GPI anchor (36). Inter-
estingly, the efficiency of the GPI anchor modification is criti-
cal, depending on the sequence of the GPI-PSS. It is known that
the GPI-PSS of PrP has the least efficiency among the 10 tested
GPI-anchored proteins in an in vitro GPI anchor modification
assay (37).

In this study, we reported the identification a PDAC cell line,
AsPC-1, which expresses a GPI-anchored PrP. This cell line
enables us to compare the expression of the 24 genes responsi-
ble for GPI anchor synthesis between GPI-anchored PrP bear-
ing AsPC-1 cells and pro-PrP bearing BxPC-3 cells. We found
that the expression levels of 15 of these genes were up-regulated
in AsPC-1 cells compared with BxPC-3 cells. We also identified
six missense mutations in DPM2, PIG-C, PIG-N, and PIG-P. To
explore the functional contribution of these affected genes, we
fused the Chinese hamster ovary (CHO) cell, which lacks
endogenous PrP, with the BxPC-3 cell. We found that fusion of
these two cells successfully converts the pro-PrP to become
GPI-anchored PrP. We then tested whether expressing any of
the genes with low expression levels in BxPC-3 can rescue the
PrP phenotype. We found that expressing PGAP1, PIG-F,
PIG-C, etc. alone did not generate GPI-anchored PrP. However,
when PIG-F was expressed in PGAP1-expressing BxPC-3 cells,
the cell surface PrP became GPI-anchored. The same phenom-
enon was not observed when PIG-P, PIG-N, etc. was expressed
in PGAP1-expressing BxPC-3 cells, thus showing that the low
expression levels of PGAP1 and PIG-F were the major factors
contributing to the generation of pro-PrP in BxPC-3 cells. Fur-
thermore, when compared with AsPC-1, whose PrP was GPI-
anchored, BxPC-3 migrated faster, which supports the impor-
tance of interactions between FLNa and pro-PrP for cell
motility. Finally, we showed that by knocking out PRNP in
BxPC-3, the motility of the cells was greatly reduced. Together,
these results provide strong evidence that defects in the GPI
anchor synthesis machinery cause the accumulation of pro-
PrP, which then contributes to the aggressive behavior of
PDAC by disrupting the normal functions of FLNa.

Experimental Procedures

Cell Lines, Abs, and Reagents—AsPC-1, BxPC-3, and
CHO-K1 cells were purchased from American Type Culture
Collection (ATCC). AsPC-1 and BxPC-3 cells were cultured in
RPMI 1640 medium (Life Technologies, Inc., catalog no.
31800-022) supplemented with 1.5 g/liter sodium bicarbonate,

10% fetal bovine serum (FBS) (Biological Industries, Kibbutz
Beit Haemek, Israel), 1% sodium pyruvate, 1 mM HEPES, 4.5
g/liter glucose, 100 units/ml of penicillin, and 100 �g/ml strep-
tomycin. CHO-K1 cells were cultured in �-minimal essential
medium (Gibco, catalog no. 11900-024) supplemented with
1.67 g/liter sodium bicarbonate, 10% FBS, 12.6 mM HEPES, 1
g/liter glucose, 100 units/ml penicillin, and 100 �g/ml strepto-
mycin. CHO-NC and CHO-hPrP cells were generated with len-
tivirus systems and were cultured in the same growth media as
CHO-K1 cells. BxPC-3-CHO-NC was generated by fusing
BxPC-3 and CHO-NC and was cultured in the same growth
media as BxPC-3, except with 20% FBS.

Anti-PrP monoclonal antibodies (mAbs) (4H2, 8B4, and
5B2) were generated as described (38). Filamin A (FLNa) anti-
body was purchased from CHEMICON� International, Inc.
(catalog no. mAb1678). Horseradish peroxidase (HRP)-conju-
gated goat anti-mouse IgG-specific antibody was purchased
from AntGene Biotech (Wuhan, China). Mouse anti-actin mAb
was purchased from Tianjin Sungene Biotech, Tianjin, China
(catalog no. KM9001). Mouse IgG1 isotype control, HRP-
streptavidin, and APC conjugated goat anti-mouse IgG anti-
body were purchased from Biolegend (San Diego). 4�,6-Di-
amidine-2�-phenylindole dihydrochloride was purchased from
Roche Diagnostics (Mannheim, Germany). Alexa Fluor� 488
and 555 dye-linked goat anti-mouse secondary antibody was
purchased from Invitrogen. PGAP-1-expressing plasmid was a
kind gift from Professor Taroh Kinoshita, Osaka University. All
reagents purchased from commercial sources were used
according to the suppliers’ recommendations.

Quantitative Real Time PCR Analysis and Sequencing of the
24 Genes—Total RNA was isolated using an RNApure tissue kit
(catalog no. CW0584, CWBiotech, Beijing, China). 1 �g of total
RNA was used to synthesize first-strand complementary DNA
(cDNA) using the PrimeScriptTM RT reagent kit with gDNA
Eraser (catalog no. DRR047A, Takara Bio, Shiga, Japan). Quan-
titative PCR amplification was carried out with well character-
ized primer sets (supplemental Table S1) for the 24 genes
involved in the biosynthesis of GPI anchor by using iQTM SYBR
Green Supermix (product no. 170 l8882AP, Bio-Rad) on a Bio-
Rad ConnectTM real time PCR instrument (CFX ConnectTM

Optics Module). Each reaction was run in triplicate and con-
tained 1 �l of cDNA template in a final reaction volume of 20 �l.
Melting curves were performed to ensure that only a single
product was amplified. The relative expression of 24 genes was
normalized to the expression level of �-actin. Data shown rep-
resent the mean � S.E. of the mean from three experiments.
Extracted mRNAs were reverse-transcribed and submitted for
sequencing with primers covering the full coding sequence of
the 24 genes (supplemental Table S2).

