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S100P is a member of the S100 family of calcium-
binding proteins and there have been several recent
reports of its overexpression in pancreatic ductal ad-
enocarcinoma (PDAC). We have used Far Western
screening and in vitro interaction assays to identify
and confirm a novel target protein for S100P. We have
named this protein S100PBPR, and shown that its
interaction with S100P is dependent on Ca2� or Mg2�.
S100PBPR was found to localize to cell nuclei where
S100P is also present, and the two proteins co-immu-
noprecipitate. By in situ hybridization, S100PBPR
transcript was found in islet cells but not duct cells of
the healthy pancreas. Both S100P and S100PBPR were
detected by quantitative real-time polymerase chain
reaction in pancreatic intraepithelial neoplasia (PanIN)
and PDAC samples, and in situ hybridization revealed
the presence of S100PBPR transcript in malignant
PDAC cells. These data suggest that an interaction
between S100P and S100PBPR may be involved in
early pancreatic cancer. S100P was further investi-
gated in PanIN lesions and immunohistochemical
analysis showed its expression to correlate signifi-
cantly with increasing grade of PanINs, being found
as early as PanIN-1 with more prevalent expression in
PanIN-2 and -3. These data suggest that S100P can be
added to the genetic progression model for PDAC.
(Am J Pathol 2005, 166:81–92)

Pancreatic ductal adenocarcinoma (PDAC) is the fourth
leading cause of cancer-related deaths in the industrial-
ized world, with an estimated 30,000 deaths in the United

States each year.1 It has a median survival time of 6
months and a 5-year survival of less than 5%, making it
one of the most lethal human cancers.2 Except for the
recent report of successful use of adjuvant chemother-
apy in the ESPAC-1 trail3 there has been no improvement
in the survival of pancreatic cancer patients in the last 25
years,1 primarily because of the uniformly advanced
stage of disease at time of diagnosis. The ability to rec-
ognize and define this malignancy at an early stage is
dependent on the identification of novel diagnostic mark-
ers indicative of precursor lesions. To date there are no
such effective biomarkers.

Precursor ductal lesions have recently been described
under the collective term pancreatic intraepithelial neo-
plasia (PanIN) and are grouped into three histological
grades based on increasing degrees of architectural and
nuclear atypia.4 PanINs have been examined for loss of
heterozygosity at a number of loci and for alterations in a
number of genes and proteins that are commonly aber-
rant in pancreatic carcinomas. These include K-ras, HER-
2/neu, p16, p21, p53, DPC4, and BRCA2.5–13 These
studies have revealed that PanINs accumulate clonal
genetic changes with increasing severity of atypia sup-
porting the theory that they are indeed precursors of
ductal adenocarcinomas.14–16

Recent studies using Affymetrix and cDNA microar-
rays have identified a number of differentially expressed
genes in PDAC.17–31 Among these genes S100P has
been identified as a potential biomarker for pancreatic
adenocarcinoma, being highly up-regulated in pancre-
atic tumors and cell lines.20,23–26,31,32 S100P is a member
of the S100 family of EF-hand, calcium-binding proteins.
The S100 family consists of at least 20 members, none of
which are ubiquitously expressed.33 They have a variety
of functions and target proteins. S100P is one of the least
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studied members of this family. It is a 95-amino acid
protein, first purified from placenta (hence the “P”).34 It
has since been detected in gastric, gall bladder, bladder
epithelium,32 and in esophageal epithelial cells during
differentiation.35 S100P has been associated with cellular
immortalization of breast cancer cell lines,36 with doxo-
rubicin resistance in colon cancer cells37 and with andro-
gen independence in prostate cancer.38,39 In addition,
we have previously described the up-regulation of S100P
in intraductal papillary mucinous neoplasms.40 De-
creased survival of patients with lung cancer has also
recently been shown to correlate with S100P expres-
sion.41 Although the biological effects of S100P remain to
be fully elucidated, Arumugam and colleagues42 have
demonstrated an interaction between S100P and RAGE
that acts in an autocrine manner to stimulate cell prolif-
eration and survival. S100P has also been shown to in-
teract with the membrane/F-actin crosslinking protein
ezrin in a calcium-dependent manner43 and is reported
to bind to Cacy/SIP, a component of a novel ubiquitina-
tion pathway, which leads to degradation of �-catenin.44

In this study we have isolated a novel binding partner for
S100P, S100PBPR (S100P binding protein Riken), and
analyzed the expression of both these proteins in PanIN
lesions.

Materials and Methods

Tissues and Cell Lines

Frozen and paraffin-embedded pancreatic tissues were
obtained from the Human Biomaterials Resource Centre,
Department of Histopathology, Charing Cross Hospital,
London, UK, and the Department of Pathology, University
of Kiel, Kiel, Germany, with full ethical approval of the
host institutions. PanIN specimens were obtained from
patients under the care of Dr. Teresa A. Brentnall, Uni-
versity of Washington, Seattle, WA. A panel of 10 pan-
creatic cancer cell lines was used in this study: FA6,
IMIMPC2, Mia-Paca2, PT45, Paca44, Panc1, HPAF, MDA
Panc3, SUIT2, and T3M4. All cancer cell lines were ob-
tained from the Cancer Research UK Cell Services (Clare
Hall, Middlesex, UK). These cell lines were cultured in E4
medium (Cancer Research UK Media Production, Clare
Hall, Middlesex, UK) supplemented with 10% heat-inac-
tivated fetal calf serum (GibcoBRL, Life Technologies,
Paisley, UK). HeLa and 293 cells were also used in this
study and were cultured as described above. The human
pancreatic duct epithelial line, HPDE, was a kind gift from
Dr. Ming-Sound Tsao, University of Toronto, Toronto,
Canada, and was grown in keratinocyte growth medium
(GibcoBRL, Life Technologies) as described by Fu-
rukawa and colleagues.45

