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Up-regulation of human prion protein (PrP) in patients with pancreatic ductal adenocarcinoma (PDAC)
is associated with a poor prognosis. However, the underlying molecular mechanism of PrP-mediated
tumorigenesis is not completely understood. In this study, we found that PDAC cell lines can be divided
into either PrP high expresser or PrP low expresser. In addition to filamin A (FLNA), PrP interacts with
Notch1, forming a PrP/FLNA/Notch1 complex. Silencing PrP in high-expresser cells decreases Notch1
expression and Notch1 signaling. These cells exhibited decreased proliferation, xenograft growth, and
tumor invasion but show increased tumor apoptosis. These phenotypes were rescued by ectopically
expressed and activated Notch1. By contrast, overexpression of PrP in low expressers increases Notch1
expression and signaling, enhances proliferation, and increases tumor invasion and xenograft growth
that can be blocked by a Notch inhibitor. Our data further suggest that PrP increases Notch1 stability
likely through suppression of Notch proteosome degradation. Additionally, we found that targeting PrP
combined with anti-Notch is much more effective than singularly targeted therapy in retarding PDAC
growth. Finally, we show that coexpression of PrP and Notch1 confers an even poorer prognosis than
PrP expression alone. Taken together, our results have unraveled a novel molecular pathway driven by
interactions between PrP and Notch1 in the progression of PDAC, supporting a critical tumor-promoting
role of Notch1 in PrP-expressing PDAC tumors. (Am J Pathol 2016, 186: 2945e2956; http://dx.doi.org/
10.1016/j.ajpath.2016.07.010)
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Nearly 90% of pancreatic cancers are pancreatic ductal ade-
nocarcinomas (PDAC). PDAC carries one of the most dismal
prognoses of all of the solid tumors, with mean survival time
of <6 months and an overall 5-year survival rate <5%.1

Traditional cytotoxic chemotherapy provides only limited
benefit to patients with PDAC. Oncogenic Kras signaling is
essential for both progression and maintenance of PDAC.2e4

However, all of the clinical trials targeting Kras have failed.
Thus, identifying novel molecules and pathways, which may
serve as potential therapeutic targets to curb pancreatic cancer
cell growth and/or metastasis, is urgently needed.

Notch is a heterodimeric transmembrane protein. Notch
activation is initiated by binding of Notch ligand to Notch
stigative Pathology. Published by Elsevier Inc
receptor, which results in cleavages by disintegrin, metal-
loprotease, and g-secretase.5 This proteolytic process
mediates the release of Notch intracellular domain (ICN),
which then enters into the nucleus and to regulate tran-
scription of Notch target genes such as the HES family
genes.5 Data indicate that aberrant Notch activation is
. All rights reserved.
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implicated in the initiation and progression as well as the
aggressiveness of PDAC,6e11 and dysregulated Notch
pathway is one of the common molecular signatures of
pancreatic cancer.12 Thus, targeting Notch pathway may
represent a novel strategy for pancreatic cancer treatment.13

However, results from clinical trials targeting Notch have so
far shown little if any success. The limited antitumor
response observed in anti-Notch therapy may be due to
complex interactions between Notch and other signaling
pathways.

In this study, we report that Notch1 signaling is potenti-
ated through cross talks with the cellular prion protein (PrP)
in pancreatic cancer. PrP is a glycosylphosphatidylinositol
(GPI)-anchored membrane protein mainly known for its role
in a group of fatal neurodegenerative diseases.14 Human PrP
is up-regulated in gastric, breast, and pancreatic cancers.15

However, not much is known about the role PrP plays in
tumor biology or in PDAC carcinogenesis. Our previous
studies revealed that PrP is not expressed in normal
pancreatic tissue, chronic pancreatitis, pancreatic intra-
epithelial neoplasia 1 (PanIN1) or PanIN2, but is expressed
weakly in PanIN3.16 In comparison, 41% of PADCs show
focal or diffuse labeling for PrP, and its expression corre-
lates with poorer prognosis. A correlation with poorer
PDAC prognosis was later confirmed by analysis of addi-
tional 142 PDAC cases derived from three cancer
registries.17

Interestingly, the PrP detected in PDAC cells is a pro-PrP
as defined by retaining the C-terminal GPI anchor peptide
signal sequences (PSSs). The GPI-PSS is normally removed
in the endoplasmic reticulum during PrP maturation.16,18

The GPI-PSS of pro-PrP transverses the membrane and
interacts with filamin A (FLNA), a cytolinker protein that
links cell surface receptors to the cytoskeleton.19,20 Binding
of PrP with FLNA perturbs the normal functions of FLNA
and therefore confers a growth advantage contributing to the
invasiveness of PDAC.16

Here, we show that, in addition to FLNA, PrP also forms a
complex with Notch1 in human PDAC cells. The PrP-Notch1
complex regulates Notch1 stability and enhances Notch
activation, resulting in enhanced tumor proliferation and in-
vasion in vitro, enhanced xenograft growth in vivo, while
suppressing apoptosis. In addition, we show that expression
of Notch1 in PrPþ human PDAC biopsies is associated with
even worse survival than PrPþ-only tumors compared with
PrP� cases, supporting a critical tumor-promoting role of
Notch1 in PrP-expressing PDAC tumors.