Phosphatidylinositol Phospholipase C (PI-PLC) Treatment of
Cells and Flow Cytometry Analysis—Cells were seeded in 6-cm
Petri dishes overnight and then rinsed three times with ice-cold
Dulbecco’s modified phosphate-buffered saline (DPBS) fol-
lowed by 0.25% trypsin/EDTA treatment. After rinsing twice
with DPBS, cells were incubated with PI-PLC (0.1 unit/ml)
(Sigma, catalog no. P5542) at 37 °C for 1 h) and then rinsed
twice with DPBS followed by staining with control antibody or
4H2 for 20 min at 4 °C. Bound antibody was detected with an
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APC-conjugated goat anti-mouse IgG antibody and analyzed in
a FACSTM C6 flow cytometer (San Jose, CA). The flow cytom-
etry analysis was carried out at least twice with comparable
results. To calculate the PI-PLC treatment on PrP, we use the
following formula: (arithmetic mean after PI-PLC treatment �
arithmetic mean of background)/(arithmetic mean of before
PI-PLC treatment � arithmetic mean of background); to calcu-
late the PI-PLC treatment on total GPI anchored proteins, we
use following formula due to lack of background: (arithmetic
mean of before PI-PLC treatment � arithmetic mean of after
PI-PLC treatment)/(arithmetic mean of before PI-PLC treat-
ment for FLARE staining).

Immunofluorescence Staining for Confocal Microscopy—
Cells were cultured in poly-D-lysine-coated glass-bottomed
Petri dishes (product no. P35GC-1.0 –14-C, MatTek Corp.,
Ashland, MA) overnight, then rinsed three times with DPBS,
and fixed in 4% paraformaldehyde for 12 min at room temper-
ature. PrP was detected with anti-PrP mAbs 8B4 or 4H2 (10
�g/ml). Bound antibodies were detected using Alexa Fluor�
488 or 555 dye-conjugated goat anti-mouse IgG-specific anti-
body (Invitrogen). Nuclei were counter-stained with DAPI and
observed using an inverted confocal microscope (PerkinElmer
Life Sciences). To detect cell surface PrP after PI-PLC treat-
ment of BxPC-3-CHO-NC, cells were cultured with brefeldin A
(0.35 �M) and PI-PLC (0.1 units/ml) in a 37 °C incubator for 1 h.
The subsequent steps were carried out as described above. All
confocal microscopy experiments were carried out at least
twice with comparable results. To detect PIG-F, PIG-C, PIC-N,
and PIG-P expression in PGAP1-expressing BxPC-3 cells,
transfected cells were subject to Olympus inverted microscopy
(Olympus corporation, model no. IX73, Tokyo, Japan) for
mCherry expression.

Generation and Purification of Rabbit Polyclonal Antibodies
against GPI-PSS of hPrP—The specific pathogen-free rabbit
was immunized four times with complete or incomplete
Freund’s adjuvant (Sigma) reconstituted and DMSO-dissolved
synthesized polypeptide (SMVLFSSPPVILLISFLIFLIVG) cor-
responding to the GPI-PSS region of hPrP every 2 weeks for 1
month. 50 ml of blood were collected and clotted at room tem-
perature for 1 h and then stored at 4 °C overnight. To collect
serum, the supernatant was centrifuged and aliquoted before
storing at �80 °C.

To purify-PrP specific IgG, the serum was precipitated with
saturated ammonium sulfate and then centrifuged at 10,000 �
g (4 °C). The pellet was resuspended in 100 mM Tris-HCl (pH
8.0) and dialyzed against three changes of 1� PBS (pH 7.4) at
4 °C and then centrifuged to remove remaining debris. The IgG
was incubated with GST-dopple conjugated AminoLink� Plus
coupling resin (Thermo Scientific) at 4 °C overnight to absorb
nonspecific antibody. PrP GPI-PSS-specific IgG was collected
by incubation-absorbed IgG with the GST-hPrP231–253-con-
jugated AminoLink� Plus coupling resin at 4 °C overnight.

Immunoblotting—Cell lysates were prepared in lysis buffer
containing 20 mM Tris (pH 7.5), 150 mM NaCl, 1 mM EDTA, 1
mM EGTA, 1% Triton X-100, 2.5 mM sodium pyrophosphate, 1
mM �-glycerol phosphate, 1 mM Na3VO4. 1 mM phenylmethyl-
sulfonyl fluoride (PMSF), and EDTA-free protease inhibitor
mixture were added just before cell lysis. Cell lysate was directly

subjected to peptide N-glycosidase F (New England Biolabs,
Inc., Ipswich, MA) treatment according to the provider’s pro-
tocols. After treatment, samples were separated on SDS-PAGE
and immunoblotted with anti-PrP mAb 4H2, and bound anti-
bodies were detected with HRP-labeled goat anti-mouse IgG
antibody. To detect the GPI-PSS region of hPrP, freshly pre-
pared cell lysate was separated and detected with affinity-puri-
fied rabbit anti-GPI-PSS polyclonal antibodies or the rabbit
preimmune serum. To detect PIG-C, PIG-F, PIG-N, or PIG-P in
PGAP1-expressing BxPC-3 cells, freshly prepared cell lysate
was separated and detected with Living Colors� DsRed poly-
clonal antibody (Clontech, catalog no. 632496). Experiments
were repeated at least twice with comparable results.