Plasmids

IMAGE clone 3448490 encoding full-length S100P was
obtained from Mammalian Gene Collection (MRC Gene
Service, Babraham, Cambridgeshire, UK). S100P was
amplified from IMAGE clone 3448490 using Pfu Turbo

DNA polymerase (Stratagene, La Jolla, CA) and sub-
cloned into vector pGEX-2TK (Amersham Biosciences
UK Ltd., Bucks, UK) in-frame with the GST-tag to create
the plasmid pGEX-S100P. The primer sequences used
for pGEX-S100P were: forward 5�-ATCAGGGATCCAT-
GACGGAACTAGAGACAGCCA-3� and reverse 5�-AC-
GATGAATTCTCATTTGAGTCCTGCCTTCTCA-3�(restric-
tion endonuclease recognition sites for BamHI and EcoRI
are underlined). Using the pcDNA3.1/V5-His TOPO TA
expression kit (Invitrogen Life Technologies, Carlsbad,
CA), S100P was also subcloned into vector pcDNA3.1/
V5-His in-frame with the V5-His-tag, to create plasmid
pcDNA3.1-S100P-V5-His. The primer sequences used
for pcDNA3.1-S100P-V5-His were: forward 5�-ATGACG-
GAACTAGAGACAGCCA-3� and reverse 5�-TTTGAGTC-
CTGCCTTCTCA-3�.

The full coding sequence of S100PBPR was obtained
from universal cDNA by polymerase chain reaction (PCR)
with Pfu Turbo DNA polymerase (Stratagene). Full-length
S100PBPR was cloned into pcDNA3.1� vector (Invitro-
gen Life Technologies) creating pcDNA3.1-S100PBPR.
The primer sequences used for pcDNA3.1-S100PBPR
were: forward 5�-ATCAGGGATCCATGATGTGCTCAC-
GGGTGCC-3� and reverse 5�-ACGATGAATTCTTAACTG-
TACGAGAAGTCTGGGA-3� (restriction endonuclease
recognition sites for BamHI and EcoRI are underlined).
Full-length S100PBPR was also cloned in-frame with the
green fluorescent protein (GFP) of vector pEGFP-C2 (BD
Biosciences Clontech, Palo Alto, CA) creating plasmid
pEGFP-S100PBPR. The primer sequences used for
pEGFP-S100PBPR were: forward 5�-ATCAGGAATTCAT-
GATGTGCTCACGGGTGCC-3� and reverse 5�-ACGATG-
GATCC-TTAACTGTACGAGAAGTCTGGGA-3� (restriction
endonuclease recognition sites for BamHI and EcoRI are
underlined). Finally S100PBPR was cloned into vector
pCMV-Tag2B (Stratagene) in-frame with the FLAG-tag, cre-
ating vector pCMV-Tag-S100PBPR. The primer sequences
used were: forward 5�-ATCAGGGATCCATGATGTGCT-
CACGGGTGCC-3� and reverse 5�-ACGATGAATTCTT-
AACTGTACGAGAAGTCTGGGA-3� (restriction endonucle-
ase recognition sites for BamHI and EcoRI are underlined).
All constructs were verified by sequence analysis.

Far Western Screening Assay

The S100P probe for Far Western (FW) screening was
produced by in vitro translation of a full-length S100P
cDNA IMAGE clone 3448490 using the TNT coupled
reticulocyte lysate system (Promega Biosciences, Madi-
son, WI). A luciferase plasmid was used as a control for
efficiency of in vitro translation and later as a negative
control for the FW assay. The proteins were radiolabeled
in 100-�l reactions using L-[35S]methionine/L-[35S]cys-
teine Promix (Amersham Biosciences UK Ltd.). Unincor-
porated amino acids were removed using Microcon-
MWCO 3000 filters (Millipore Corp., Bedford, MA),
according to the manufacturer’s instructions and the la-
beled product resuspended in FW buffer (25 mmol/L
Tris-HCl, pH 7.5, 100 mmol/L KCl, 5 mmol/L MgCl2, 0.1%
Tween 20, 5% glycerol, 1 mmol/L dithiothreitol) with pro-
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tease inhibitors (Complete EDTA-free; Roche Diagnostics
GmbH, Mannheim, Germany). Successful synthesis and
purification of the probe was verified by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
and autoradiography. A placental � TriplEx phage library
(BD Biosciences Clontech), comprising 6.4 � 105 clones,
was screened. The Escherichia coli strain XL1-Blue (Strat-
agene) was transduced with the � TriplEx phage library
and plated at �100 plaque-forming units per 10 cm Petri
dish, according to the � TriplEx library manual (Clontech
PT3003-1). Plates were incubated at 42°C for 3 to 4 hours
until plaques were just visible, then overlaid with Hy-
bond-C Extra membrane (Amersham Biosciences UK
Ltd.), soaked in 10 mmol/L isopropyl-�-D-thiogalactopyr-
anoside, and incubated at 37°C for a further 4 hours. The
membranes were then removed from the Petri dishes and
placed in blocking solution (FW buffer containing 5% dry
milk) for 2 hours, shaking gently at room temperature.
After blocking, the membranes were placed in FW buffer,
supplemented with in vitro translated, 35S-labeled protein
probe and incubated overnight at 4°C, with gentle shak-
ing. The membranes were washed several times in FW
buffer; each wash was performed for 30 minutes at room
temperature with gentle shaking. Washed membranes
were air-dried and exposed to BioMax MR-1 (Eastman
Kodak Co., Rochester, NY) film for 5 to 7 days.

