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Abstract
Pancreatic ductal adenocarcinoma (PDAC) is a highly aggressive malignancy with a very low median survival

rate. The lack of early sensitive diagnostic markers is one of the main causes of PDAC-associated lethality.
Therefore, to identify novel pancreatic cancer biomarkers that can facilitate early diagnosis and also help in the
development of effective therapeutics, we developed RNA aptamers targeting pancreatic cancer by Cell-
systematic evolution of ligands by exponential enrichment (SELEX) approach. Using a selection strategy that
could generate aptamers for 2 pancreatic cancer cell lines in one selection scheme, we identified an aptamer
SQ-2 that could recognize pancreatic cancer cells with high specificity. Next, by applying 2 alternative approaches:
(i) aptamer-based target pull-down and (ii) genome-wide microarray-based identification of differentially
expressed mRNAs in aptamer-positive and -negative cells, we identified alkaline phosphatase placental-like 2
(ALPPL-2), an oncofetal protein, as the target of SQ-2. ALPPL-2 was found to be ectopically expressed in many
pancreatic cancer cell lines at both mRNA and protein levels. RNA interference-mediated ALPPL-2 knockdown
identified novel tumor-associated functions of this protein in pancreatic cancer cell growth and invasion. In
addition, the aptamer-mediated identification of ALPPL-2 on the cell surface and cell secretions of pancreatic
cancer cells supports its potential use in the serum- and membrane-based diagnosis of PDAC. Cancer Res; 73(6);
1934–45. �2012 AACR.

Introduction
Pancreatic adenocarcinoma is one of the few cancers for

which the survival rate has not improved in the last 40 years.
Around 90% of these pancreatic tumors are pancreatic ductal
adenocarcinomas (PDAC; ref 1). While complete surgical
removal is the only curative option for this disease, only
15% to 20% of these tumors are resectable at the time of
diagnosis (2). The lack of early diagnostic markers poses a
major problem for timely detection (3, 4). Therefore, there is an
urgent need for the development of novel pancreatic cancer
biomarkers that can facilitate early diagnosis and aid in the
development of effective therapeutics.

Cancer cell–specific membrane proteins are considered to
be the most appropriate biomarkers because they are often
shed in body fluids in detectable amounts. By applying mass

spectrometry-based proteomic approaches to pancreatic can-
cer tissue, serum, juice, urine, and cell lines (5–7), a list of
differentially expressed proteins has been identified for PDAC.
However, the large datasets obtained using these methods
require time consuming verification and validation that gen-
erally result in a high rate of false positives and low odds of
clinical translation (8). In addition, due to their amphipathic
nature (9) and low abundance, membrane proteins have
always been under-represented in such comprehensive prote-
ome analysis studies. As an alternativemethod, specific probes
can be developed for membrane proteins that can be used as
tools to separate and enrich the bound target protein, which
can then be analyzed using conventional techniques.

Nucleic acid probes, aptamers, can bind to its target mol-
ecule with high affinity and specificity. Using an in vitro
iterative selection process known as systematic evolution of
ligands by exponential enrichment (SELEX; refs.10–12), apta-
mers have been generated for a number of disease-associated
proteins. In addition to rationally chosen purified proteins,
aptamers can also be generated against complex targets such
as live cells and tissues using cell-SELEX (13). By applying Cell-
SELEX approach to cancer cell lines and cell secretions, novel
biomarkers have been identified that can be directly applied to
clinical diagnosis and therapeutics (14–17)

Cancer cells are highly heterogenic in nature and pancreatic
cancer cell lines that are in use also show similar variations
in genetic and proteomic make-up. Thus, to avoid these
variations and to select aptamers that could be targeted to
pancreatic adenocarcinoma of ubiquitous presence, we select-
ed aptamers for 2 pancreatic cancer cell lines, Panc-1 and
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Capan-1, in one selection scheme. For counter selection, we
used normal human pancreatic ductal cells, HPDE-E6E7-c7
(HPDE; refs. 18, 19). Using this Cell-SELEX approach with a
positive/negative selection strategy, we identified a 20-F–mod-
ified RNA aptamer that specifically binds to pancreatic ade-
nocarcinoma cells. An oncofetal antigen, alkaline phosphatase
placental-like 2 (ALPPL-2), was identified as the aptamer target
protein. ALPPL-2 was found to be a novel PDAC-associated
proteinwhose expression correlates with increased cell growth
and invasion. The fact that ALPPL-2 is ectopically expressed on
the cell surface of many pancreatic cancer cell lines and can
also be detected in cell secretions, makes this oncofetal protein
an attractive target for the serum- and membrane-based
diagnosis of PDAC.