Immunoaffinity Purification of PrP, Carboxypeptidase Treat-
ment, and Co-immunoprecipitation of FLNa—To purify PrP
from various cell lines, fresh cell lysate was prepared as above
and affinity-purified with 200 �g of mAb 5B2-conjugated
AminoLink� Plus coupling resin (Thermo Scientific) and incu-
bated overnight at 4 °C. After elution and neutralization, puri-
fied PrP was subjected to carboxypeptidase Y treatment (0.5
units/20 �l of eluted and neutralized PrP) at room temperature
for different periods of time. The samples were then separated
on SDS-PAGE and immunoblotted with 4H2. Co-immunopre-
cipitation of FLNa was performed according to Li et al. (11).

Proaerolysin Overlays—To detect the GPI anchor on PrP,
total cell lysate or freshly purified PrP was separated on a 10%
SDS-polyacrylamide gel. The gel was then incubated in 50 mM

Tris-HCl (pH 7.4), and 20% glycerol for 15 min at room tem-
perature. Proteins were then blotted onto a nitrocellulose
membrane (Thermo Scientific, Inc., catalog no. 88018, Rock-
ford) for 1 h 20 min at 300 mA in the cold transfer buffer (10 mM

NaHCO3, 3 mM Na2CO3 (pH 9.9), 20% methanol) using a wet
transfer chamber (Bio-Rad). Membranes were then subjected
to biotinylated proaerolysin overlay. Proaerolysin (Pinewood
Scientific Services Inc., catalog no. FL2S, Victoria, British
Columbia, Canada) was biotin-labeled with EZ-LinkTM Sulfo-
NHS-biotinylation kit (Thermo Scientific, Inc., catalog no.
21425, Rockford) according to the supplier’s instruction. The
nitrocellulose membranes were incubated in the binding buffer
(50 mM NaH2PO4 (pH 7.5), 0.3% Tween 20) for 20 min followed
by a 2-h incubation in the presence of 5 nM biotinylated
proaerolysin diluted in the same buffer at 37 °C. Bound
proaerolysin was detected with HRP-streptavidin and revealed
with chemiluminescence substrate (Millipore Corp., catalog
no. WBKLS0500, Billerica, MA).

Cell Fusion and Sorting—The same number of BxPC-3 and
CHO-NC was harvested and washed twice with ice-cold fusion
medium (RPMI 1640 medium supplemented with 100 units/ml
penicillin and 100 �g/ml streptomycin). The cells were then
resuspended with warm fusion media and combined followed
by centrifugation at 175 � g for 7 min. The supernatant was
aspirated off, and 1 ml of pre-warmed 50% PEG 1500 was added
followed by 25 ml of warm fusion media. The cells were kept at
room temperature for several minutes and spun down at 150 �
g for 7 min. The supernatant was completely removed before
the cells were resuspended gently with 10 ml of warm complete
hybridoma culture medium (RPMI 1640 medium supple-
mented with 1.5 g/liter sodium bicarbonate, 20% FBS (Gibco),
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1% sodium pyruvate, 1 mM HEPES, 4.5 g/liter glucose, 100
units/ml penicillin, and 100 �g/ml streptomycin).

To enrich for BxPC-3-CHO-NC-fused cells, three 10-cm
Petri dishes of fused cells were trypsinized and stained with
mAb 4H2 (10 ng/�l). Bound primary antibody was detected
with APC-labeled goat anti-mouse IgG antibody and then ana-
lyzed and sorted according to endogenous GFP signal from
CHO-NC and APC dye signal from BxPC-3 in a FACS Aria III
flow cytometer at Analysis and Test Center, Wuhan Institute of
Virology, Chinese Academy of Science. The experiments were
repeated twice with comparable results.

Membrane Protein Extraction—To detect cell surface GPI-
anchored proteins, four 10-cm Petri dishes of confluent cells
were harvested by scraping the cells off the surface of the plate
with a cell scraper. The cells were gently rinsed with ice-cold
1� PBS, and the cell membrane protein was extracted with
Beyotime� membrane protein extraction kit (product no.
P0033, Beyotime Biotechnology, Shanghai, China). Separated
membrane proteins were subjected to proaerolysin overlay
assay to detect GPI-anchored proteins.

Biotinylation of Cell Surface Proteins and Enrichment
of Biotinylated Cell Surface Glycoprotein after PI-PLC
Treatment—To detect GPI-anchored proteins released from
the cell surface post PI-PLC treatment, three 10-cm Petri dishes
of confluent cells were harvested with trypsin treatment and
were biotinylated with EZ-LinkTM Sulfo-NHS-SS-Biotin

(Thermo Scientific, Inc., catalog no. 21331), according to the
manufacturer’s procedure. The cells were then washed three
times with ice-cold 1� PBS and subjected to PI-PLC treatment
at room temperature for 1 h. GPI-anchored proteins were
pulled down with lectin-agarose (Sigma, product no. L1394), at
4 °C overnight. The lectin-agarose beads were washed six times
and collected by centrifugation. Separated proteins were
detected with HRP-streptavidin for total GPI-anchored pro-
teins and 4H2 for PrP.