Expression of S100P-GST in E. coli

Plasmids pGEX-S100P and vector alone, pGEX-2TK,
were introduced into the E. coli strain pLysS (Promega
Biosciences). The bacteria were cultured in LB medium
with ampicillin to an OD 600 of 0.4 to 0.6 at 37°C. Protein
expression was induced with 1 mmol/L IPTG and bacteria
were cultured for a further 4 hours at room temperature to
enhance correct protein folding. Cells were pelleted and
protein lysates made by repeat freeze thawing and son-
ication in lysis buffer (20 mmol/L Tris-HCl, 300 mmol/L
NaCl, 10% glycerol, 0.5% Nonidet P-40, 2 mmol/L dithio-
threitol, 1 mg/ml lysozyme) with protease inhibitors (Com-
plete EDTA-free, Roche Diagnostics GmbH) at 4°C.

In Vitro Binding Assays

Plasmid pcDNA3.1-S100PBPR was in vitro translated and
radiolabeled, as described for FW probes. S100P-GST or
GST alone, immobilized on glutathione agarose, was in-
cubated with radiolabeled target protein at 4°C, over-
night, in CRB300 buffer (20 mmol/L Tris-HCl, 300 mmol/L
NaCl, 10% glycerol, 0.5% Nonidet P-40, 2 mmol/L dithio-
threitol) with protease inhibitors (Complete EDTA-free,
Roche Diagnostics GmbH). Glutathione agarose was
washed three times in CRB300 buffer followed by three
washes in CRB100 buffer (CRB300 buffer with 100
mmol/L NaCl). To determine the dependence of the in-
teraction between S100P and S100PBPR on the pres-
ence of divalent cations, buffers CRB300 and CRB100
were supplemented with calcium chloride, magnesium
chloride, or 1 mmol/L ethylenediaminetetraacetic acid
(EDTA). Calcium chloride was added at concentrations

ranging from 10 pmol/L to 5 mmol/L. Magnesium chloride
was added at concentrations ranging from 100 pmol/L to
100 mmol/L. Bound target proteins were eluted in 2�
SDS-PAGE sample buffer (90 mmol/L Tris-HCl, 20% glyc-
erol, 2% SDS, 0.02% bromophenol blue, 100 mmol/L
dithiothreitol) at 100°C, separated by SDS-PAGE on 10%
polyacrylamide resolving gels, and detected by autora-
diography.

Cell Transfection and Immunofluorescence
Microscopy

HeLa cells grown to 60% confluency in chamber slides
(Lab-Tek; Nalge Nunc Int., Naperville, IL) were transiently
transfected with plasmid pEGFP-S100PBPR encoding
the fusion protein S100PBPR-GFP, or with pEGFP-C2
vector encoding GFP alone. FuGENE 6 transfection re-
agent (Roche Diagnostics GmbH) was used according to
the manufacturer’s protocol. Cells were cultured for a
further 24 hours then fixed with 4% paraformaldehyde in
phosphate-buffered saline (PBS) for 15 minutes at room
temperature and washed three times with PBS. Cells
were permeabilized with 0.1% Triton X-100 in PBS for 5
minutes at 4°C, followed by three washes in PBS. Endog-
enous S100P was detected by incubating the cells with
an anti-human S100P monoclonal antibody (BD Bio-
sciences Pharmingen) at a 1:25 dilution in PBS for 30
minutes at room temperature. After washing three times
in PBS, the primary antibodies were detected with Alexa
Fluor 568 goat anti-mouse secondary antibodies (Molec-
ular Probes, Leiden, The Netherlands) at a dilution of
1:1000 in PBS. Cells were washed three times and the
DNA stained with 4,6-diamidino-2-phenylindole (Molecu-
lar Probes) at a dilution of 20 �g/ml in PBS. After three
further washes in PBS, slides were mounted using Per-
mafluor aqueous mounting medium (Immunotech, Mar-
seille, France) and viewed using an Olympus BX51 fluo-
rescent microscope.

Co-Immunoprecipitation of S100P and
S100PBPR

293 cells grown to 60% confluency were transiently co-
transfected with plasmids pCMV-Tag-S100PBPR and
pcDNA3.1-S100P-V5-His using FuGENE 6 transfection
reagent (Roche Diagnostics GmbH), according to the
manufacturer’s protocol. Cells to be used as negative
controls for co-immunoprecipitation assays were co-
transfected with either pCMV-Tag-S100PBPR or
pcDNA3.1-S100P-V5-His and an empty vector. Cells
were lysed 48 hours after transfection with reporter lysis
buffer (Promega), according to the manufacturer’s instruc-
tions. Protein extracts were quantitated using Bio-Rad pro-
tein assay (Bio-Rad Laboratories, Richmond, CA).

Five hundred �g of total protein were used per co-
immunoprecipitation reaction. Immunoprecipitation of
S100PBPR-FLAG was conducted using anti-FLAG M2
affinity gel (Sigma-Aldrich, St. Louis, MO), following the
manufacturer’s protocol. Bound proteins were eluted us-
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ing 2� SDS sample buffer and were separated on 15%
polyacrylamide gels. Proteins were transferred onto nitro-
cellulose membrane and subjected to standard Western
blotting analysis. S100P-V5-His was detected using an-
ti-V5 antibody (Invitrogen Life Technologies) at a dilution
of 1:5000. Primary antibodies were detected using the
anti-mouse horseradish peroxidase-conjugated second-
ary antibodies (1:1000) (Autogen Bioclear, Wiltshire, UK)
and visualized using ECL Western blotting detection re-
agents (Amersham Biosciences, Buckinghamshire, UK).
Before co-immunoprecipitation experiments, the level of
S100P-V5-His protein expression was determined by
Western blot as outlined above. Twenty �g of total protein
was used for each cell lysate analyzed.