Materials and Methods

Cell Culture, shRNA Knockdown, and Overexpression

All cell lines were obtained from AATC (Manassas, VA)
with certified characterization and cultured according to the
instructions. PrP knockdown was performed in PDAC cells
transfected with four shRNA against PRNP (Sigma-Aldrich
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MISSION ShRNA library, St. Louis, MO) by Lipofetamine
2000 (Invitrogen, Carlsbad, CA). PDAC cell lines were
transfected with pLKO.1-puro Vector as control. Two
shPrP clones (NM_000311.2-1250s1c1 and
NM_000311.3-803s21c1) showed >70% efficiency and
were used in this study. Two shRNA clones against human
NOTCH1 (TRCN0000003359 and TRCN0000003362)
were used as described.21 Stabilized cell lines were
used for proliferation, apoptosis, or tumor invasion assay
and xenograft experiments. For PrP overexpression, PrP
cDNA was subcloned into the cytomegalovirus-3Flag-1A
vector (Clontech, Mountain View, CA) to generate
cytomegalovirus-3Flag-PrP-1A, and transfected into
Capan-1 cells by Lipofectamine 2000.22 To express acti-
vated Notch1, enhanced green fluorescent protein-N1IC

plasmid was transfected into PrP knock-down PDAC cells.
Green fluorescent protein-positive cells were sorted by
FACSAria (BD Bioscience, San Diego, CA).

Western Blot Analysis, Immunoprecipitation,
Quantification, and Stability Analysis

Antibodies used in Western blot analysis include anti-PrP
(8H4),23 anti-Notch1 (Cell Signaling Technology, Danvers,
MA; D1E11), antiecleaved and activated intracellular form
of Notch1 (NICD; Cell Signaling Technology; Val1744),
anti-Notch2 (Millipore Corporation, Billerica, MA; 07-1234),
anti-Notch3 (Santa Cruz Technology, Santa Cruz, CA; sc-
5593), anti-Hes1 (Abcam, Cambridge, MA; ab108937), and
anti-FLNA (Millipore; MAB1678). Two percent of total
lysates before immunoprecipitation served as input, and
rabbit or mouse IgG was used as negative control for co-
immunoprecipitation. Proteins were then transferred and
blotted with antibody as indicated. Horseradish peroxidase-
conjugated secondary antibody and chemiluminescence
blotting system (Pierce, Rockford, IL) were used for detection
of signal. Photoshop CS5.5 Web Premium software (Adobe
Systems, Mountain View, CA) was used to measure the
expression level of protein normalized to b-actin. Cyclohex-
imide (CHX; 10 mmol/L), proteasome inhibitor MG132 (10
mmol/L), and lysosome inhibitor chloroquine (CLQ; 25 mmol/
L) were used in cell culture.

Cell Proliferation, Apoptosis, Tumor Migration, and
Invasion Assay

For MTT assay, 5 � 103 cells in triplicates were plated in
96-well plates according to the manufacturer’s instruction
(Promega, Madison, WI). Apoptosis analysis and invasion
analysis were performed using a terminal deoxynucleotidyl
transferase-mediated dUTP nick-end labeling assay
(ApopTag Peroxidase In Situ Apoptosis Detection Kit;
Millipore Corporation) and BD Biocoat Tumor Invasion
System, respectively. In brief, 25 � 103 cells were plated
with serum-free medium to the apical chambers of the
Matrigel-coated 24-well plate and incubated for 22 hours,
ajp.amjpathol.org - The American Journal of Pathology
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Figure 1 PrP binds with Notch1 and filamin A in pancreatic cancer cells. AeD: Cell lysate of BxPC-3 (A), Capan-1 (B), Panc-1 (C), and Panc10.05 (D) were IP
with anti-PrP or anti-N1, shown at the top, and blotted with other antibodies, shown in the left of each panel, as indicated. In each panel, the first column is total
inp, second is the ctrl ab, and the third column the IP ab. E: Anti-N2, anti-N3, and NICD were used in blotting lysates of BxPC-3 cells and Capan-1 cells IP with
anti-PrP. F: IF staining of N1 and PrP shows colocalization of PrP (8H4; red) with N1 (D1E11; green) mainly on membranes of BxPC-3 and Capan-1 cells, as
indicated by the arrows. nZ 3 independent experiments. Anti-N1, anti-Notch1; antu-N2, anti-Notch2; anti-N3, anti-Notch3; B, blot; ctrl ab, control IP antibody;
FL, filamin A; IF, Immunofluorescence; inp, input protein; IP, immunoprecipitated; N1, Notch1; NICD, anti-activated form of Notch1; PrP, prion protein.

PrP-Notch1 Promotes PDAC Progression
followed by labeling of the invading cells by calcein AM
fluorescent dye (BD Bioscience) and measured by the
PerkinElmer (Waltham, MA) fluorescent plate reader.
Noncoated BD Falcon FluoroBlok multiwell insert plates
The American Journal of Pathology - ajp.amjpathol.org
were used for cell migration assay. Fetal bovine serum
(5%) was added to the basal chamber as chemoattractant.
Cells migrated to the bottom membrane are fixed and
counterstained with DAPI for enumeration.
2947
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RNA Isolation and RT-PCR