Knocking Out PRNP from BxPC-3 Cells—To knock out PRNP
in the BxPC-3 cells, oligonucleotides for the generation of PrP
sgRNA expression plasmids were annealed and cloned into the
BsaI sites of pGL3-U6-sgRNA-PGK-Puro (Addgene 51133)
(knock-out target sequence 1 forward primer 5�-CACCGGG-
CCTTGGCGGCTACATGC-3� and reverse primer 5�-AAA-
CGCATGTAGCCGCCAAGGCCC-3�; knock-out target
sequence 3 forward primer 5�-CACCGGTGGTGGCTGGGG-
TCAAGG-3� and reverse primer 5�-AAACCCTTGACCCCA-
GCCACCACC-3�). The recombinant short guide RNA expres-
sion plasmid and Cas9 expression construct pST1374-Cas9-N-
NLS-FLAG-linker (Addgene 44758) were transfected into 80%
confluent BxPC-3 cells with Lipofectamine� 2000 reagent
(Invitrogen 11668) in a 6-well plate according to Zhang and
co-workers (39). The cells were cultured for 1 day and trans-
ferred to a 6-cm cell culture Petri dish and treated with 2 �g/ml

FIGURE 1. BxPC-3 and AsPC-1 pancreatic ductal adenocarcinoma cells express glycosylated prion protein. A, diagram of the mAbs used and their
corresponding epitopes. B, immunofluorescence staining with anti-PrP-specific mAbs 4H2 and 8B4 showed PrP expression in two PDAC cell lines, AsPC-1 and
BxPC-3. C, immunoblotting with mAb 8B4 identified PrP expression in AsPC-1 and BxPC-3. D, immunoblotting with mAb 4H2 identified PrP expression in
AsPC-1 and BxPC-3. E, immunoblotting with monoclonal antibody 4H2 identified PrP was glycosylated after the peptide N-glycosidase F treatment of the cell
lysate of AsPC-1 and BxPC-3.
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puromycin and 1 �g/ml blasticidin. The positive clones (PrP
knock-out) were identified by immunoblots.

Expression of PGAP1, PIG-N, PIG-P, PIG-C, and PIG-F in
BxPC-3 Cells—PGAP1-expressing BxPC-3 cells (BxPC-3-
PGAP1) were established by lentivirus expression system.
PIG-N, PIG-P, PIG-C, and PIG-F were cloned from AsPC-1
cells into pmCherry-N1 plasmid with primers listed in supple-
mental Table S3. The mCherry fusion protein of PIG-N, PIG-P,
PIG-C, and PIG-F was then transfected into BxPC-3 cells or
BxPC-3-PGAP1 cells. Expression of fused proteins was sorted
by FACS Aria III flow cytometer.

Densitometry—Densitometry analysis of the protein bands
and the wound area of wound closure assay was performed
using the National Institutes of Health Image J software (1.47
version) according to Li et al. (12). The gray level of band and
average wound area were calculated (means � S.E. of three
experiments as indicated in the paper) for different time points.

Statistical Analysis—Student’s t test was applied for experi-
ments repeated three times. p � 0.05 was consider statistically
significant different (*, p � 0.05; **, p � 0.01; ***, p � 0.001,
respectively).

Results

PrP Expression in PDAC Cell Lines—We have previously
reported the up-regulation of PrP expression in six PDAC cell
lines, including BxPC-3 (11). Interestingly, the PrP detected in
these cell lines existed as pro-PrP. To study the underlying
mechanisms causing the aberrant processing of PrP, we con-
tinue to search for PDAC cell lines that may express PrP with a
GPI anchor rather than pro-PrP. One additional PDAC cell line
we identified is AsPC-1.

Because the processing of PrP is different in different cell
models, we also used multiple anti-PrP monoclonal antibodies
(mAbs) with distinct epitopes (Fig. 1A) to compare the expres-
sion of PrP in AsPC-1 cells with BxPC-3 cells. Although both
BxPC-3 and AsPC-1 cells expressed PrP (Fig. 1B), the patterns
of PrP distributions were differed between these two cell lines.
In AsPC-1 cells, PrP was mainly localized on the cell surface. In
contrast, in BxPC-3 cells, a significant amount of PrP was also
detected in the cytosol (Fig. 1B). One interesting observation
was that mAbs 4H2 and 8B4 reacted with different PrP species
in these cell lines (Fig. 1C). It should be noted that although

FIGURE 2. Reduced PGAP1 expression in BxPC-3 did not account for PI-PLC resistance of PrP. A, PrP on the AsPC-1 cell surface but not the BxPC-3 cell
surface was sensitive to PI-PLC treatment. Cell surface PrP was detected with 4H2 with PI-PLC or without PI-PLC treatment. B, Q-PCR proved that PGAP1
expression level in BxPC-3 was significantly lower as compared with that in AsPC-1 cells. C, Q-PCR showed that the PGAP1 level was up-regulated 48-fold in
BxPC-3 cells after forced expression. However, overexpression of PGAP1 in BxPC-3 cells did not result in PI-PLC susceptibility of PrP.
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mAb 8B4 recognizes only full-length PrP, mAb 4H2 reacts with
both full-length as well as some N-terminally truncated PrP
(40). In immunoblots, mAb 8B4 reacted with one single band in
both cell lines, corresponding to the unglycosylated full-length
PrP. In contrast, mAb 4H2 reacted with multiple glycosylated
PrP species (Fig. 1D). Upon treatment with peptide N-glycosi-
dase F to remove the N-linked glycans, the majority of the PrP
in both cell lines appeared as a single molecular species at
around 27 kDa, which is the unglycosylated PrP. However, the
unglycosylated PrP from BxPC-3 consistently migrated a bit
slower than the unglycosylated PrP species from AsPC-1 cells,
which is most likely due to the retention of the GPI-PSS (Fig.
1E).