Materials and Methods
Cell culture
Pancreatic cancer cells obtained from the American Tissue

Culture Collection were cultured in humidified conditions at
37�C in a 5% CO2 atmosphere as indicated: Panc-1 (Dulbecco's
Modified Eagle's Medium; DMEM), Capan1 (Iscove's Modified
Dulbecco's Medium; IMDM), MiaPaCa-2 (DMEM), Bxpc-3
(RPMI), AsPC-1 (RPMI), Cfpac-1 (IMDM), and Hpaf-II (mini-
mum essential medium) supplemented with 10% or 20%
(Capan-1) FBS (Invitrogen) and 100 U/mL penicillin–strepto-
mycin (Invitrogen). HPDE-E6E7-c6 was cultured in keratino-
cyte serum-free media with growth supplements as described
earlier (19).

Cell-SELEX
The starting 20-F modified RNA library was prepared by

in vitro transcription of a DNA library containing a 40 nt
random region and primer binding sites [50-ATACCAGCT-
TATTCAATT (N40)AG ATAGTAAGTGCAATCT-30] using
Durascribe T7 transcription kit (Epicentre Biotechnolo-
gies). A total of 2,000 pmols of this RNA library composed
of 1014 molecules were used for Cell-SELEX (Fig. 1) as
described earlier (20). Positive selection was carried out
with 2 human pancreatic adencarcinoma cell lines, Panc-1
and Capan-1, altering each other through the selection
rounds. Briefly, the 20-F RNA library was denatured in
binding buffer [4.5 g/L glucose, 5 mmol/L MgCl2, 0.1
mg/mL yeast tRNA, and 1 mg/mL bovine serum albumin
(BSA) in Dulbecco's PBS] at 95�C for 5 minutes. A total of
5 � 106 cells grown as a monolayer were incubated with 500
nmol/L of the library at 4�C for 30 minutes. The unbound
sequences were partitioned by 2 successive washes in wash
buffer (Dulbecco's PBS containing 4.5 g/L glucose and 5
mmol/L MgCl2) for 5 minutes each. The cells were then
collected by scraping in wash buffer, and the bound RNAs
were eluted by heating at 95�C for 5 minutes and separated
by phenol:chloroform:isoamyl (PCI) alcohol (Ambion)
extraction. The PCI-extracted RNA pool was reverse-tran-
scribed using ImProm-IIReverse Transcription System
(Promega) and 5 pmols of N40 reverse primer (50-AGATTG-
CACTTACTATCT-30) and PCR amplified using N40 reverse
and forward primer [containing T7 promoter (underlined)

(50GGTAATACGACTCACTATAGGGAGATACCAGCTTATT-
CAATT-30) pairs. The purified PCR product was transcribed
in vitro and used for the next round. After 10 rounds of
continuous positive selection, 2 intermediate negative
selections were carried out with 1 � 107 HPDE cells, and
the unbound sequences were used for further positive
selections until the 14th round. Enrichment in the binders
was quantified by quantitative real-time PCR (qRT-PCR).
In the 14th round, sequence pool was cloned using a TA
Cloning Vector Kit (RBC Bioscience Corp.). Seventy clones
were sequenced and analyzed for consensus using Multi-
align software (21).

Aptamer Kd determination and size minimization
The screening of potential aptamers and calculation of their

binding affinity was done by qRT-PCR. SQ-2 size truncation
was done based on its secondary structure predicted by RNA
draw V1.1b2 (22). The binding affinity for SQ-2(6-30) was
determined by NC-3000 nucleocytometer (ChemoMetec).
Detailed protocols are given in Supplementary Methods.

Enrichment of Panc-1(SQ-2-ve), Panc-1(SQ-2þve)
populations of Panc-1

The SQ-2–binding Panc-1 cell population was separated
from the nonbinding cells by labeling them with SQ-2-biotin
followed by magnetic separation as described in Supplemen-
tary Materials and Methods. Panc-1(SQ-2 positive) cells were
enriched for 10 such selection rounds to get nearly 100% SQ-2
positive cells. Panc-1(SQ-2 negative) cells were enriched for 3
cycles to reach 100% SQ-2 negative cells. For brevity, these
enriched subpopulations are termed as Panc-1 positive and
Panc-1 negative.

SQ-2 target pulldown and peptide analysis
Capan-1 cells (�1 � 108 cells) were washed twice with

chilled hypotonic buffer [50 mmol/L Tris-HCl (pH 7.5)] and
then incubated with the same hypotonic buffer containing
protease inhibitors at 4�C for 30 minutes. The buffer was
completely removed, and after 2 washes, the cells were lysed
in 5 mL of membrane lysis buffer (PBS containing 5 mmol/L
MgCl2 and 1% Triton X-100) containing protease inhibitors at
4�C for 30 minutes. The lysate was clarified by centrifugation
and the supernatant was concentrated using 10 kDa centrif-
ugal cut-off filters (Amicon). The concentrated membrane
lysate was incubated with 200 pmols of SQ-2(6-35)-biotin or
biotinylatedmutant oligo (St Pharm Inc.) at 4�C for 30minutes
along with a 100-fold excess concentration of yeast tRNA
(Invitrogen). The SQ-2–protein complex was captured by
further incubating with 25 mL of preblocked streptavidin–
agarose beads (Thermoscientific) at 4�C for 60 minutes. The
SQ-2–protein–agarose bead complex was collected by centri-
fugation and washed 4 times with the lysis buffer. The SQ-2(6-
35) or mutant oligo-bound proteins were eluted from the
complex by incubation with 50 units of RNAse I (MBI-Fer-
mentas) at 37�C for 10 minutes. The eluate was partitioned
from the beads by centrifugation and analyzed on 4% to 15%
SDS-PAGE. Peptide analysis of the SQ-2 pull-down protein was
done by liquid chromatography-electrospray-tandem mass
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spectrometry and a MASCOT database search facility from
ProteomeTech Inc.