Total RNA was prepared with TRIzol reagent (Invi-
trogen). One microgram of RNA was used to synthesize
cDNA by reverse transcription (iScript cDNA
Synthesis Kit II; Bio-Rad, Hercules, CA). Quantitative
PCR was performed using SYBR Green Master Mix
(Bio-Rad). Glyceraldehyde-3-phosphate dehydrogenase
was used to normalize mRNA. Primer sequences
used are as follows: PRNP forward, 50-CGAGCT-
TCTCCTCTCCTCA-30; reverse, 50-ACAAAGAGAAC-
CAGCATCCA-30. All other primer sequences were used
as described.24

Xenograft and DBZ Treatment

The Institutional Animal Care and Use Committee
approved all aspects of the animal research described in
this study. Athymic nude mice obtained from Case
Athymic Mouse Core (Cleveland, OH) were injected
subcutaneously in the back on either side of 3 to 10 � 106

cells. Dibenzazepine (DBZ; Selleck Chemicals, Houston,
TX) treatment (i.p. injection) was started when tumors
reach 0.5 mm3, starting on day 3 in mice receiving BxPC-
3 cells or on day 7 in mice receiving Panc-1 or Capan-1
cells. DBZ (10 mmol/kg body weight) was given for 3
days of a 7-day cycle. Animals were monitored up to 8
weeks. Tumor diameters were measured with digital cal-
ipers, and volume was calculated by the following for-
mula: volume (mm3) Z (width)2 � length/2. Tumors
were dissected and fixed in 10% formalin for pathology
evaluation.

Immunostaining and Confocal Microscopy

PDAC cell lines were cultured in poly-D-lysineecoated
glass bottom Petri dishes (MatTek Corporation, Ashland,
MA) overnight. Mouse anti-PrP (8H4; dilution 1:100) and
rabbit anti-Notch1 (D1E11; dilution 1:100) were applied to
fixed/permealized cells. Alexa 488 goateanti-rabbit (dilu-
tion 1:1000; Invitrogen) and cyanine 3 anti-mouse (dilution
1:250; Jackson ImmunoResearch, West Grove, PA) were
used as secondary antibodies. Samples were analyzed on a
LSM 510 Meta confocal microscope (Carl Zeiss Inc.,
Thornwood, NY).
Figure 2 Silencing PrP suppresses Notch1 signaling, PDAC growth, invasion, b
Hes1 (ab108937) from cell lysates of four PDAC cells transfected with control shRN
Actin is used as loading control. B: Expression of PrP, Notch1, and Hes1 after P
examined in which the level of expression in parental cells was set as 1. C: If stain
shRNA. D: Cell proliferation measured by MTT assay. Absorbance at 490 nm was re
EeG: PrP silencing in PDAC cells decreases cell proliferation by Ki-67 labeling (E) a
TUNEL assay (G). G: Apoptotic cells were counted. Data are expressed as means �
(A and C); n Z 5 biological replicates (D and F); n Z 6 to approximately 10 biol
significantly different are shown as indicated. *P < 0.05, **P < 0.01. Ctrl, contro
PrP, prion protein; TUNEL, terminal deoxynucleotidyl transferase-mediated dUTP
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Human PDAC Collection, Immunohistochemistry, and
Survival Analysis

All studies have been approved by the University Hospital
Case Medical Center Institutional Review Board for Human
Investigation (University Hospital Institutional Review
Board no. 08-05-29). Paraffin-embedded blocks of 67
surgically resected, primary infiltrating PDACs (stage IIA and
IIB) were collected from the Pathology Archives (2001 to
2006). Tissue slides were processed using a BenchMark Ultra
automated immunostainer (Ventana Medical Systems, Tuc-
son, AZ). Slidehs were deparaffinized, antigen retrieved, and
incubated at 37�C with the primary anti-PrP (8H4), or rabbit
anti-Notch1 (D1E11). Detection was performed with Ultra-
view-diaminobenzidine (Ventana Medical Systems) and
subsequently counterstained. The cytoplasmic andmembrane
intensity and distribution of Notch1 was graded as positive
(>5% neoplastic cells stained strongly positive) or negative
(<5% neoplastic cells stained). Notch1 expression compari-
son in PrPþ versus PrP� tissues was done using the Fisher’s
exact test (two-tailed). Kaplan-Meier method was used to
determine overall survival with respect to PrP and Notch1
expression. The log-rank test was used to generate P values
(P < 0.05 was considered significant).
Results

PrP Forms Complex with Notch1 in Pancreatic Cancer
Cells

Both Notch signaling and elevated PrP expression mediate
cell proliferation and are associated with adverse clinical
features of pancreatic cancer. Hence, we asked if Notch
signaling cross-interacts with PrP in pancreatic cancer cells.
We immunoprecipitated four PDAC cell lines (BxPC-3,
Capan-1, Panc10.05, and Panc-1) with anti-PrP monoclonal
antibody (Mab) and then immunoblotted with either an anti-
FLNA Mab or an anti-Notch1 Mab. We found that FLNA
and Notch1 were copurified with PrP in BxPC-3
(Figure 1A), Capan-1 cells (Figure 1B), as well as in
Panc-1 and Pan10.05 cells (Figure 1, C and D). Similarly,
when cells were immunoprecipitated with anti-Notch1 Mab,
PrP and FLNA were copurified with Notch1 (Figure 1,
AeD). Notch2 and Notch3 have been found implicated in
pancreatic cancer carcinogenesis,8,9 but neither was found to
ut increases apoptosis. A: Immunoblots of PrP (8H4), Notch1 (D1E11), and
A or PRNP shRNA (results shown with shPrP clone NM_000311.2-1250s1c1).
rP silencing was quantified and normalized to the b-actin in each cell line
ing of Notch1 and PrP of four cells transfected with control shRNA or PRNP
corded after 24 hours (D1), 48 hours (D2), and 72 hours (D3), respectively.
nd cell invasion by Biocoat Invasion assay (F) but induces cell apoptosis by
SEM (B) or as means � SD (D, F, and G) n Z 3 independent experiments