Reverse Transcriptase (RT)-PCR

RNA samples from normal pancreas, brain, breast,
spleen, liver, and lung were obtained from Ambion Inc.
(Austin, TX). cDNAs were synthesized from 1 �g of total
RNA using an oligo dT primer and the Multiscribe reverse
transcription kit (Applied Biosystems, Warrington,
Cheshire, UK) as instructed by the manufacturer. Re-
verse transcription was followed by 30 PCR cycles (1
minute of denaturation at 94°C, 1 minute of annealing at
55°C, and 1 minute of extension at 72°C). Primers de-
signed for human S100PBPR are as follows: forward 5�-
TCCTTGCTGGAGCTGTCAGAG-3� and reverse 5�-ACT-
GGTCCCAGGCTGTACGA-3�. Primers for 18S ribosomal
RNA, which was used as an endogenous control, are as
follows: forward 5�-CGCCGCTAGAGGTGAAATTC-3�
and reverse 5�-CATTCTTGGCAAATGCTTTCG-3�. Ampli-
fied products were separated on 1.5% agarose gels and
visualized with ethidium bromide.

Quantitative Real-Time PCR

Total RNA was extracted with TRIzol reagent (Invitrogen
Life Technologies) according to the manufacturer’s pro-
tocol. PDAC samples were enriched for a tumor cell
content of 60 to 80%, before RNA extraction, by a pro-
cess of block trimming guided by frequent hematoxylin
and eosin (H&E) control sections, as previously de-
scribed.40 cDNAs were synthesized from 1 �g of total
RNA using random hexamers and the Multiscribe reverse
transcription kit (Applied Biosystems) as instructed by
the manufacturer.

PCR reactions containing 10 ng of cDNA, SYBR Green
sequence detection reagents (Applied Biosystems), and
gene-specific primers were assayed on an ABI7700 se-
quence detection system (Applied Biosystems). Primers
designed for human S100P are as follows: forward 5�-
TGCAGAGTGGAAAAGACAAGGAT-3� and reverse 5�-
CCACCTGGGCATCTCCATT-3�. Primers designed for
human S100PBPR are as follows: forward 5�-CCAGGAC-
TAATGTTCCGACGTT-3� and reverse 5�-CTGGGTCTTC-
TATATGAGCAATGACA-3�. These primers amplify a 75-bp
S100P product and a 93-bp product for S100PBPR. The
accumulation of PCR products was measured in real time
as the increase in SYBR-Green fluorescence. Data were

analyzed using the Sequence Detector program v1.9.1 (Ap-
plied Biosystems). All reactions were performed in triplicate.
Quantification of gene expression was conducted as de-
scribed by the manufacturer using 18S mRNA as an internal
standard. Gene expression patterns in PanIN, tumor, and
chronic pancreatitis (CP) samples were compared to the
value of normal donor pancreas, arbitrarily set at 1. Quan-
titative gene expression levels of pancreatic cancer cell
lines were compared to the value for primary cells derived
from normal ducts (a kind gift of Dr. T. Hollingsworth, Eppley
Institute, Omaha, NE).

In Situ Hybridization

The DNA sequence for the S100PBPR probe for in situ
hybridization was amplified by PCR from normal spleen
cDNA using Taq polymerase (Roche Diagnostics
GmbH). The primers used amplify a 212-bp product,
corresponding to S100PBPR and are as follows: forward
5�-TCCTTGCTGGAGCTGTCAGAG-3� and reverse 5�-
ACTGGTCCCAGGCTGTACGA-3�. This product was
cloned into the vector pCR4-TOPO using the TOPO clon-
ing kit (Invitrogen Life Sciences) to create pCR4-
S100PBPR-ISH. Positive clones were verified by se-
quence analysis.

pCR4-S100PBPR-ISH DNA was linearized with NotI for
anti-sense probe and PstI for sense probe. Restriction
endonucleases were removed by phenol:chloroform:
isoamyl alcohol extraction and the linear template DNA
was precipitated. Riboprobes were synthesized from 1
�g of template DNA and digoxigenin (DIG) labeled using
a DIG RNA labeling kit (Roche Diagnostics GmbH), ac-
cording to the manufacturer’s instructions. T3 and T7
polymerases were used to synthesize anti-sense and
sense probes, respectively. DIG-labeled riboprobes
were precipitated and resuspended in diethyl pyrocar-
bonate-treated water. DIG incorporation was verified us-
ing DOT blot with anti-digoxigenin-AP Fab fragments
(Roche Diagnostics GmbH) diluted 1:5000.

Anti-sense and sense riboprobes for S100PBPR were
hybridized to freshly cut 5-�m-thin sections of formalin-
fixed, paraffin-embedded pancreatic tissue. Three hun-
dred ng of DIG-labeled probe were used per slide. Sense
probe was used as a negative control. In situ hybridiza-
tion was performed on sections of healthy pancreas and
five different PDAC specimens using the Ventana Discov-
ery System with Ventana Ribomap and Bluemap kits as
instructed by the manufacturer (Ventana Medical Sys-
tems, Tucson, AZ).