Genome-wide microarray
For aptamer target identification, total RNA was extracted

using TRI Reagent and an RNeasy mini kit (Qiagen, GmbH,
Hilden) in accordance with the manufacturer's protocols. Total
RNA was processed for double-stranded cDNA synthesis and
labeling in accordance with NimbleGen Arrays User's guide, as
described earlier (23). Expression datawere normalized through
quantilenormalizationandRobustMultichipAveragealgorithm
(24). mRNAs with more than a 2-fold difference in expression in
Capan-1, Panc-1, Panc-1–negative, and Panc-1–positive cells
relative to HPDE were identified and arranged in order of most
to least differential expression in Panc-1–positive relative to
Panc-1–negative cells. To identify ALPPL-2–regulated genes via
siRNA-based gene knockdown, Panc-1–positive cellswere trans-
fected with ALPPL-2 or siGFP control siRNAs for 48 hours,
followed by RNA extraction andmicroarray sample preparation
as described above. Genes that showed 1.5-fold or more differ-
ential expression with both the ALPPL-2–targeting siRNAs
relative to siGFP and transfection reagent controls were visu-

alized with Java tree view and functionally categorized using a
web-based program, Database for Annotation, Visualization
and Integrated Discovery (25). Enrichment in gene ontology
terms, for differentially expressedgenes,was seen at Fisher exact
P < 0.05 and count threshold 2. Gene expression data sets have
been deposited in the Gene Expression Omnibus.

siRNA transfection and qRT-PCR
Panc-1–positive cells were transfected with 10 nmol/L of

siRNAs using the Lipofectamine 2000 reagent at the concen-
trations indicated by the manufacturer (Invitrogen). siRNA
electroporation was done according to ref. (26) withsome
modifications. Total RNA was extracted using isol-RNA lysis
reagent (ref. 5; PRIME Inc.), reverse transcribed, and analyzed
by qRT-PCR. qPCR data for each gene product were normal-
ized with GAPDH mRNA or 18S rRNA. Detailed protocols are
given in Supplementary Methods.

Fluorescence microscopy and nucleocounter NC3000
analysis

Cells grown on glass bottom petri dishes were incubated
with 50 nmol/L of 30-TAMRA–labeled SQ-2(6-30) or themutant

Figure 1. Cell-SELEX based identification of PDAC specific aptamer SQ-2. A, pancreatic cancer cell-SELEX scheme. B, enrichment of binders through SELEX.
A total of 50 nmol/L of the starting RNA library and the 5th, 10th, and 14th round pools were tested for binding to Capan1, Panc1, and HPDE by
RT-PCR. Binding relative to the starting library is shown.C, binding efficiency and specificity of the 8 selected aptamers for Capan1 andPanc-1 in comparison
with HPDE. D, cells were incubated with increasing concentrations of SQ-2 and the binding was analyzed by RT-PCR. The ligand binding curves and Kd

values obtained for Panc-1 and Capan1 are shown. No saturation in binding was observed with HPDE until a 10 mmol/L concentration. Data are represented
as mean � SE of 3 independent measurements.
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sequence in culture medium for 20 minutes at 37�C. Fol-
lowing 2 quick washes, images were acquired using fluores-
cence microscope (Olympus IX-81) and Metaview imaging
software at �200 or �400 magnification. To quantify the
reduction in aptamer binding upon ALPPL-2 knockdown,
cells were incubated with 50 nmol/L of TAMRA-labeled SQ-2
(6-30) and 10 mg/mL of Hoechst 33342 for 20 minutes at
37�C. Cells were washed with culture media 2 times and
collected by gentle scraping. The cell pellet was resuspended
in 100 mL of culture medium and immediately analyzed on
Nucleocounter NC-3000 (Chemometec) using user adaptable
protocols. Five thousand cells were analyzed and the mean
fluorescence intensity of cells with SQ-2-TAMRA binding
was calculated.

Invasion assay
Panc-1–positive cells transfected with ALPPL-2 siRNAs

for 72 hours were resuspended in DMEM containing 0.1%
BSA. A total of 1 � 105 cells were added on to Matrigel-
coated polyethylene tetrapthalate filters of 8 mmol/L pore
size (BD falcon) in a 24-well plate. Serum containing 10%
DMEM was used as a chemoattractant in the lower cham-
ber. After 18 to 20 hours of incubation, the inserts were
stained with 0.1% crystal violet solution in methanol. Cells
from the underside of the membrane were counted under
microscope and are represented as the number of invaded
cells.