ogical replicates (E and G). t-test was performed (DeG). P values that were
l; KD, knocked down; N1, Notch1; PDAC, pancreatic ductal adenocarcinoma;
nick-end labelling.
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be associated with PrP in BxPC-3 and Capan-1 cells
(Figure 1E) and the other two cells (data not shown).
However, the low level of Notch3 expression precludes a
definitive conclusion whether there is an active interaction
between PrP and Notch3. Consistently, Notch1 and PrP
colocalized on the cell membranes of BxPC-3 and Capan-1
cells (Figure 1F) and the other two cell lines as well
(Figure 2B) by immunofluorescence. However, NICD was
not found to form complex with PrP in either BXPC-3 or
Capan-1 cells (Figure 1E). The lack of interaction between
PrP and NICD was further confirmed by cell fractionation in
which we found that PrP was mainly present in the
membrane fractions of PDAC cells, but was not detected in
the nucleus fraction where NICD was located (data not
shown). Collectively, these results show that Notch1, PrP,
and FLNA interact with each other in PDAC cells, forming
complexes mainly on cell membranes.

Silencing PrP Suppresses Notch1 Signaling, Tumor
Growth, and Invasion but Increases Tumor Cell
Apoptosis

Next, we asked whether PrP regulates Notch1 expression and
signaling in PDAC. First, we examined the effect of PrP down-
regulation (PrP knockdown, PrP-KD) on Notch1 in four
PDAC cells. All four PrP-KD cell lines have decreased levels
of Notch1with strongest effect seen inBxPC-3 cells (Figure 2,
A and B), whereas PrP silencing has no significant effect on
Notch1 mRNA expression (data not shown). Consistently,
Hes1, a downstream signaling target of Notch, was also sup-
pressed on PrP silencing in all four cell lines (Figure 2A).
Expression level of Notch1, Hes1, and PrP after PrP silencing
was compared after normalizationwithb-actin in each cell line
examined inwhich the level of expression in parental cellswas
Figure 3 Enforced Notch1 expression rescues suppressed cell proliferation and
ICN1 (pEGFP-N1IC), and immunoblotted to detect PrP and Notch1. B and C: The eff
proliferation (B) and invasion (C) was compared with those in PrP-silenced cells (
experiments (A); n Z 5 biological replicates (B and C). t-test was performed (B
*P < 0.05, **P < 0.01. Ctrl, control; D1, 24 hours; D2, 48 hours; D3, 72 hou
overexpression of Notch1; pEGFP, phosphorylated enhanced green fluorescent pro
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set as 1 (Figure 2B). Therefore, PrP not only modulated the
expression level of Notch1, it also influenced the signaling
activation of Notch1. Down-regulation of Notch1 in PrP-KD
cells was also confirmed by immunofluorescent staining in
PDAC cell lines. In all four cells, the immunoreactivity of both
PrP and Notch1 was greatly diminished compared with those
in the control parental cells (Figure 2C).
We then investigated whether the interaction between PrP

and Notch1 was reciprocal. It appeared that knocking down
Notch1 (N1-KD) did not affect the expression of PrP (data
not shown).
We reported earlier that down-regulation of PrP in PDAC

cell lines reduced their proliferation.16 With the use of a more
quantitative MTT proliferation assay, we found that PrP
silencing (PrP-KD) decreased growth of all four PDAC cell
lines (Figure 2D). PrP silencing also decreased Ki-67 indexes
by 48.7%, 39.3%, 24.9%, and 51.5% for BxPC-3, Capan-1,
Panc-1, and Panc10.05 cells, respectively (Figure 2E).
Furthermore, the in vitro invasion of all four PrP-KD cell lines
were also decreased (Figure 2F). In contrast, PrP silencing
increased apoptosis by 36.7-, 5.5-, 3.8-, and 6.8-fold,
respectively, of the four cell lines (Figure 2G). Collectively,
these findings reveal that down-regulation of PrP in PDAC
cells resulted in a decrease in tumor proliferation and inva-
sion, but an increase in their apoptosis, while simultaneously
suppressing Notch1 signaling.
Notch1 Functions Downstream of PrP

To further investigate if Notch1 is a downstream effector of
PrP in PDAC cells, we asked whether overexpression of
activated Notch1 could restore PrP silencing-mediated
suppression of tumor phenotypes. To test this, an acti-
vated form of Notch1 (ICN1) was expressed in Panc-1
invasion mediated by PrP silencing. A: Capan-1 cells were transfected with
ect of enforced Notch1 expression in PrP-silenced cells (P-KD/N1-OE) on cell
P-KD) and Ctrl cells. Data are expressed as means � SD. n Z 3 independent
and C). P values that are significantly different are shown as indicated.

rs; ICN1, control plasmid or plasmid expressing activated Notch1; N1-OE,
tein; P-KD, Prp knockdown; PrP, prion protein.