Immunohistochemistry

Paraffin-embedded tissues from 41 resection specimens
were cut into 5-�m-thin sections and stained with H&E.
Blocks were selected on the basis of the content of PDAC
or PanIN lesions. PanINs were classified according to
previously established criteria.46 The selected cases
were immunostained with anti-S100P antibody. After an-
tigen demasking for 2 minutes with the pressure cooker
method, 5-�m-thin sections were routinely deparaffinized
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and blocked with normal rabbit serum (1:20 diluted in
PBS) for 30 minutes. Primary S100P antibody (1:400 di-
lution; BD Biosciences Pharmingen) was added for 1
hour. After washing (2 � 5 minutes) in PBS the slides
were incubated with the secondary antibody for 30 min-
utes, then washed again in PBS (2 � 5 minutes), followed
incubation with 0.3% hydrogen peroxide in methanol for
25 minutes. Streptavidin (1:300 in PBS) was added for 30
minutes and after washing with PBS (2 � 5 minutes) the
reaction was visualized by diaminobenzidine (DAB) re-
action using a chromogen tablet system (DAKO, Ham-
burg, Germany).

Statistical evaluation was performed using a two-sided
Fisher’s exact test, using R on a Unix platform. A P value
�0.05 was accepted as statistically significant. Levels of
expression between PanIN-1A and -1B, PanIN-1B and
PanIN-2, PanIN-2 and PanIN-3, and PanIN-3 and PDAC
lesions were compared.

Results

S100P Binds a Novel Target Protein,
S100PBPR

Far Western (FW) screening was used to isolate S100P
target proteins. This technique was favored over yeast
two-hybrid screening because the calcium requirement
for target protein binding by S100 proteins is probably
not met in the environment of the yeast nucleus.47 In total
6.4 � 105 clones from a placental � TriplEx library were
screened, resulting in 14 positive clones after primary
screening. After second and third round screening six
clones were found to be false positives, whereas eight
clones were consistently found to interact with S100P. On
sequencing and extensive BLAST database searches
four of these clones had no significant similarity to any
previously characterized sequence, whereas the remain-
ing four displayed homology to anonymous cDNAs rep-
resented in the data base. Of these the largest clone
corresponded to the amino-terminal 969 bp of a RIKEN
cDNA, BC015175 (NCBI accession number) also listed
as hypothetical protein FLJ12903 (Hs.369253). As we
have confirmed the interaction between the protein en-
coded by cDNA BC015175 and S100P, we have named
this protein S100PBPR (binding protein Riken) and it will
be referred to as such throughout the rest of this study.

S100PBPR is situated at 1p34.3 and has a 1224-bp
coding region, which encodes a 408-amino acid protein.
It shares no sequence or structural similarity to any
known protein at present. The interaction between S100P
and S100PBPR was confirmed using in vitro binding as-
says using S100P-GST fusion protein. It has previously
been demonstrated that the EF-hand motifs of S100P
bind Ca2� and Mg2� at concentrations within the physi-
ological ranges of these ions.48 To assess the depen-
dence of the S100P/S100PBPR interaction on divalent
cations, in vitro binding assays were conducted in buffer
containing Ca2� (5 mmol/L to 10 pmol/L), Mg2� (100
mmol/L to 100 pmol/L), or 1 mmol/L EDTA. Figure 1A
shows the results for in vitro binding assays between

S100P-GST (labeled “S”) or GST alone (labeled “G”) and
35S-S100PBPR in the presence of Ca2� at concentrations
decreasing from 5 mmol/L to 1 nmol/L or in the presence
of 1 mmol/L EDTA. The proteins were found to interact at
Ca2� concentrations between 5 mmol/L and 10 nmol/L,
with hardly any visible interaction at a Ca2� concentration
of 1 nmol/L (Figure 1A) and none less than 1 nmol/L
Ca2�. The interaction between S100P and S100PBPR
was completely abolished in buffer containing EDTA (Fig-
ure 1A). There was no visible interaction between GST
alone and S100PBPR under any of the experimental con-
ditions. Figure 1B shows the results of in vitro binding
assays conducted in the presence of Mg2� at concen-
trations decreasing from 100 mmol/L to 100 nmol/L.
S100P-GST and S100PBPR were found to interact at
Mg2� concentrations between 100 mmol/L and 1 �mol/L
but not at a Mg2� concentration of 100 nmol/L. There was
no interaction between GST alone and S100PBPR in the
presence of Mg2�.

Cellular Localization of S100P and S100PBPR

As the cDNA encoding S100PBPR was a result of a
large-scale sequencing project, no reagents are cur-
rently available to enable its immunological detection.
Therefore, we used GFP-tagged S100PBPR transfected
into HeLa cells to determine its subcellular localization.
S100PBPR-GFP was found to localize to the nucleus
(Figure 2A), whereas GFP alone was present throughout
the cell (Figure 2D). Immunocytochemical analysis of
endogenous S100P in HeLa cells revealed both nuclear
and cytoplasmic localization (Figure 2B) suggesting that
interaction of S100P and S100PBPR probably occurs in
the nucleus.

Figure 1. S100P and S100PBPR interact in the presence of Ca2� or Mg2�.
GST alone (columns G) or S100P-GST (columns S) immobilized on glutathi-
one agarose were incubated overnight at 4°C with 35S-labeled S100PBPR.
Incubations and washes were conducted in the presence of Ca2�, 1 mmol/L
EDTA, or Mg2�. A: The results of in vitro binding assays conducted in the
presence of Ca2� at concentrations ranging from 5 mmol/L to 1 nmol/L or in
the presence of 1 mmol/L EDTA. B: The results of in vitro binding assays
conducted in the presence of Mg2� at concentrations ranging from 100
mmol/L to 100 nmol/L. Concentrations of Ca2�, Mg2�, or EDTA are indicated
above the relevant lanes. Lanes labeled “�” contain 35S-S100PBPR alone,
used as a positive control, detected as a band of �60 kd. Lanes labeled “G”
contain GST-only samples, which were incubated with 35S-S100PBPR to
provide a negative control. Lanes labeled “S” contain S100P-GST samples
incubated with 35S-S100PBPR; the presence of a band in these lanes shows an
interaction between S100P and S100PBPR at the indicated concentrations of
Ca2� or Mg2�. In A S100P-GST can be seen to interact with S100PBPR at Ca2�

concentrations between 5 mmol/L and 10 nmol/L, the proteins do not
interact at Ca2� concentrations of 1 nmol/L or less or in the presence of 1
mmol/L EDTA. In B S100P-GST can be seen to interact with S100P-BPR at
Mg2� concentrations between 100 mmol/L and 1 �mol/L, the proteins do not
interact at Mg2� concentrations of 100 nmol/L or less. GST alone does not
interact with S100PBPR.
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Co-Immunopreciptiation of S100P and
S100PBPR