PrP from AsPC-1 but Not BxPC-3 Is Sensitive to PI-PLC
Treatment and Binds Proaerolysin—We next determined
whether the PrP present in AsPC-1 is GPI-anchored or pro-PrP
as in BxPC-3. We treated AsPC-1 and BxPC-3 cells with PI-
PLC. PI-PLC treatment is a well established assay to determine
whether a protein is GPI-anchored or not (11, 41). Using mAb
4H2, we found that although the PrP on the cell surface of
BxPC-3 was highly resistant to PI-PLC, the PrP on the surface of
AsPC-1 was much more susceptible to identical treatment (Fig.
2A). This implied that in contrast to BxPC-3 cells, the PrP
expressed on the cell surface of AsPC-1 was GPI-anchored.
However, this approach suffers if the GPI-anchored protein is
inadequately deacylated due to a low PGAP1 expression level

(42). To rule out the possibility that PI-PLC-resistant proteins
from BxPC-3 cells were insufficiently deacylated due to low
expression of PGAP1 (Fig. 2B), we transfected a human PGAP1
expression vector into BxPC-3 cells resulting in a 48-fold up-
regulation of PGAP-1 based on Q-PCR data. However, the PrP
is still resistant to PI-PLC treatment (Fig. 2C). These results
provide additional evidence that the reason the PrP in BxPC-3
cells is PI-PLC-resistant is not simply due to lower expression of
PGAP1.

Proaerolysin reacts specifically with the GPI anchor compo-
nent (43). If the PrP in AsPC-1 cell is GPI-anchored, it should
react with proaerolysin. For this purpose, we first affinity-puri-
fied the PrP with mAb 5B2 and then immunoblotted the affin-
ity-purified PrP with either mAb 4H2 or proaerolysin. (Fig. 3A).
The authenticity of the affinity-purified PrP was confirmed by
its reactivity with mAb 4H2 (Fig. 3A). More importantly, we
found that proaerolysin only detected PrP from the AsPC-1 cell
lysate but not from BxPC-3 cell lysate (Fig. 3A).

PrP from AsPC-1 Is Protected from Carboxypeptidase
Digestion—To further validate that PrP in AsPC-1 cells
is indeed GPI-anchored, we employed a complementary
approach, using carboxypeptidase digestion. Because carboxy-
peptidase digests amino acids from the C terminus of a protein,
it will not be able to cleave GPI-anchored PrP (11). We treated
the immunopurified PrP with carboxypeptidase Y and found
the enzyme degraded PrP from BxPC-3 much more readily

FIGURE 3. PrP in AsPC-1 is GPI-anchored whereas PrP in BxPC-3 retains its GPI-PSS. A, PrP from AsPC-1 cell lysate but not BxPC-3 cell lysate purified by 5B2
reacted with proaerolysin (right panel). The blot was then re-probed with 4H2 after stripping to show that a similar amount of PrP was loaded for AsPC-1 and
BxPC-3 (left panel). B, PrP from AsPC-1 but not BxPC-3 is more resistant to carboxypeptidase Y treatment. 5B2-purified PrP from AsPC-1 or BxPC-3 was treated
with carboxypeptidase for different times and probed with 4H2. C, quantification of the total PrP after treatment showed PrP from AsPC-1 was more resistant
to carboxypeptidase Y treatment. This is representative of three experiments with comparable results. D, prion protein from BxPC-3 but not from AsPC-1
reacted with rabbit polyclonal antibody against GPI-PSS (left panel), whereas the preimmune serum was negative for PrP from AsPC-1 and BxPC-3 cells (middle
panel). The rabbit polyclonal antibody was stripped and reprobed with 4H2 to show similar loading of PrP (right panel). E, FLNa from BxPC-3 but not AsPC-1
could be co-purified with PrP. Loading of PrP was indicated. Both AsPC-1 and BxPC-3 expressed FLNa.
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than PrP from AsPC-1 (Fig. 3B). After treatment with the
enzyme for 120 min, PrP immunoreactivity from BxPC-3 cells
was reduced by more than 90% (Fig. 3C).

In addition, we generated a polyclonal antiserum that was
specific for the GPI anchor peptide signal sequence on PrP.

Rabbit IgG was purified by protein G beads, absorbed with
recombinant human PrP (23–231), and then purified using the
GPI-PSS peptide affinity chromatography. The purified anti-
body reacted with PrP from BxPC-3 but not the PrP from
AsPC-1 cells, thus confirming that PrP from BxPC-3 was pro-
PrP (Fig. 3D). Taken together, these results clearly showed that
PrP from AsPC-1 but not BxPC-3 was modified with a GPI
anchor at the C terminus.

Pro-PrP from BxPC-3 Binds FLNa—Because the GPI-PSS of
pro-PrP binds to FLNa (11), we would expect to detect this
protein from PrP pulldown from BxPC-3 but not from PrP in
AsPC-1 cells. Prior to doing this experiment, we first confirmed
that indeed both cell lines expressed FLNa (Fig. 3E). Co-immu-
noprecipitation experiments indeed showed that only PrP from
BxPC3 cells co-immunoprecipitated with FLNa (Fig. 3E).