Results
Aptamer selection and characterization

To select PDAC-specific aptamers, we used 2 pancreatic
cancer cell lines, Panc-1 and Capan-1, for positive selections.
The SELEXprocess beganwith selection for Panc-1–binding 20-
F–modified RNA sequences. The Panc-1–selected RNA pool
was used for positive selection for Capan-1. Ten rounds of
positive selection (5 with Capan-1 and 5 with Panc-1) were
conducted (Fig. 1A). The RNA pool obtained from the 10th
positive selection was used for counter selections with HPDE
cells, and the unbound RNA pool was directly used for positive
selections. Two such alternating negative/positive selection
cycles were conducted.

The enrichment of binders during the selection process
was measured using qRT-PCR. The starting N40 library and
the 5th, 10th, and 14th round pools were tested for binding
to Panc-1, Capan-1, and HPDE cells. Both Panc-1 and Capan-
1 cells showed an increase in the percentage of binders with
increasing cycles when compared with the starting library
(Fig. 1B). Because the 14th round pool showed significant
enrichment, the SELEX process was discontinued, and the
RNA pool was cloned and sequenced. Sequences were
aligned into families according to sequence homology. As
shown in Table 1, 8 distinct sequences were identified; their
binding to Capan-1 and Panc-1 was 2 to 11 times higher than
that of the initial library (Fig. 1C). Aptamer binding was also
confirmed by fluorescence microscopy using a TAMRA-
labeled reverse primer annealed to the aptamer sequences
(data not shown). Finally, based on the aptamer specificity
for Panc-1 and Capan-1 cells relative to HPDE and the
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binding affinity, the SQ-2 aptamer was chosen for further
analysis. The saturation curves of SQ-2 for Capan-1 and
Panc-1 show a Kd value of 24.7 and 22.5 nmol/L, respectively.
Concentration-dependent binding with no saturation even
up to a 10 mmol/L concentration indicates a nonspecific
binding for HPDE (Fig. 1D).

SQ-2 structure-based serial truncations identified 25 nt
miniaturized aptamer SQ-2(6-30), with binding affinity
and specificity similar to the full-length form

The predicted secondary structure of full-length SQ-2 (78
nt) shows folding into a 3-way stem loop structure (Fig. 2A).
To further use the aptamer in target identification, imaging,
or therapeutics, the full-length SQ-2 needed to be reduced to
a size amenable for chemical synthesis with minimal loss in
target binding. Several serially truncated versions of the SQ-2
aptamer were generated and tested for binding to Capan-1.
Deletions of the primer-binding regions indicated that the

aptamer random region alone is insufficient to bind to the
target cell. Although the 30-primer–binding region was dis-
pensable, deletion of the 50-primer–binding region
completely abolished aptamer binding (Fig. 2B), suggesting
that the 50-primer–binding region may be a part of the
aptamer target-binding domain. Additional structures based
on stem-loop truncations from the 30-end or 50-overhang
revealed a 25 nt minimal binding domain SQ-2(6-30), which
showed binding similar to full-length SQ-2 (Fig. 2B and C).
The binding affinity of the chemically synthesized minimiz-
ed aptamer SQ-2(6-30) was determined to be 20 nmol/L
for Capan-1 cells, which is similar to that of full length SQ-2
(Fig. 2D). Fluorescence microscopic analysis of SQ-2(6-30)
binding to Capan-1 and Panc-1 showed distinct binding to
the cell membrane (Fig. 2E). Interestingly, although the apta-
mer bound to 100% of the Capan-1 cell population, it only
recognized a subset of Panc-1 cells. No binding was seen with
HPDE cells.

Figure 2. SQ-2 structure-based size minimization to SQ-2(6-30). A, two-dimensional structure of full-length SQ-2 as predicted by RNA draw. The 50 and 30

primer-binding regions are marked in gray boxes. B, SQ-2 devoid of primer binding regions or 30 end stem loops were tested for binding to Capan-1
relative to full-length SQ-2 by RT-PCR. The final length of truncated versions is indicated. C, two-dimensional radial drawing of the 25 nt long final truncated
structure SQ-2(6-30). D, binding affinity of chemically synthesized SQ-2(6-30)-TAMRA was calculated by nucleocytometer. E, fluorescence microscopic
analysis of SQ-2(6-30) binding. Cells grown on glass bottom petri dishes were incubated with 50 nmol/l of SQ-2(6-30)-TAMRA. A scrambled SQ-2
sequence was used as nonspecific binding control. Images were acquired at �400 magnification and the scale bar represents 50 mmol/L.
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SQ-2 target identification via aptamer-mediated
membrane protein pull-down and analysis of
differentially expressed mRNA in Panc-1–negative
and -positive cells
The complete loss in SQ-2(6-30) binding to protease K-