Because there are no antibodies available for the detec-
tion of S100PBPR, to demonstrate an in vivo interaction
between S100P and S100PBPR we used exogenous ex-
pression of S100P-V5-His and S100PBPR-FLAG in 293
cells. The expression levels of S100P-V5-His in control
and test cell lysates were determined by Western blot
(Figure 3A). S100PBPR was immunoprecipitated with anti-
FLAG M2 affinity agarose and Western blot confirmed the

presence of S100P-V5-His. In this system S100P was found
to co-immunoprecipitate with S100PBPR (Figure 3B).

S100PBPR Expression in Normal Tissues

RNAs from normal pancreas, brain, breast, spleen, liver,
and lung tissues were screened for S100PBPR expres-
sion by RT-PCR. S100PBPR was found to be present in
normal brain, breast, spleen, and lung, and virtually ab-
sent in normal pancreas and liver (Figure 4).

Expression of S100P and S100PBPR in
Pancreatic Cancer

Overexpression of S100P has previously been reported
in PDAC.20,23–26,31,32 However, the stage of pancreatic
cancer at which S100P is expressed is at present un-
known. To deduce this and the status of S100PBPR in
pancreatic cancer, quantitative real-time PCR for S100P
and its binding partner was conducted on 8 PanIN sam-
ples, 16 PDAC specimens, 6 cases of CP, and 10 pan-
creatic cancer cell lines (Figure 5; A to D).

Figure 5A shows S100P expression in PanIN, PDAC,
and CP samples. S100P was found to be up-regulated
more than fourfold in 4 of 8 PanIN samples and in 13 of 16
PDACs, whereas there was no up-regulation of S100P
transcript in any of the CP samples. Figure 5B shows the
results for S100PBPR expression levels in PanIN, PDAC,
and CP samples. As for S100P, S100PBPR was also
up-regulated in PanIN and PDAC cases, with greater
than fourfold up-regulation in 5 of 8 PanIN samples and
12 of 16 PDAC specimens. Four of six CP samples also
revealed greater than fourfold up-regulation of
S100PBPR. Figure 5, C and D, shows expression levels of
S100P and S100PBPR, respectively, in pancreatic cell
lines compared to primary ductal cells. S100P was up-
regulated greater than fourfold in Mia Paca2, MDA
Panc3, FA6, SUIT2, HPAF, T3M4, and Paca44 cell lines,
and interestingly more than twofold in the immortalized
cell line HPDE, which was derived from normal duct cells.
S100PBPR was up-regulated greater than fourfold in Mia
Paca2, Panc1, T3M4, and Paca44, as well as in HPDE.

To determine which cells express S100PBPR in both
normal pancreas and PDAC specimens we conducted in
situ hybridization experiments. Results for S100PBPR in
situ hybridization on a section of normal pancreas are
shown in Figure 6A. Interestingly, in the normal pancreas,

Figure 2. Cellular localization of S100P and S100PBPR. HeLa cells were
transiently transfected with pEGFP-S100PBPR or the pEGFP vector and en-
dogenous S100P was detected by immunocytochemistry using S100P mono-
clonal antibodies and Alexa Fluor 568 goat anti-mouse secondary antibodies.
A: Nuclear expression of S100PBPR-GFP in transfected HeLa cells. B: Endog-
enous expression of S100P protein in HeLa cells. C shows both S100PBPR-
GFP and endogenous S100P and D shows cells expressing GFP alone. Cells
were observed using a fluorescence microscope. S100PBPR-GFP (A) local-
izes to the nucleus unlike GFP alone (D), which is found throughout the cell.
S100P localizes with S100PBPR-GFP in the nucleus (C) but can also be found
in the cytoplasm (B).

Figure 3. Co-immunoprecipitation of S100P and S100PBPR.293 cells were
transiently co-transfected with expression vectors encoding S100P-V5-His
and S100PBPR-FLAG. In both A and B, the samples in lanes 1 to 3 consist of
293 cells transfected with S100PBPR-FLAG expression vector and pcDNA3.1/
V5-His vector only (lane 1), expression vector for S100P-V5-His and pCMV-
Tag vector only (lane 2), S100PBPR-FLAG and S100P-V5-His expression
vectors (lane 3). Samples in lanes 1 and 2 acted as negative controls in
co-immunoprecipitation experiments. A: Standard Western blot to determine
the expression levels of S100P-V5-His in transfected cell lysates. S100P-V5-
His was detected with an anti-V5 antibody (Invitrogen Life Technologies) as
a band just under 15 kd. Twenty �g of total protein was loaded for each
sample in A. From A it can be seen that the samples in lanes 2 and 3 express
approximately equal amounts of S100P-V5-His. B: Co-immunoprecipitation
experiment. S100PBPR-FLAG was immunoprecipitated using anti-FLAG M2
affinity gel (Sigma-Aldrich). Samples were eluted in 2� SDS-sample buffer
and submitted to standard Western blotting techniques for S100P-V5-His, as
outlined above. The presence of a band for S100P-V5-His in lane 3 of B
indicates S100P does co-immunoprecipitate with S100PBPR. This band was
not present in lanes 1 and 2, which were negative controls, as detailed
above.