ajp.amjpathol.org - The American Journal of Pathology

http://ajp.amjpathol.org


Figure 4 PrP silencing and blocking Notch1 activation collaborates to
suppress cancer cell growth in xenografts. A and B: BxPC-3 (A) and Panc-1 (B)
control or PrP-KD cells were injected ipsilaterally on the back of nude mice.
Paired animals received either PBS (control or PrP-KD) or DBZ (control þ DBZ
or PrP-KD þ DBZ) for 3 consecutive days every 7-day cycle. Tumor volumes
were measured weekly and at the end of experiments (6 weeks for BxPC-3 and
7 weeks for Panc-1). B: Shown are Panc-1 tumor sizes at week 7 (inset). t-test
was performed (A and B). Data are expressed as tumor volume� SD. nZ 5 in
each group. *P < 0.05, **P < 0.01. Ctrl, control; DBZ, dibenzazepine; KD,
knock down; PBS, phosphate-buffered saline; PrP, prion protein.

PrP-Notch1 Promotes PDAC Progression
PrP-KD cells. As expected, expression of ICN1 restored
expression of activated Notch1 but had no discernible effect
on PrP expression (Figure 3A). Enforced expression of
ICN1 in PrP-KD PDAC cells also restored down-regulated
tumor proliferation (Figure 3B) and invasion (Figure 3C)
to the levels comparable with the control cells. Hence,
Notch1 was indeed a downstream effector of PrP-mediated
tumor proliferation and invasion.

Notch Blockade Collaborates with Silencing PrP to
Suppress Tumor Growth in Xenografts

Next, we examined the effect of targeting PrP and blocking
Notch signaling on tumor growth in vivo. We treated
xenografts of two cell lines, BxPC-3 (Figure 4A) or Panc-1
cells (Figure 4B), and their PrP-KD derivatives, with
phosphate-buffered saline or a g-secretase inhibitor of
Notch, DBZ. We did not test Panc10.05 cells in xenografts
because they require human insulin for optimal growth. As
expected, the growth of PrP-KD BxPC-3 cells (Figure 4A)
and PrP-KD Panc-1 cells (Figure 4B) were significantly
retarded compared with their respective controls (Figure 4).
Tumor volume was not decreased in DBZ-treated, control
BxPC-3 xenografts (Figure 4A), but it was significantly
decreased in similarly treated, control Panc-1 xenografts
(Figure 4B). This disparity most likely reflects the fact that
BxPC-3 cells express a higher level of Notch1; therefore,
they may require a higher concentration of DBZ to elicit the
same effect. However, tumor growth was suppressed to a
much greater extent in both Panc-1 and BxPC-3 PrP-KD
xenografts that were also treated with DBZ (Figure 4).
Collectively, these findings suggest that PrP knockdown
elicits additional antitumor effect when combined with
Notch inhibition.

Overexpression of PrP Enhances Notch1 Signaling and
Promotes Tumor Cell Growth and Invasion

The level of PrP expression appeared to correlate with
Notch1 expression and Notch1 signaling. We investigated
whether forced expression of PrP in low PrP-expressing
Capan-1 cells could induce an opposite effect on tumor cells
and also on Notch1 signaling as seen with PrP silencing.
Indeed, overexpression of PrP (PrP-OE) in Capan-1 cells
increased the level of Notch1 and Hes1 expression
(Figure 5A, left two panels). Accordingly, PrP-OE Capan-1
cells also exhibited increased proliferation (Figure 5B) and
migration (Figure 5C), compared with control Capan-1
cells. We did not overexpress PrP in other PDAC cells
because these cells expressed a high level of endogenous
PrP.

To investigate whether PrP overexpression promoted cell
proliferation and tumor migration via Notch signaling, we
treated Capan-1 cells with DBZ or vehicle in vitro (20 mmol/
L, 48 hours). DBZ treatment decreased both endogenous
and up-regulated levels of Notch1 and Hes1 in Capan-1
The American Journal of Pathology - ajp.amjpathol.org
cells (Figure 5A). DBZ treatment mildly decreased prolif-
eration of control Capan-1 cells but inhibited cell migration
by 50%. The increased proliferation and migration of
PrP-OE Capan-1 cells were both brought down to the levels
seen in control Capan-1 cells after DBZ treatment (Figure 5,
B and C).

To test the effect of PrP overexpression on tumor growth
in vivo, we injected parental or PrP-OE Capan-1 cells to
either flank of nude mice. Consistent with in vitro assays,
xenografts excised at the end of 6 weeks showed that
PrP-OE Capan-1 tumors have a close to 50% increase of
tumor volume (192.9 � 50.2 mm3) compared with controls
(116.5 � 32.3 mm3) (P < 0.05). Further, growth compari-
son of parental and PrP-OE tumors that were treated with
2951
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Figure 5 Overexpression of PrP enhances
Notch1 signaling and cancer cell growth and inva-
sion. Capan-1 cells were transfected with control
or PrP-expressing plasmid. A: Expression of PrP,
Notch1, and Hes1 was assessed by immunoblotting.
N1 and Hes1 expression was also assessed after DBZ
treatment (20 mmol/L for 48 hours) (right two
columns). B and C: PrP-OE increases cell growth (B)
and migration (C), although DBZ treatment de-
celerates Capan-1 proliferation and migration. D:
Control or PrP-OE Capan-1 cells were injected ipsi-
laterally on the back of nude mice. Paired animals
received either PBS (control or PrP-OE) or DBZ
(control þ DBZ or PrP-OE þ DBZ) for 3 consecutive
days every 7 days. Tumors were dissected at the end
of 6 weeks. Tumor volumes were measured weekly
and at the end of experiments. Data are expressed
as means� SD. t-test was performed (BeD). nZ 3
independent experiments (A); n Z 6 mice (B and
C); n Z 8 biological replicates (B and C); n Z 5
mice in each group (D). *P< 0.05, **P< 0.01. Ctrl,
control; DBZ, dibenzazepine; N1, Notch1; OE,
overexpression; PBS, phosphate-buffered saline;
PrP, prion protein.
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either DBZ or vehicles indicated that increased growth of
PrP-OE tumors over parental tumors was completely
blocked by DBZ (Figure 5D).

