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Abstract

We have developed a fluorescence imaging-based approach to detect expression of tumor marker
genes in pancreatic cancer cells using molecular beacons (MBs). MBs are short hairpin
oligonucleotide probes that bind to specific oligonucleotide sequences and produce fluorescent
signals. MBs targeting transcripts of two tumor marker genes, mutant K-ras and survivin, were
synthesized and their specificity in detection of the expression of those genes in pancreatic cancer
cells was examined. We found that K-ras MBs differentially bind to mutant K-ras mRNAs,
resulting in strong fluorescent signals in pancreatic cancer cells with specific mutant K-ras genes
but not in normal cells or cancer cells expressing either wild type or a different mutation of the K-
ras gene. Additionally, MBs targeting survivin mMRNA produced a bright fluorescent signal
specifically in pancreatic cancer cells. We also demonstrated that MBs labeled with different
fluorophores could detect survivin and mutant K-ras mRNAs simultaneously in single cancer
cells. Furthermore, we showed that survivin and K-ras MBs have a high specificity in identifying
cancer cells on frozen sections of pancreatic cancer tissues. In conclusion, molecular beacon-based
imaging of expression of tumor marker genes has potential for the development of novel
approaches for the detection of pancreatic cancer cells.

Keywords

molecular imaging; molecular beacon; K-ras mutation; survivin; in situ gene expression detection
and pancreatic cancer cells

INTRODUCTION

Development of human cancer is a multistage process that involves a series of genetic
alterations in oncogenes and tumor suppressor genes, and abnormalities in the level of gene
expression that provide growth advantage and metastatic potential to the cells.1=3 Methods
that allow us to detect the alteration of mMRNA transcripts, either mutations or changes in the
level of gene expression are promising approaches for identifying cancer cells. In this study,
we developed a molecular beacon imaging technology for the detection of expression of
tumor marker genes in pancreatic cancer cells. Molecular beacons (MBs) are dual labeled
anti-sense oligonucleotide probes with a fluorophore at one end and a quencher at the other.
MBs form a hairpin structure in the absence of a complimentary target such that
fluorescence of the fluorophore is quenched. Upon hybridization with the target mRNAs that
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are expressed specifically in cells, the stem of MBs opens up, leading to fluorescence in the
cells.* A major advantage of the stem-loop probes is that they can recognize their targets
with a higher specificity than linear probes. Properly designed MBs could discriminate
between targets that differ by as little as a single nucleotide.>~” MBs have been used in a
variety of applications including DNA mutation detection, real-time enzymatic cleavage
assay, protein-DNA interaction, real-time monitoring of PCR, analyzing loss of
heterozygosity and mRNA detection in living cells.8~1> However, applications of this
technology for detecting the expression of tumor marker genes in cancer cells and tissues
have yet to be developed.

It is well known that the K-ras oncogene is one of the most attractive molecular markers for
pancreatic cancer.16-18 Point mutations of the K-ras gene are found in over 90% of
pancreatic carcinomas.18:17 Further, most of these mutations are concentrated at codon 12,
which makes design and synthesis of mutation-specific MBs feasible. Recently, the genes of
an inhibitor of apoptosis (IAP) protein family have been characterized. IAPs are able to
inhibit the cascade of the apoptotic pathway by inhibiting activation of caspases.19:20
Survivin, a member of the AP family, is normally expressed during fetal development but
not in most normal adult tissues. However, a high level of survivin is detected in many
human cancers, suggesting that survivin may be a specific marker for many common tumor
types.21:22 Recent studies demonstrated the presence of survivin in 77 to 83% of pancreatic
duct cell adenocarcinomas and 56% of intraductal papillary-mucinous tumors.23.24
Expression of survivin could be detected in all stages of pancreatic duct cell carcinoma
including the early stage of neoplastic transition. However, survivin was not detected in
pancreatic tissues obtained from normal subjects and patients with chronic pancreatitis.23
Absence of survivin expression in normal pancreas and pancreatic tissue of chronic
pancreatitis makes it an ideal molecular marker for pancreatic cancer cells.

In this study, we examined the feasibility of detecting pancreatic cancer cells using MBs
targeting mutant K-ras and survivin mRNAs. We showed that the MB-based molecular
imaging approach is a simple and efficient method for the detection of mRNA transcripts in
cancer cells. We also demonstrate that K-ras and survivin MBs are able to produce specific
fluorescent signals in pancreatic cancer cells as well as in frozen tissue sections of
pancreatic cancer. These findings suggest that MB-based imaging has potential for the
development of novel detection methods for pancreatic cancer.

METHODS

Human tumor and normal cell lines

Pancreatic cancer cell lines PANC-1, Capan-2, MIA PaCa-2 and BXPC-3 were obtained
from the American Type Culture Collection (ATCC, Manassas, VA). The primary normal
human dermal fibroblast cell line HDF was purchased from the Emory University Skin
Disease Center (Atlanta, GA). BXPC-3 and PANC-1 cell lines were cultured in RPMI-1640
medium and MIA PaCa-2 cells were cultured in DMEM medium. The Capan-2 cell line was
cultured in McCOY’5A medium. All the above media were purchased from Mediatech,
Herndon, VA and supplemented with 10% fetal bovine serum (FBS) (Hyclone, Logan, UT),
2 mM L-glutamine, 100 1U/ml penicillin and 100 pg/ml streptomycin. The HDF cell line
was maintained in DMEM medium with 20% FBS.