Figure 4. S100PBPR expression in normal tissues. cDNAs made from RNA
samples isolated from normal organs were used as templates for RT-PCR to
determine the presence of S100PBPR expression. Samples were run in the
following order: lane 1, universal RNA (positive control); lane 2, pancreas;
lane 3, brain; lane 4, breast; lane 5, spleen; lane 6, liver; lane 7, lung; lane
8, negative control. S100PBPR expression was found to be present in brain,
breast, spleen, and lung, while virtually absent in normal pancreas and liver.
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S100PBPR mRNA was detected in the islet cells and at a
low level in a proportion of the acinar cell population but
not in normal ductal cells (Figure 6A). Figure 6, B and C,
shows representative S100PBPR in situ hybridization re-
sults from two different PDAC samples. In each of the five
PDAC cases studied, S100PBPR mRNA was found in the
malignant PDAC cells, in addition to the islet cells and at
varying levels in the acinar cell population. S100PBPR
transcript was also found in the infiltrating lymphocyte
population present in some PDAC samples. A sense
probe for S100PBPR was used as a negative control
(Figure 6D).

Unlike S100PBPR, a specific antibody is available for
S100P; therefore, to confirm the presence of S100P pro-
tein in PanINs we performed immunohistochemical anal-
ysis on 41 cases of PDAC with associated PanIN lesions.
A PanIN was considered to be positive for S100P if more
than 10% of cells within the lesion expressed S100P. The
41 cancer cases provided a total of 227 PanIN lesions for

analysis; these comprised 126 PanIN-1A, 52 PanIN-1B,
32 PanIN-2, and 17 PanIN-3 lesions (Table 1).

Two percent of PanIN-1A (3 of 126) and 13% of PanIN-1B
(7 of 52) expressed S100P. Figure 7B shows a represen-
tative image of S100P protein expression in PanIN-1B.
Thirty-one percent of PanIN-2 lesions (10 of 32) were
positive for S100P (Figure 7C). The progressive increase
in the proportion of S100P expressing lesions from
PanIN-1A to PanIN-1B and PanIN-1B to PanIN-2 was
found to be statistically significant (P � 0.05). The pro-
portion of lesions that expressed S100P also increased to
41% for PanIN-3 (7 of 17) (Figure 7D). Ninety-two percent
of invasive PDAC cases (38 of 41) expressed S100P
(Figure 7, E and F); this was found to be a significant
increase from the proportion of PanIN-2 and -3 lesions
positive for S100P (P � 0.01).

Normal ducts showed no expression of S100P,
whereas nuclear staining was apparent in some islet
cells, these cells appeared to be randomly distributed

Figure 5. Expression of S100P and S100PBPR in PanINs, PDACs, CPs, and pancreatic cancer cell lines, as determined by quantitative real-time PCR. Quantitative
real-time PCR was conducted on 10-ng cDNA samples using the SYBR Green method and the ABI7700 sequence detection system. All reactions were conducted
in triplicate and 18S mRNA was used as an internal standard. Values for the controls, normal donor pancreas (N) (A and B), and primary cells isolated from normal
ducts (PC) (C and D) have arbitrarily been set at 1. A and B show expression levels of S100P and S100PBPR, respectively, in PanINs (Pan), PDACs (T1-16), and
CPs (CP1-6), compared to normal donor pancreas. C and D show expression levels of S100P and S100PBPR in pancreatic cancer cell lines compared to primary
cells. In each figure the relative expression level is indicated on the y axis as a fold-change compared to normal controls.
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throughout the islet (Figure 7A). Scattered centroacinar
cells exhibited variable amounts of cytoplasmic immuno-
reactivity as well. The S100P staining pattern in PDACs
was both cytoplasmic and nuclear, as already de-
scribed;32 24 cases showed granular cytoplasmic stain-
ing that was more intensely perinuclear in 13 samples, 9
of the 41 cases exhibited predominantly nuclear staining,
whereas in 7 cases staining was both nuclear and cyto-
plasmic.

Discussion

In this study we have identified and confirmed an inter-
action between S100P and a novel protein, S100PBPR.
We have shown S100PBPR to be a binding partner of
S100P by in vitro binding assays and in vivo, by co-
immunoprecipitation from transfected cell lysates. In vitro,
we found the interaction between these proteins to be
dependent on the presence of divalent cations, Ca2� and
Mg2�. This is consistent with a study by Gribenko and
Makhatadze,48 which found that the EF-hands of S100P
are able to bind Ca2� and Mg2�, but not Zn2�, when
these ions are at physiological concentrations. It also
revealed that metal binding was accompanied by con-
formational changes in S100P that result in the exposure
of hydrophobic surfaces. In a subsequent study, the
same authors showed that binding of a target peptide to
Ca2�-S100P was driven by hydrophobic interactions.49

Very little information is available for S100PBPR. It was
originally cloned from a pancreatic epithelioid carcinoma
library and is located at 1p34.3. Despite a comprehen-

Figure 6. S100PBPR expression in normal pancreas and PDACs, as determined by in situ hybridization. In situ hybridization was conducted using the Ventana
Discovery System with digoxigenin-labeled riboprobes. The presence of S100PBPR mRNA is indicated by a blue signal. A: S100PBPR expression in normal
pancreas. B and C: S100PBPR expression in two representative PDAC samples. D: In situ hybridization conducted with a sense S100PBPR riboprobe, used as a
negative control. S100PBPR was expressed in the islets of normal pancreas (I) and at a much lower level in the acinar cell population. It was not present in the
ductal cells (D) of normal pancreas (A). However, in PDAC S100PBPR mRNA was detected in the malignant ductal epithelial cells (B and C). Original
magnifications, �200.