Collectively, these in vitro and in vivo findings support
that enhanced cell proliferation and migration induced by
PrP overexpression are mainly mediated through Notch
signaling activation and that Notch1 is a main downstream
effector of PrP in PDAC cells.

Down-Regulation of PrP Enhances Notch1 Degradation

To investigate the mechanism of enhanced Notch1 signaling
mediated by PrP/Notch1 complex, we examined the effect
of PrP silencing on the half-life of Notch1. Membrane-
tethered Notch1 is mainly internalized and degraded in the
lysosomes by the E3 protein ubiquitin ligase Itch.25,26 Itch
can also mediate Notch1 proteasome degradation.27 To
investigate the half-life of Notch1, we cultured the cells in
the presence of CHX to prevent synthesis of new Notch1.
We then prepared the cell lysates at various time points after
CHX treatment and immunoblotted the cell lysate with anti-
Notch1 antibody. We found that in PrP-KD Panc-1 cells, the
half-life of Notch1 was significantly shortened from about
7.4 hours in control cells to about 3 hours in PrP-KD cells
(Figure 6, A and C). In contrast, ICN1 displayed only
marginal changes in its half-life (data not shown).

Protein half-life is controlled either by the proteasome or
lysosome pathway or both. Next, we asked if either or both
pathways are responsible for Notch1 degradation in PDAC
cells, and if there is altered degradation of Notch1 in PDAC
2952
cells as a result of change in PrP expression level. We
treated control and PrP-KD Panc-1 cells with proteasome
inhibitor, MG132 (10 mmol/L), or lysosome inhibitor, CLQ
(25 mmol/L), individually, or in combination, all in the
presence of CHX. We found that control Panc-1 cells
cultured in the presence of either CHX alone or CLQ
combined with MG132 showed similar partial block of
Notch1 degradation, whereas cells cultured in the presence
of CHX combined with CLQ displayed a complete block of
Notch1 degradation (Figure 6, A and B), suggesting that
Notch1 in Panc-1 cells was degraded mainly through the
lysosome pathway but not much through the proteasome
pathway. In contrast, in PrP-KD Panc-1 cells, either MG132
or CLQ in the presence of CHX partially blocked Notch1
degradation, whereas combined MG132 and CLQ treatment
completely blocked Notch1 degradation (Figure 6, C and
D), suggesting that Notch1 is degraded through both the
proteasome and lysosome pathway in PrP-KD Panc-1 cells.
A similar pattern was observed in other PDAC cells before
and after PrP silencing (data not shown). These findings
indicate that in PDAC cells, a high level of PrP prolonged
Notch1 half-life likely through the suppression of protea-
some degradation of Notch1.

Notch1 Activity in PrP-Expressing Human PDACs
Confers Even Poorer Prognosis

To extend our results from cell lines to humans, we
examined the expression pattern of PrP and Notch1 in
human PDAC specimens (Figure 7A). Notch1 expression
ajp.amjpathol.org - The American Journal of Pathology
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Figure 6 Down-regulation of PrP enhances degradation of Notch1. Panc-1 parental cells (control; A and B) or PrP-KD cells (C and D) were cultured for up to
8 hours in the presence of CHX (10 mmol/L), CHX plus proteasome inhibitor MG132 (10 mmol/L; CHX þ MG132, CHX plus lysosome inhibitor CLQ (25 mmol/L;
CHX þ CLQ), or CHX plus MG132 as well as CLQ (CHX þ MG132 þ CLQ). Cell lysates were prepared at indicated time points and blotted with anti-N1 and anti-
actin (B and D). Notch1 was normalized to actin and expressed as relative level compared with that in the beginning of cell culture (A and C). Boxed areas in A
and C indicate the half-life of CHX. Data are expressed as means � SD (A and C). t-test was performed (A and C). n Z 3 biological replicates. **P < 0.01.
yHalf-life of Notch1. CHX, cyclohexamide; CLQ, chloroquine; KD, knocked down; N1, Notch1; PrP, prion protein.