treated Capan-1 cells confirmed that the target is a membrane
protein (Supplementary Fig. S1). In addition, only partial loss in
binding to trypsin-treated cells indicates that either the target
protein has some resistance toward trypsin or is present in
membrane domains that are inaccessible to trypsin. Further
identification of the target protein was conducted via SQ-2(6-
35)-biotin and streptavidin–agarose-based pull-down from the
membrane lysate. A nonfunctional mutant SQ-2(6-35) served
as a control for nonspecific oligonucleotide-binding proteins.
Aptamer-bound proteins were eluted by RNAse I treatment
and finally resolved on a precast gradient gel under denaturing
conditions. Colloidal Coomassie staining revealed a distinct
band around 65 kDa thatwas present in the SQ-2 pull-downbut
not in the mutant (marked as B1, Fig. 3A). In addition, the
absence of this band in the presence of high concentrations of
biotin-free SQ-2 competitor confirms that this is the target
protein. We also identified a faint band at 130 kDa that was
specific to SQ-2 (marked as B2). Mass spectroscopic analysis of
these bands, B1 and B2, revealed a commonmatch of ALPPL-2
(Table 2).
ALPPL-2 is known to be present on cell membranes via

glycosylphosphatidylinisotol (GPI) anchors in monomeric and
dimeric forms. They undergo dimerization by hydrogen bond-
ing and Van der Waals linkages (27) and are structurally very
heat resistant (28). Furthermore, ALPPL-2 that contains 2
asparagine-linked glycosylation, migrates on gel as a 65 kDa
product (29). The membrane localization of ALPPL-2, its
occurrence as a dimer, the correlation between its actual size
(57 kDa) and that of the glycosylated protein on gels (65 kDa,
130 kDa), and its resistance to heat and mercaptoethanol all
suggest that both the bands B1 and B2 are ALPPL-2.

In a parallel strategy, we tried to identify the target by taking
advantage of Panc-1 heterogeneity. Only a subpopulation of
Panc-1 cells show binding to SQ-2, suggesting that the target
protein expression is limited to a certain clonal population in
this cell line. On the basis of this clonal difference, SQ-2–
positive and SQ-2–negative Panc-1 cell line clones were sep-
arated by live cell pull-down. Repeated selections resulted in
pure Panc-1–positive and Panc-1–negative cell lines (Fig. 3B).
Using genome-wide microarray, we compared the mRNA
expression in these Panc-1 sublines and in Capan-1 and HPDE.
Genes with 2-fold or more differential expression in Panc-1–
positive relative to Panc-1–negative cells resulted in 450 tran-
scripts. The top 10 differentially expressed transcripts in Panc-
1–positive cells are listed in Supplementary Table S1. ALPPL-2
was the second and third transcript on the listwithmore than a
500-fold difference in expression. Although placental alkaline
phosphatase (ALPP), anothermember of ALPP family, was first
on the list, 2 of the 3 ALPP probes used in the chip had a 100%
match to ALPPL-2.

Target validation by ALPPL-2 gene knockdown and
immunoassay

The SQ-2–bound target protein was confirmed to be
ALPPL-2 by aptamer-based pull-down, followed by Western
blot analysis with ALPPL-2 antibody. The ALPPL-2 band
was observed in SQ-2 pull-downs of Capan-1 and Panc-1–
positive cells but not in Panc-1–negative cells (Fig. 4A).
Furthermore, we designed siRNAs that could specifically
silence ALPPL-2 in Panc-1–positive cells, and tested SQ-2
binding in ALPPL-2 knockdown conditions. More than 80%
knockdown in ALPPL-2 mRNA and protein was seen with
siALPPL-2–2 and siALPPL-2–3 (Fig. 4B and C). Fluorescence
microscopy and nucleocytometer analysis of Panc-1–posi-
tive cells transfected with these siRNA showed 90% loss in
aptamer binding (Fig. 4D and E), confirming that SQ-2
binds to ALPPL-2.

Table 2. Mass-spectroscopy analysis data of SQ-2 specific bands B1 and B2

Protein MWt Matches Score

B1 MS data
gij119591402 Alkaline phosphatase,

placental-like 2, isoform CRAc
57212 38 329

gij13786807 Chain A, Crystal structure
of a human phosphatase

55556 38 312

gij6453491 Hypothetical protein 31469 2 26
gij2114239 POM121-like 2 22011 1 24
B2 MS data
gij11935049 Keratin-1 66027 9 168
gij119591402 Alkaline phosphatase,

placental-like 2, isoform CRAc
57212 3 72

gij28317 Unnamed protein product 59492 3 59
gij22028256 Similar to heterogeneous

nuclear ribonucleoprotein U
58286 3 50

gij18916718 KIAA1939 protein 122909 2 34
gij12803709 Keratin-14 51619 2 34
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SQ-2 binds to both ALPPL-2 and ALPP
ALPP and ALPPL-2 proteins differ by only 10 amino acids

resulting in 98% homology (27). Because of this high structural
similarity, immunoassays fail to specifically identify one iso-
zyme in the presence of the other (30, 31). They can only be
clearly differentiated by using gene-specific primers (31). To
determine the specificity of SQ-2 for these isozymes, we first
checked the mRNA expression of ALPP and ALPPL-2 by using
specific primer sets. qPCRwas carried out using these primers;
the Ct values show that while only ALPP is expressed in HPDE,
both of the isozymes are expressed in Capan-1 and Panc-1
(Supplementary Fig. 2A). Moreover, the SQ-2–based selection
of Panc-1–positive and Panc-1–negative cell types led to a
significant difference in expression of ALPPL-2 in these sub-

lines, but only a marginal difference in the case of ALPP
(Supplementary Fig. 2B). This suggests that either the aptamer
has poor affinity for ALPP or the selection was driven by
ALPPL-2 due to its higher basal expression over ALPP.