Differences in GPI Anchor Biosynthesis, Attachment, and
Remodeling Pathway Genes between AsPC-1 and BxPC-3—
More than 24 genes are involved in the GPI anchor biosynthe-
sis, attachment, and remodeling pathway (44). The efficiency of

FIGURE 4. Defects in GPI anchor synthesis did not completely disable the capability of GPI anchor synthesis in BxPC-3 cells. A, relative expression of the
24 genes for GPI anchor synthesis was quantified based on Q-PCR. 15 of the 24 genes in BxPC-3 expressed at a significantly lower level than those from AsPC-1
cells, among which seven showed at least 2-fold differences (results were from three experiments, *, p � 0.05; **, p � 0.01; ***, p � 0.001). B, FLARE staining of
cells after PI-PLC treatment identified there were some GPI-anchored proteins on the cell surface of BxPC-3, and a few of them were PI-PLC-sensitive (right
panel), although many more proteins on the cell surface of AsPC-1 were PI-PLC-sensitive (left panel). C, AsPC-1 (lane A) and BxPC-3 (lane B) cell membrane
fractions were blotted with proaerolysin (left panel) to identify GPI-anchored proteins. Nonspecific reactions for streptavidin were indicated by two arrows on
the right side. The cell membrane fractions were first stained with Ponceau S to show equal loading (right panel) before blotting with proaerolysin. The
experiments were repeated with comparable results. D, AsPC-1 (lane A) expressed much more PI-PLC-sensitive GPI-anchored proteins on the cell surface than
BxPC-3 (lane B). Surface biotinylated proteins were subjected to PI-PLC treatment and pulled down with lectin-agarose beads. Separated proteins were first
reacted with streptavidin-HRP (left panel) and then blotted with 4H2 to show only PrP from AsPC-1 was sensitive to PI-PLC treatment (right panel).

TABLE 1
Several mutations occur in some of 24 genes from BxPC-3
Boldface is used for sense mutation to distinguish it from synonymous mutation.

Gene
Nucleic acid
conversion

Mutation in
amino acid

DPM2 213U3C Y71Y
227C3G T76S

PIG-F 327A3G A109A
PIG-C 267U3C G89G

797C3U S266F
PIG-N 685C3G H229D

1247U3C M416T
1379U3C L460P
741C3U H247H
939U3C N313N
1752G3A L584L
1962G3A L654L
2010U3C T670T

PIG-P 7C3U P3S
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the modification process also depends on the nature of the GPI-
PSS; the efficiency is low for PrP GPI-PSS (37). To elucidate the
mechanism(s) for the formation of pro-PrP in BxPC-3, we rea-
soned either the expression level of one or more of the 24 genes
is/are low or there are mutations in some of these genes. Our
sequencing of the mRNA for these 24 genes revealed six mis-
sense mutations in four of these genes compared with reported
human genome sequences as follows: DPM2 (T76S), PIG-C
(S266F), PIG-N (H229D; M416T; L460P), and PIG-P (P3S)
(Table 1). However, whether any of these mutations results in
loss of function is not known.

Next, we compared the expression levels of the 24 genes
besides PGAP1 between AsPC-1 and BxPC-3. Q-PCR results
revealed that there were seven genes whose mRNAs levels were
at least 2.5-fold higher in AsPC-1 cells compared with BxPC-3
cells (Fig. 4A). Of these seven genes, two genes, PIG-F and
PIG-X, have the largest differences (�3.5-fold) between these
two cell lines. Differences in the expression of these genes were
also observed in two other PDAC cell lines, CFPAC-1 and
Panc10.05 cells, when compared with AsPC-1 cells (supple-
mental Fig. 1).

We reported earlier that in BxPC-3 cells another normally
GPI-anchored protein CD55 was still GPI-anchored; thus,

the defects in GPI anchor modification in BxPC-3 cells is not
absolute. In lights of our new results, one would expect that
a reduction in the expression levels of 7 of the 24 genes
responsible for GPI anchor modification pathway would
have a more general effect on the GPI-anchored protein in
BxPC-3 cell. To test this, we stained the cell surface of
BxPC-3 cells and AsPC-1 cells with FLARE, which poten-
tially should react with all cell surface proteins with GPI
anchors. FLAER reacted stronger with AsPC-1 cells com-
pared with BxPC-3 cells. Based on mean fluorescent inten-
sity BxPC-3 cells appear to have about 30% less reactivity
compared with AsPC-1 cells. This finding is consistent with
our finding that a significantly larger portion of the FLAER
immunoreactivity on AsPC-1 cells is sensitive to treatment
with PI-PLC. However, identical treatment of BxPC-3 cells
only resulted in a slight reduction in FLAER immunoreactiv-
ity (Fig. 4B).

To establish whether there are indeed more GPI-anchored
proteins on the AsPC-1 cell membrane than on BxPC-3 cell
membrane, we performed proaerolysin overlay of the mem-
brane fractions from AsPC-1 and BxPC-3. We found that
indeed there were about 60% more GPI-anchored proteins in
AsPC-1 cells than in BxPC-3 cells (Fig. 4C).

FIGURE 5. PrP from BxPC-3-CHO-NC-fused cells were GPI-anchored. A, confocal immunofluorescence staining of PrP showed PrP from fused BxPC-3-
CHO-NC cells were sensitive to PI-PLC treatment. Note the alteration of PrP distribution on the fused cells. B, proaerolysin overlay of PrP purified from
BxPC-3-CHO-NC further proved that those PrP were GPI-anchored (right panel). The amount of PrP was revealed with 4H2 after the blot was treated with
stripping buffer (left panel). C, flow cytometer staining proved that PrP from fused BxPC-3-CHO-NC cells was sensitive to PI-PLC treatment, thus proving that
those PrPs were GPI-anchored. AsPC-1 cells were detected with 4H2 with or without PI-PLC treatment, and a significant shift was observed (left panel).
BxPC-3-CHO-NC cells were stained with 4H2 with or without PI-PLC treatment. After treatment, no PrP could be detected on the surface of fused cells, thus
proving the PrP was GPI-anchored (middle panel). BxPC-3 cells were detected with 4H2 with or without PI-PLC treatment, and no shift was observed (right
panel). D, quantification of cell surface signal after PI-PLC treatment of those cells showed nearly 100% PrP from the fused cells was GPI-anchored. Relative value
of PrP signal was based on mean value of staining (see under “Experimental Procedures” for details). The experiments were repeated with comparable results.
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Finally, we first biotinylated the cell surface of BxPC-3 and
AsPC-1 cells, and after that, both cells were treated with PI-PLC
to release the GPI-anchored proteins. Glycoproteins in the
supernatant were then immunoprecipitated with lectin-conju-
gated beads to bring down the released glycoproteins. SDS-
PAGE-separated proteins were then immunoblotted with
avidin-conjugated enzyme to detect the total biotinylated,
released proteins, or anti-PrP mAb to detect released PrP. It is
clear that two times more GPI-anchored proteins were released
from AsPC-1 cells compared with BxPC-3 cells. Most impor-
tantly, PrP is only detected in the supernatant of AsPC-1 cells
but not in BxPC-3 cells (Fig. 4D). Collectively, these results
suggest that the irregularities of the genes do not completely
disable the synthesis of all GPI-anchored proteins in BxPC-3
cells.