PrP-Notch1 Promotes PDAC Progression
was mainly found on cell membrane and the cytoplasm
using the antibody that recognizes the transmembrane/
intracellular fragment, whereas antibody recognizing Hes1
showed variable staining or no staining in the nucleus (data
not shown). In a series of 67 resected, localized PDAC
samples, we found that, consistent with our previous re-
ports, 42% (28 of 67) of cases express a high level of PrP,23

whereas 45% (30 of 67) have Notch1 activity (defined by
strong Notch1 staining). A correlation between PrP
expression and Notch1 activity was also found, because 17
of 28 cases (61%) of PrPþ tumor also showed Notch1 ac-
tivity, whereas only 13 of 39 cases (33%) of PrP� tumors
showed Notch1 expression (Table 1) (P < 0.05). Because
there is no clear explanation as to why certain tumors
show strong activity of both Notch1 and Hes1 whereas
others show only Notch1 staining, we further examined
RNA expression of PRNP and HES1 and revealed a modest
correlation between PrP and Notch activation (Pearson’s
correlation coefficient Z 0.60) (Figure 7B). These findings
support our PDAC cell line data that PrP expression in
PDAC tissues appears to promote Notch signaling
activation.
The American Journal of Pathology - ajp.amjpathol.org
Finally, we performed Kaplan-Meier survival analysis
among four groups of specimens based on the pattern of PrP
and Notch1 immunoreactivity. Of these 67 cases, 25 PrPþ

and 35 PrP� cases have clinical follow-up information
(Figure 7C). Among the 25 PrPþ cases, median survival was
10 months for Notch1þ tumors (n Z 14) versus 14 months
for Notch1� tumors (n Z 11) [hazard ratio (HR) Z 1.9;
95% CI, 0.84e 4.1; log-rank test P Z 0.07]. Of 35 PrP�

cases, median survival was 34 months for Notch1þ tumors
(n Z 13) versus 30 months for Notch1� tumors (n Z 23)
(HR Z 1.0; 95% CI, 0.5e2.4; log-rank test P Z 0.91)
(Table 2). Therefore, although Notch1 immunoreactivity in
localized PrPþ tumors was associated with a trend of
decreased survival, although not reaching statistical signif-
icance, its expression in PrP� cases had no effect on prog-
nosis. Of note, all nine surviving cases are PrP�, with three
in the Notch1þ group and six in the Notch1� group. The
risk of death was 4.3 to approximately 4.5 times higher for
PrPþNotch1þ) than PrP�Notch1þ (HR Z 4.3; 95% CI,
1.5e12.1; P Z 0.0003) or PrP�Notch1� tumors
(HR Z 4.5; 95% CI, 1.7e11.8; P < 0.0001), and 3.0 to
approximately 3.1 times higher for PrPþNotch1� than
2953
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Figure 7 PrP expression correlates with
Notch1 expression and the co-expression of these
two confers worse prognosis in human PDAC sam-
ples. A: PDAC specimens were stained for N1 (top)
and anti-PrP (bottom). B: PrP and HES1 mRNA
levels were normalized to those expressed by
normal pancreatic tissues, respectively. Pearson
correlation was calculated. C: Kaplan-Meier sur-
vival analysis was performed on PrPþNotch1þ,
PrPþNotch1�, PrP�Notch1þ, and PrP�Notch1�

tumors. Spikes indicated three surviving patients
in the PrP�Notch1þ group (surviving months: 165,
144 and 137), and six in the PrP�Notch1� group
(surviving months: 173, 144, 137, 128, 127, and
120) as of August 2015. n Z 67 PDAC specimens
(A); n Z 14 PrPþNotch1þ tumors (B); n Z 11
PrPþNotch1� tumors (B); n Z 13 PrP�Notch1þ

tumors (B); n Z 23 PrP�Notch1� tumors (B).
Original magnification: �20 (A). N1, anti-Notch1;
PDAC, pancreatic ductal adenocarcinoma; PRNP,
human prion protein; PrP, prion protein.

Wang et al
PrP�Notch1þ (P Z 0.005) or PrP�Notch1� tumors
(P Z 0.001).
Table 1 PrP and Notch1 Immunoreactivity in Human PDAC

Expression Notch1þ, n (%) Notch1�, n (%) Total, n (%)

PrPþ 17 11 28 (42)
PrP� 13 26 39 (58)
Total 30 (45) 37 (55) 67

Fisher’s exact test (two-tailed) was performed, P < 0.05.
PDAC, pancreatic ductal adenocarcinoma; PrP, prion protein.
Discussion

In this study, we provide novel findings that PrP and
Notch1 forms an interacting network to promote pancreatic
cancer survival and invasion. First, we found that in PDAC
cell lines, PrP, FLNA, and Notch 1 exist as a complex and
that PrP and Notch1 colocalizes on the cell membrane.
Second, we found Notch1 is a downstream effector of PrP,
because increased expression of PrP up-regulates the
expression and activation of Notch1, resulting in enhanced
tumor cell growth and invasion but suppressed apoptosis.
In contrast, PrP down-regulation has the opposite effect.
These antitumor effects mediated by PrP down-regulation
can be rescued by activated Notch1. Mechanistically, we
found that binding of PrP prolongs the half-life of Notch1
by blocking proteasome degradation of Notch1. Third, we
show that compared with the PDAC xenograft that is
singularly targeted, the growth of PDAC xenograft is more
effectively retarded when both PrP and Notch1 are tar-
geted. Finally, we confirm these findings in human PDAC
specimens, showing that most PrP-expressing PDAC tu-
mors also show Notch1 expression, and coexpression of
Notch1 and PrP confers even poorer prognosis than
expression of PrP alone. These findings have unraveled an
important pathway identifying Notch1 as an important
effector downstream of PrP mediating PDAC tumor
growth, invasion, and survival in a subset of patients with
PDAC.
2954
NOTCH1 mutation is frequently found in head and neck
squamous cell carcinoma, lymphoma and in T-cell acute
lymphoblastic leukemia but less frequently seen in human
pancreatic cancer.28e31 Whether Notch signaling is impor-
tant in PDAC carcinogenesis is unsettled. Expression of
activated Notch1 in a mouse model of PDAC increased
PanIN formation,32 suggesting an oncogenic role for Notch
in PDAC initiation. A g-secretase inhibitor also inhibited
the progression of PDAC in a transgenic mouse model.33