Next, we screened some ALPP-targeting siRNAs in Panc-1–
positive cells and found one siRNA that could specifically
knockdown ALPP mRNA levels by 80% without affecting
ALPPL-2 mRNA (Supplementary Fig. S2C). ALPP knockdown
in Panc-1–positive cells did not affect the binding of SQ-2–
TAMRA. In addition, the transfection of ALPP and ALPPL-2
siRNAs together did not further reduce SQ-2 binding in com-
parisonwith that of siALPPL-2 alone (Supplementary Fig. S2D).
We suspected thatmore than a 3-log increase in the expression
of ALPPL-2 may have masked the effect of ALPP knockdown
on SQ-2 binding. Therefore, we conducted the same study
in Capan-1, where ALPP and ALPPL-2 have similar expression
levels. However, because this cell line is hard to transfect using
standard transfection reagents, we conducted siRNA electro-
poration and obtained 70% and 60% silencing of ALPPL-2 and
ALPP, respectively (Supplementary Fig. S2E). An SQ-2–
TAMRA–binding study under both ALPP and ALPPL-2 knock-
down conditions showed significant reductions in SQ-2 bind-
ing (Supplementary Fig. S2F). The knockdown of both the
isozymes together showed nearly complete loss in binding,
confirming that both ALPPL-2 and ALPP bind to SQ-2. How-
ever, the identification of only ALPPL-2 in the mass spectro-
metric analysis of SQ-2 pull-downs from Capan-1 cells and the
preferential enrichment of ALPPL-2 in Panc-1–positive cells
suggests that SQ-2 may have a higher affinity for ALPPL-2.

ALPPL-2 is ectopically expressed in PDAC cells and can
also be detected in the cell secretome

ALPPL-2 mRNA and protein expression was checked in
other PDAC cell lines. In addition to Capan-1 and Panc-1, 3
more PDAC cell lines, HPAF-II, BxPC-3, and AsPC-1, showed
ectopic expression of ALPPL-2 mRNA and protein (Fig. 5A and
B). Fluorescence microscopic analysis of SQ-2 binding to these
cells showed a heterogenic pattern similar to Panc-1 with
around 10% to 20% SQ-2–positive population across these
cells (Supplementary Fig. S3). However, no significant
ALPPL-2 mRNA or protein could be detected in MiaPaCa2
and CFPAC-1 cells. The monoclonal ALPPL-2 antibody used in
our study recognizes a stretch of 365 to 455 amino acids, which
is similar to that of ALPP except at position 429where glycine is
replaced with glutamine. Studies have shown that although
this single amino acid difference imparts some degree of
specificity to the ALPP and ALPPL-2 antibodies, they can still
bind to the other isozyme with a slightly reduced affinity (32).
Therefore, the protein levels of ALPPL-2 studied using this
antibody may have been affected by the presence of ALPP. As
none of the currently available antibodies can clearly differ-
entiate between these isozymes, it is hard to validate the results
of these immunoassays (30, 31).

Placental ALPPs are known to be secreted and has shown a
potential use for serum-based diagnosis of seminomas (33).
Therefore, we also checked whether ALPPL-2 could be
detected from the cell secretions of PDAC cells. Conditioned
medium prepared from both Capan-1 and Panc-1–positive

Figure 3. Aptamer SQ-2 target identification from Capan-1 and Panc-
1þve cells. A,Capan-1membrane lysatewas incubatedwithSQ-2(6-35)-
biotin for 30 minutes at 4�C. The bound protein was pulled-down using
streptavidin agarose beads and resolved on denaturing gradient SDS-
PAGE. Colloidal Coomassie blue staining of gel identified SQ-2–specific
bands B1 and B2, marked as asterisk at 65 kDa and 130 kDa,
respectively. A nonfunctional SQ-2 mutant was used as control for
nonspecific oligonucleotide-binding proteins. Incubation with a 20-fold
higher concentration of free SQ-2 inhibits the SQ-2–biotin mediated pull-
down of B1 and B2. Results are representative of 3 independent pull-
down experiments. B, enrichment of Panc-1 to Panc-1 positive and
Panc-1 negative populations by SQ-2–biotin–mediated live cell pull-
down andmagnetic separation. SQ-2 Positive and SQ-negative cell lines
were obtained after 10 and 3 enrichment rounds, respectively. SQ-2–
TAMRA binding confirms the purity of the Panc-1 subpopulations. Scale
bar represents 100 mmol/L.
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cells showed that ALPPL-2 was present in easily detectable
amounts (Fig. 5C). Furthermore, SQ-2-mediated ALPPL-2 pull-
down from the cell secretions indicates that both the aptamer
and the antibody can be used for the detection of ALPPL-2 in
the PDAC secretome.