Functional Rescue of Pro-PrP in BxPC-3 Cells—Multiple
genes were expressed at lower levels in BxPC-3 as compared
with AsPC-1, and several missense mutations also occurred in
those genes. CHO-K1 cell lacks endogenous hamster PrP (45).
We reasoned that if we fuse BxPC-3 cells with CHO cells, the
GPI anchor synthesis machine from CHO-K1 cells might be
able to process pro-PrP, resulting in the generation of a
matured GPI-anchored PrP. For this propose, we first trans-
fected a GFP expression construct into CHO-K1 cells as a

marker. We then fused GFP-bearing CHO cells with BxPC-3
cells with PEG-1500. Next, we used flow cytometry to enrich for
fused cells based on positive staining of cell surface PrP and
GFP. Only about 0.1– 0.3% of the fused cells was positive for
GFP and cell surface PrP. We then performed confocal immu-
nofluorescence staining of the sorted cells before and after PI-
PLC treatment. It is apparent that the fused cells became PI-
PLC-sensitive (Fig. 5A).

To determine whether the PrP expressed in the fused cells is
GPI-anchored, we purified PrP from the fused cells with 5B2
and then immunoblotted with either mAb 4H2 or performed
proaerolysin overlay. As expected, mAb 4H2 detected PrP from
fused cells as well as BxPC-3, but only PrP from fused cells
reacted with proaerolysin (Fig. 5B).

To further confirm that PrP on the surface of fused cells was
GPI-anchored, we performed cell surface staining of PrP before
and after PI-PLC treatment by flow cytometry. It is obvious that
the cell surface PrP was sensitive to PI-PLC treatment. After
PI-PLC treatment, no obvious PrP signal could be identified as
compared with the background (Fig. 5C). Quantification of the
flow cytometry results further revealed that although all the PrP
on the surface of BxPC-3 cells was resistant to PI-PLC treat-
ment, the PrP expressed on the surface of BxPC-3-CHO cells
was PI-PLC-sensitive (Fig. 5D). Thus, fusion between CHO-K1

FIGURE 6. PrP from PIG-F-expressing BxPC-3-PGAP1 cells was susceptible to PI-PLC treatment and contributes to reduced cell motility. A, Q-PCR
showed that PIG-P (labeled as B-PGAP1-PIGP) and PIG-F (labeled as B-PGAP1-PIGF) expression was up-regulated 15- and 5.6-fold in BxPC-3-PGAP1 cells
compared with that from non-transfected cells (labeled as B-PGAP1). B, immunoblotting with Living Colors� DsRed polyclonal antibody (left panel) and
immunofluorescence observation of mCherry (right panel) showed the expression of PIG-F and PIG-P. C, only PrP from PIG-F expression BxPC-3-PGAP1 cells was
moderately susceptible to PI-PLC treatment. D, PIG-F expressing BxPC-3-PGAP1 cells had decreased motility compared with BxPC-3 cells expressing pro-PrP.
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and BxPC-3 cells successfully rescued pro-PrP and converted it
into GPI-anchored PrP in the fused cells.

PIG-F Overexpression in BxPC-3-PGAP1 Cells Converts Pro-
PrP to GPI-anchored PrP and Reduces Cancer Cell Motility—
Successful rescuing of pro-PrP implicated that certain gene
irregularities might be responsible for the production of pro-
PrP in BxPC-3 cells. When either PIG-P or PIG-F was trans-
fected into BxPC-3 cells, PrP on the BxPC-3 cell surface
remained resistant to PI-PLC treatment (results not shown).
We then transfected PIG-P or PIG-F into PGAP1-expressing
BxPC-3 cells, and Q-PCR showed that PIG-P and PIG-F were
expressed at 15- and 5.6-fold as compared with the BxPC-3-
PGAP1 cells (Fig. 6A). Because all the proteins were mCherry-
tagged, immunoblotting and fluorescence of mCherry proved
the expression of these proteins (Fig. 6B). However, only PrP
from PIG-F-expressing BxPC-3-PGAP1 cells was susceptible to
PI-PLC treatment (Fig. 6C), thus proving that low expression of
PIG-F and PGAP1 was the major defect in BxPC-3 cells respon-
sible for the accumulation of pro-PrP. Expressing of either
PIG-N or PIG-C into BxPC-3-PGAP1 cells also failed to convert
pro-PrP to become GPI-anchored PrP (results not shown).
More importantly, those BxPC-3 cells showed a much reduced

cell motility in a wound healing assays than the BxPC-3 cells
bearing pro-PrP (Fig. 6D).