Table 1. Results of S100P Immunohistochemistry in PDAC
and Associated PanINs

No. of
lesions/cases

No. of S100P
lesions/cases Percentage

PanIN-1A 126 3 2
PanIN-1B 52 7 13
PanIN-2 32 10 31
PanIN-3 17 7 41
PDAC 41 38 92
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sive search of the available data bases no sequence or
structural homology to any other known protein could be
detected. GFP-tagged S100PBPR was found to be lo-
cated in the nucleus of HeLa cells where endogenous
S100P is also present, suggesting that an interaction
between these two proteins potentially occurs in the nu-
cleus. S100P was also located in the cytoplasm, which
was expected as it has recently been reported to be
secreted.42 A cytoplasmic and nuclear distribution for

GFP-S100P has previously been described in unstimu-
lated A431 cells; stimulation with epidermal growth factor
induced co-localization of GFP-S100P with an F-actin
associated protein, ezrin, in microvillar membrane protru-
sions.43 Immunohistochemical analyses have also de-
scribed nuclear and cytoplasmic immunoreactivity of
S100P.32,39

S100PBPR is a widely expressed protein. By RT-PCR
its expression could be detected in normal brain, breast,

Figure 7. Immunohistochemical analysis of S100P in normal pancreas, PanIN lesions, and PDAC. Representative images of S100P immunoreactivity in normal
pancreatic islets (A), PanIN-1B (B), PanIN-2 (C), PanIN-3 (D), PDAC extending into the muscle wall (E), and perineural invasion (F). Original magnifications:
�100 (A, D, E); �200 (B, C, F).
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spleen, and lung. In addition in situ hybridization analysis
showed the presence of S100PBPR transcript in pancre-
atic islets and at a lower level in a proportion of the acinar
cell population. These findings are in agreement with
expression information available for S100PBPR
(FLJ12903, Hs.369253) on the Unigene website (http://
www.ncbi.nlm.nih.gov/Unigene/), where S100PBPR ex-
pression is listed in a wide variety of normal and cancer-
ous tissues, including purified pancreatic islets.
Interestingly, in this study we also detected S100P by
immunohistochemistry in the islets of normal pancreatic
sections. These data suggest that in the healthy pan-
creas the expression patterns of S100P and S100PBPR
are highly concordant, neither of the proteins being ex-
pressed in normal ductal cells.

Both S100P and S100PBPR were found by quantitative
real-time PCR to be overexpressed in PanIN and PDAC
samples compared to normal pancreata. Data for S100P
were confirmed by immunohistochemistry, and were
found to correlate significantly with increasing grade of
PanIN lesions. Because an antibody for S100PBPR is not
yet available, in situ hybridization was used to map the
expression of S100PBPR in PDAC specimens. As for
S100P, S100PBPR transcript was found to be located in
the malignant PDAC cells. The similarity in the expression
patterns of these two proteins, both in healthy pancreas
and pancreatic cancer, provides support of a potential
interaction between them, and their up-regulation in
PanIN lesions indicates that they may both be involved in
early pancreatic cancer development.

To date, there have been many studies describing the
expression profiles of normal pancreas, CP, and PDAC
samples;17–31,50 however, the analysis of PanINs has
been hampered by the difficulty of obtaining sufficient
material and number of these samples. Not all PanINs
progress to malignant disease and it is hoped that anal-
ysis of these precursor lesions will result in the identifica-
tion of genes that can be used to determine high-risk
PanINs, ie, those likely to progress to invasive PDAC.
Alterations in the sequence or expression levels of K-Ras,
HER2/neu, p16INK4a, BRCA2, p53, DPC4, cyclin D1, and
p21 have previously been described in these precursor
lesions and a genetic progression model of PDAC is
beginning to emerge.12,51,52

Although overexpression of S100P in PDAC has been
well documented,20,23–26,31,32 in the current study we
show S100P expression also in PanIN lesions. S100P was
detected in only 2% of PanIN-1A but its expression in-
creased significantly to 13% of PanIN-1B, 31% of PanIN-2,
and 41% in PanIN-3 lesions. The percentage of positive
cases was again found to increase significantly to 92% in
invasive PDAC. These data allow us to add S100P to the
existing model of pancreatic cancer progression. To
date, K-Ras activation and overexpression of HER2/neu
are the earliest changes in precursor lesions, being ob-
served in PanIN-1A and PanIN-IB.7,53–56 These changes
are closely followed by an increase in the number of
p21-expressing lesions. Biankin and colleagues12 found
32% of PanIN-1B to be positive for p21; it is thought this
may be a direct result of Ras activation or HER2/neu
overexpression. Because S100P expression is observed

in 13% of PanIN-1B it can be placed as one of the genes
whose expression is altered very early in the develop-
ment of PDAC. Loss of p16 is observed slightly later in the
progression model, primarily in PanIN-2 and -3.8,9,57 Al-
tered p53 expression, cyclin D1 elevation, decreased
DPC4, and BRCA2 loss of heterozygosity are later aber-
rations and occur at a lower frequency.5,10–13,55,58 Ex-
pression of S100P was found to be twice as prevalent in
invasive PDAC (92% of cases) as in PanIN-3 lesions
(41% of cases), suggesting that S100P may play an
important role in progression from PanINs to invasive
PDAC. As a result, S100P could prove to be a valuable
marker for the prediction of clinically relevant PanINs, ie,
those lesions that are likely to progress and may therefore
require intervention.
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