ALPPL-2 regulates cell growth and invasion in PDAC
cells
Although ALPPL-2 was found to be present in certain tumor

tissues and cell lines, the physiologic significance of their
expression and release remains obscure. To understand the
role of ALPPL-2 in PDACprogression, we studied cell growth in
Panc-1–positive cells transfected with ALPPL-2 siRNAs. A
Trypan blue dye exclusion assay of cells 72 hours posttransfec-
tion showed about a 20% reduction in cell number in ALPPL-2
knockdown conditions (Fig. 6A). Panc-1–negative cells that
lack ALPPL-2 expression also showed increased necrosis and
cell senescencewith due passages (data not shown), suggesting
that ALPPL-2 has some association with cell growth and
maintenance in PDAC cells. We also studied the invasive
potential of ALPPL-2 knockdown cells and found about a

50% reduction in Matrigel invasion in comparison with cells
transfected with control siRNA (Fig. 6B). However, treatment
of Panc-1–positive cells with SQ-2 had no effect on cell viability
or invasion (data not shown), suggesting that the aptamer itself
is not inhibitory to ALPPL-2 function.

Genome-wide microarray analysis of differentially
expressed mRNA in Panc-1–positive cells transfected with
siALPPL-2 or control siRNAs resulted in a list of genes with a
1.5-fold or more reduction in mRNA levels (Fig. 6C). Func-
tional categorization of these differentially expressed genes
identified the enrichment of gene ontology terms like cyto-
kine, peptide binding, and JAK-STAT activity (Supplemen-
tary Table S2). We picked some key downregulated genes
and validated them using qRT-PCR. Figure 6D shows that
the expression of interleukin 1 and 6 receptors that mediate
cytokine signaling (34, 35), and activation of Janus kinase
(36), were reduced upon siALPPL-2 transfection. In addition,
mRNA expression of genes involved in cell-cycle progression,
namely S-phase kinase-associated protein 2 (SKP2), cyclin
D2 (CCND2; refs. 37, 38), were also affected upon ALPPL-2
knockdown. A reduction in the mRNA levels of antiapoptotic

Figure 4. ALPPL-2 antibody and siRNA-based validation of the target. A, immunoassay of SQ-2–biotin–mediated protein pull-down from membrane lysate
confirms the target protein as ALPPL-2. B, siRNAs were designed to specifically silence ALPPL-2 but not ALPP and their target silencing efficiency
was measured by RT-PCR at 10 nmol/L concentrations. siGFP was used as a nonspecific siRNA control. ALPP and ALPPL-2 mRNA levels relative to siGFP
transfection are shown as mean � SD of 3 independent experiments. C, Panc-1 positive cells transfected with siALPPL-2–2 and siALPPL-2–3 for
72 hours were checked for ALPPL-2 protein knockdown byWestern blot analysis. D, Panc-1 positive cells transfectedwith ALPPL-2 and siGFP control for 72
hours were incubated with 50 nmol/L of SQ-2 (6-30)-TAMRA. Images were acquired using fluorescence microscope at �200 magnification. The
scale bar represents 100 mmol/L E, SQ-2–TAMRA binding was quantitated using nucleocytometer.
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protein BCL-2–related protein A1(BCL2A1; ref. 39) was also
observed.

Discussion
The misregulation of embryonic genes plays a significant

role in the cancer process (40, 41). As these oncofetal antigens
are eutopically or ectopically expressed, they serve as very
useful biomarkers in cancer diagnosis. Members of the ALPP
class have also been recognized as oncofetal antigens. Placen-
tal (ALPP) and placental like (ALPPL-2) alkaline phosphatases
seem to be associated with the malignancy of germ cells and
some nongerm cell tissues. ALPPL-2 has been found to be
overexpressed in testicular cancers and seminoma of the testis
(42, 43). Ovarian cancers often show coexpression of ALPP and
ALPPL-2 (44). These ALPPs are GPI-anchored membrane
proteins that can dimerize and are secretory in nature (45).
Using aptamer-based biomarker identification, we found that
ALPPL-2 is also expressed in PDAC. Interestingly, ALPPL-2
expression in PDAC was found to be of ectopic nature as no
mRNA or protein expression could be detected in nonneoplas-
tic HPDE cells. An earlier report on a panel of PDAC cell lines

and tissue samples analyzed by serial analysis of gene expres-
sion also identified ALPPL-2 as the most differentially
expressed gene (46). This corroborates our finding and high-
lights the clinical relevance of ALPPL-2 as a biomarker. More
importantly, identification of these ALPPs in precancerous
conditions of the colon (47) and in carcinoma in situ of the
testis, a condition that precedes all cases of testicular tumors
(43, 47), suggests its probable use in the early detection of
PDAC.