Expression of Pro-PrP in BxPC-3 Cells Is Responsible for Their
Enhanced Cellular Migration—We had previously found that
“knocking down” of PrP by shRNAi in BxPC-3 reduced their in
vitro proliferation and invasion. This enhancement is most
likely due to the binding of pro-PrP to FLNA (11). Because
AsPC-1 cells expressed a GPI-anchored PrP and is unable to
interact with FLNa, we next compared the migration between
BxPC-3 and AsPC-1 cells using a wound-healing assay. It was
obvious that BxPC-3 cells migrated significantly faster than
AsPC-1 cells (Fig. 7A). Analysis of three different experiments
showed that there was significant difference between the
migration of BxPC-3 and AsPC-1 cells (Fig. 7B).

To confirm that pro-PrP contributes to the enhanced migra-
tion, we knocked out PRNP in BxPC-3 cells by CRISPR/Cas9
approach. We were able to eliminate the PRNP genes in BxPC-3
cells and obtained multiple clones. The successful elimination
of the PRNP was confirmed by sequencing (results not shown),
and subsequently by immunoblotting with anti-PrP mAb,
immunoblotting of two of the PRNP “knock-out” clones was
shown (Fig. 7C). Furthermore, it was obvious that eliminating

FIGURE 7. Pro-PrP contributing to motility of BxPC-3 cells that migrated faster than AsPC-1 cells. A, wound healing of AsPC-1 and BxPC-3 cells after
different time points showed that BxPC-3 cells migrated faster than AsPC-1 cells. B, quantification of wound healing of three different experiments showed that
significant difference could be observed 26 h post-wound healing. C, knock-out of PrP from BxPC-3 cells with two different targets confirmed by 4H2
immunoblotting. 1–10 and 3–11 represent two different clones (clone 1–10 was targeted for sequence 1 and clone 3–11 was targeted for sequence 3). D,
knocking out PrP significantly reduced motility of BxPC-3 cells. Pictures were taken 26 h post-wound healing. The experiments were repeated three times with
comparable results.
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the PRNP gene also significantly alleviated the capability of
BxPC-3 cells to migrate (Fig. 7D), thus proving interaction
between pro-PrP and FLNa was important for cell migration.

Discussion

The PrP in the six PDAC cell lines we studied earlier existed
as a pro-PrP, without a GPI anchor (11). In this study, we
reported the detection of GPI-anchored PrP in an additional
PDAC cell line, AsPC-1. The PrP in AsPC-1 cells is sensitive to
PI-PLC treatment, binds proaerolysin, is resistant to carboxy-
peptidase treatment, and does not react with a rabbit polyclonal
antiserum that is specific for GPI-PSS. On the contrary, the
pro-PrP from BxPC-3 is resistant to PI-PLC treatment, does not
bind proaerolysin, is sensitive to carboxypeptidase treatment,
and reacts to the GPI-PSS specific polyclonal antiserum. Gene
sequencing identifies six missense mutations in 4 of the 24 GPI
anchor modification pathway genes in BxPC-3 cells. Further-
more, gene profiling of these two cell lines revealed that 15 of
the GPI synthesis genes are down-regulated in BxPC-3 cells.

The most significant reduction (�3-fold) in this group of 15
genes are the PIG-F, PIG-X, and PGAP1 genes. PIG-F is
required for transferring “bridging” phosphatidylethanolamine
to the third mannose in glycosylphosphatidylinositol biosyn-
thesis; PIG-X is a regulator for GPI-mannosyltransferase I com-
plex, and PGAP1 is essential for inositol deacylation (46).

We found that the mature GPI-anchored PrP was detected if
PIG-F was expressed in BxPC-3-PGAP1 cells. However, the PI-
PLC susceptibility is only moderate (about 50% compared with
that from AsPC-1 cells). Therefore, defects in other genes iden-
tified in BxPC-3 cells could contribute to the lower efficiency of
GPI-anchored protein synthesis. The reason that mCherry-
tagged PIG-F appeared with lower molecular weight than pre-
dicted is unknown. In fact, when PIG-F was expressed in 293T
cells, we also observed the same phenomenon (results not
shown). But the PI-PLC treatment experiment clearly demon-
strated that the expression of PIG-F could partially rescue the
processing of pro-PrP, resulting in the generation of GPI-an-
chored PrP, indicating that the expressed PIG-F is functional.

A few GPI anchor synthesis genes have been reported to be
up-regulated in bladder, breast, and head and neck cancers
(47– 49). In contrast, the level of DPM2 is down-regulated in
the saliva of PDAC patients (50). However, the pathological
contribution of the affected genes to cancer cell physiology is
unknown. One possibility is that by affecting GPI synthesis,
some of the normally GPI-anchored proteins might lose their
normal function(s) and/or gain abnormal function(s), thus con-
tributing to tumorigenesis.

Previously, we showed that interactions between pro-PrP
and FLNa were important in the proliferation and invasion of
BxPC cells in vitro and their growth in vivo. In this study, we
provided additional evidence that this interaction is also impor-
tant in BxPC-3 cell migration in a wound-healing assay in vitro.
Although both BxPC-3 and AsPC-1 express FLNa, the ability of
BxPC-3 cells to cure a wound is much speedier than AsPC-1
cells. The underlying mechanism responsible for this difference
is the expression of pro-PrP in BxPC-3 cells and the expression
of a GPI-anchored PrP in AsPC-1 cells. More importantly,
CRISPR/Cas9 elimination of the PRNP in BxPC3 cells greatly

impaired their in vitro migration capability in the same assay.
Taken together, these results indicate that dysfunction in the
GPI synthesis machinery contributes to the aggressive behavior
of PDAC.
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