However, more recent work reveals a tumor suppressive
role for Notch signaling in the context of PanIN develop-
ment. Loss of Notch1 function may even promote PDAC
development.34 Furthermore, different Notch receptors may
have opposing roles in pancreatic cancer biology.8 Recent
studies revealed that pancreatic cancer could be divided into
different subtypes based on their molecular signatures.12

Therefore, whether Notch functions as a tumor suppres-
sive or an oncogenic promoter may be cellular context, and,
depending on Notch interacting, partners in a receptor-
specific manner.
To the best of our knowledge, our findings in this study

show for the first time that Notch1 forms a partner with PrP
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Table 2 Survival Analysis

Group
Medium survival,
months 95% CI

PrPþNotch1þ 10 8e12
PrPþNotch1� 14 6e26
PrP�Notch1þ 34 16e53
PrP�Notch1� 30 19e106

PrP, prion protein.

PrP-Notch1 Promotes PDAC Progression
in human pancreatic cancer. Despite its relative small size, a
plethora of more than 40 PrP-interacting partners have been
reported. These include proteins, lipids, nucleic acids,
glycosyaminoglycans, and divalent cations, such as copper
and zinc.23 In infectious prion disease, up-regulation and
activation of Notch1 during prion infection causes dendritic
atrophy, and a g-secretase inhibitor can ameliorate the
pathology.35,36 However, there is no evidence suggesting a
direct interaction between PrP and Notch1. Note that the
pro-PrP expressed in PDAC, unlike normal PrP, retains its
GPI-PSS, thus enabling it to bind FLNA. It is likely the
interaction between PrP and Notch1 is also due to a gain-of-
function of pro-PrP in PDAC cells. This fatal attraction has
significant biological significances because it promotes
tumor proliferation and invasion but reduces tumor
apoptosis.

Although we have demonstrated a physical interaction
between Notch1, PrP, and FLNA, the detail biochemical
pathways subsequent to this interaction remain uncharac-
terized. Notch activation is known to promote cancer cell
proliferation and invasion and to suppress tumor apoptosis,
some of these effects have been shown to bemediated through
Notch activation of NF-kB in pancreatic cancer37 and Akt in
other cancers.38,39 Further, overexpression ofNotch1 can lead
to up-regulation of tumor-initiating cell markers.40 Similarly,
PrP signaling displays antiapoptotic activity.41,42 Over-
expression of PrP also contributes to cancer metastasis by
promoting cancer adhesiveness and invasiveness.43 Likely a
complex formed by these three molecules, PrP, FLNA, and
Notch1, will offer further advantage for PDAC progression
and survival. This hypothesis is supported by our findings that
combined anti-Notch treatment with silencing PrP shows
more effective antitumor growth than anti-Notch treatment or
silencing of PrP alone.

Binding of PrP with Notch1 prolongs Notch1 half-life.
We show that down-regulation of PrP in PDAC cells
enhances the proteosome degradation of Notch1 that is
otherwise blunted in unmodified PDAC cells. Future studies
are needed to elucidate if PrP suppresses Notch1 ubiquiti-
nation and degradation by modulating Itch.27 Furthermore,
dysregulation of other E3 ligases or deubiquitinating
enzymes, or alterations of Notch endosomal trafficking,
could be linked to Notch1 stability dysregulation.44 Binding
of PrP may also cause Notch1 aggregation, modulate
Notch1 cleavage, or enhance binding of its ligands resulting
in activation.
The American Journal of Pathology - ajp.amjpathol.org
The relevance of our findings in clinical setting is
supported in our study that a significant portion of localized
PrPþ human PDAC biopsies also show Notch1 immuno-
reactivity and that PrP transcript expression is modestly
correlated with Hes1 expression. In addition, a survival
analysis demonstrates that coexpression of PrP with Notch1
in PDAC confers even poorer prognosis than expression of
PrP only, although the differences in survival probability
between these two groups are not statistically significant. In
comparison, expression of Notch1 in PrP� specimens has no
effect on patient survival. These findings support an additive
tumor-promoting effect mediated by the PrP-Notch1 com-
plex observed in PDAC cell lines. Additional clinical ma-
terials are required to confirm that adding Notch1
expression will have additional prognostic value in localized
as well as in more advanced PDAC. We did not observe
significant pathologic differences between PrPþ and PrP�

groups. The underlying molecular signature of PrP-
expressing PDAC and its effect on clinical courses
warrants further investigation.
Conclusions

We have provided compelling evidence to suggest that PrP,
FLNA, and Notch1 are partners in crime in enabling PDAC
aggressiveness. These findings provide critical mechanistic
insights to the biological significance of PrP-Notch1 cross
talk in promoting PDAC progression and survival. Eluci-
dating the molecular events driving PrP, FLNA, and Notch1
interacting network will reveal whether targeting this
pathway will have diagnostic, prognostic, or therapeutic
potential to benefit patients with PDAC.
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