Although the ectopic occurrence of ALPPL-2 in PDAC is
intriguing, similar occurrences of ALPP in breast cancer and
bronchogenic carcinomas have been reported earlier and have
been interpreted as a consequence of the derepression of the
tumor cell genome (47). To date, there is no clear information
about the molecular switch that regulates ALPPL-2 expression
in these nongerm cell tissues. Moreover, the association of
ALPPL-2 with malignancy has never been explored. Therefore,
we tried to understand the role of ALPPL-2 in PDAC and found
that ALPPL-2 promotes pancreatic cancer cell growth and
invasion. Human trophoblastic cells overexpressing ALPP
show similar effects on cell growth and proliferation (48).

Figure 5. ALPPL-2 is ectopically
expressed in pancreatic cancer
cells and can also be detected in
the cell secretome. A, ALPPL-2
mRNAs in pancreatic cancer cells
lines were measured using qRT-
PCR. The mRNA levels relative to
Capan-1 are shown as the mean �
SD of 3 independent experiments.
No ALPPL-2 mRNA was detected
in HPDE cells (ND). B, ALPPL-2
Western blot analysis ofmembrane
lysate of pancreatic cell lines. A low
molecular weight nonspecific band
(�) was used as equal loading
marker. C, conditioned media
obtained from Capan-1 and Panc-
1 positive cells was concentrated
and subjected to SQ-2(6-35)–
biotin–mediated target protein-
down. Western blot analysis of the
conditioned media and the pull-
downs confirm the presence of
ALPPL-2 in the secretome.
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Genome-wide microarray-mediated analysis of ALPPL-2 func-
tion revealed that genes related to cytokine signaling and cell-
cycle progression were associated with ALPPL-2 expression.
Although ALPPL-2 has been known as an oncofetal antigen
since the 1980s, this is the first report that shows the tumor-
associated functions of this protein. Detailed analysis of
ALPPL-2–mediated regulation of these molecules and associ-
ated signaling pathways will further develop our understand-
ing of the presence and role of this protein in tumorigenesis.
The nonuniform expression of ALPPL-2 in PDAC cell lines is
also of interest and can be mostly attributed to the heteroge-
neous nature of PDAC (49). However, as ALPP is a marker for
embryonic and cancer stem cells (50), the possibility that these

ALPPL-2 expressing cellsmay serve as cancer stemcells cannot
be ignored.

Unlike traditional proteomic approaches, aptamer-based
biomarker identification relies on the molecular recognition
of the target from a complex proteome, which allows for the
identification of both quantitative and qualitative differences
between normal and diseased proteomes. Counter selection
with the normal proteome in cell-SELEX facilitates the iden-
tification of less abundant biomarkers that are generally
missed by most mass-spectrometric techniques due to the
"masking effect" created by more abundant proteins. This
could be the reason as to why ALPPL-2 has not been earlier
identified as a PDAC-associated protein by standardproteomic

Figure 6. ALPPL-2 regulates the proliferation and invasion of PDAC cells. A, Panc-1 positive cells transfected with ALPPL-2 siRNA for 72 hours were counted
by Trypan blue dye exclusion assay. Viable cells relative siGFP control are shown as the average of 3 independent experiments. �, P < 0.005 (paired t test)
vs. siGFP control. B, Panc-1–positive cells transfected with ALPPL-2 siRNAswere checked for invasion throughMatrigel-coated culture inserts. The number
of invaded cells and a phase contrast image of a representative field at �10 magnification. The scale bar represents 200 mmol/L. �, P < 0.015 (paired t test),
relative to siGFP control. C, mRNA levels in Panc-1–positive cells transfected with ALPPL-2 siRNAs were analyzed by microarray. Transcripts with
more than a 1.5-fold changes in expression in both the siRNAs relative to the siGFP control were collected and are shown in a tree view. D, validation of some
key genes was done by RT-PCR and their mRNA levels relative to the siGFP-transfected control are shown as the average of 3 independent experiments.
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approaches. Even though it is not an abundant protein and has
highly heterogenic expression in Panc-1 cells, its ectopic
expression in PDAC cells favored the selection of ALPPL-2–
binding aptamers in the SELEX process. The aptamer SQ-2,
identified by our cell-SELEX approach, has good affinity for
ALPPL-2 and can recognize the target in both its membrane-
bound and secretory forms. Therefore, besides having potential
use as a diagnostic tool, it also has straightforward applications
in imaging and therapeutics. Moreover, the use of SQ-2 apta-
mer is not limited to PDAC alone as it can be used for all other
cancers that have aberrant expression of ALPPL-2.While RNAi-
mediated protein knockdown studies suggest that SQ-2 also
binds to ALPP, overall it seems that there could be some
differences in its binding affinity for the 2 isozymes. Further
investigation in this area will provide a clear understanding of
its isozyme-specific bias, if any.
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