Human normal and pancreatic cancer tissues

The paired pancreatic cancer and normal tissues were collected by pathologists at Emory
University from pancreatic cancer patients during surgery to remove the tumor, according to
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an approved IRB protocol. The tissues were frozen immediately in liquid nitrogen and
stored in a —80°C freezer until further study.

Detection of K-ras mutation

Genomic DNA samples from pancreatic cancer cell lines and tissues were isolated using a
Wizard Genomic DNA Purification Kit (Promega, Madison, WI). Since human pancreatic
cancer tissues consisted of a mixture of normal and cancer cells, we used a mutant-enriched
PCR tozdetermine the presence and type of mutant K-ras gene in the pancreatic cancer
tissues.?®

One microgram of DNA samples were amplified by PCR using a K-ras exon 1 primer pair
designed to enrich the mutant K-ras gene. K-ras primers were: K-ras forward, 5'-
GAGAGAATTCTATAAACTTG-TGGTAGTTGGACCT-3' and K-ras reverse, 5'-GA-
GAGAATTCATCTGTATCAAAGAATGGTC-3'. The bold region of each primer codes
for an EcoR 1 site inserted for cloning the PCR products. The underlined base contained a G
to C mutation that created a BstN1 restriction site (5'-CCTGG-3') if a wild type K-ras
(GGT) exon 1 region was amplified. When the K-ras gene was mutated at codon 12 from
wild type GGT to GAT, GTT or TGT, this abolished the BstN1 restriction site. Therefore,
after BstN1 enzyme digestion, PCR fragments derived from the wild type gene were cut and
lost their binding sequences for the K-ras forward primer. As a result, only PCR products
containing a mutant K-ras gene could be further amplified by the K-ras primer pair.
Following the second PCR amplification, PCR fragments were further digested by BstN1
and EcoR 1. The resulting fragments were purified by gel electrophoresis and cloned into
pcDNA 3 (") plasmid (Invitrogen, Carisbad, CA). The plasmids were then transformed into
Top 10 E. coli competent cells (Invitrogen) and positive clones were selected. After PCR
amplification of the K-ras fragments from the selected clones, PCR products were
sequenced in the DNA Sequence Core Facility at Emory University.

Design and synthesis of MBs for detection of mRNAs

The designs of MBs targeting mutant K-ras and survivin mRNAs are shown in Table 1. For
each MB design, the sequence of one arm of the stem and the loop region of the MBs was
complementary to a segment of its target gene. In Table 1, the underlined bases were those
added to form a stem. K-ras MB1, K-ras MB2, survivin MB and GAPDH MB were
synthesized by MWG-Biotech Inc. (High Point, NC). A Cy3, Texas-red or FITC
fluorophore was conjugated to the 5’-end of each oligonucleotide and a quencher, 4-(4'-
dimethylamino phenylazo) benzoic acid (Dabcyl), was linked to its 3'-end.

Determination of specificity of the MBs in solution

The oligonucleotide targets for each MB, shown in Table 1, were synthesized at Integrated
DNA Technologies, Inc. (Coralville, IA). Two methods were used to determine the
specificity of the MBs:

Examination of binding of the MBs to specific DNA targets using a
fluorescence microplate reader—200 nM of MBs were mixed with 1 uM of
oligonucleotide targets in 100 pl of Opti-MEM medium (Invitrogen) in 96-well plates. Opti-
MEM medium was used because our cellular study was performed using this medium,
which gave a higher signal to noise ratio than other buffers in the cells. After incubating at
37°C (survivin MB) or 50°C (K-ras MB) for 60 minutes, fluorescence intensity in each well
was measured by a fluorescence microplate reader (Bioteck FL600 Fluorometer, Winooski,
VT).
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Detection of thermal profile of the MB/target hybridizations using a thermal
cycler—The thermal profiles of K-ras MBs hybridizing to their oligonucleotide targets or
nonspecific targets were examined using a Bio-Rad iCycler (BioRad Laboratories, Hercules,
CA). 200 nM of K-ras MBs were mixed with 1 uM of various DNA targets in 50 pl of Opti-
MEM medium. The relative fluorescence unit was then measured at temperatures ranging
from 15 to 80°C. Specifically, the temperature was first held at 95°C for 3 minutes. After the
first cycle of 80°C for 10 minutes, the fluorescence intensity was recorded at the end of each
cycle. The temperature was decreased by 5°C increments to 15°C with each step lasting for
10 minutes. Cy 3 or Texas-red fluorescent dye was used as an internal control to correct for
intrinsic changes of fluorescence with temperature.

Next, we examined whether K-ras MBs could detect the presence of mutant mRNA in total
RNA samples isolated from pancreatic cancer cell lines. Total RNAs from pancreatic cancer
cell lines were isolated using RNA Bee kit (Tel-test, Friendswood, TX). 100 nM of K-ras
MBL1 or K-ras MB2 was added to 100 pl of Opti-MEM medium containing 1 ug of total
RNA. The mixtures were incubated at 50°C for 60 minutes and the fluorescence units in
each samples were then examined using a fluorescence microplate reader.

Specific detection of mutant K-ras and survivin gene expression in pancreatic cancer cells
using the MBs

For the detection of gene expression in fixed cells, human pancreatic cancer cell lines,
PANC-1, Capan-2, MIA PaCa-2 and BXPC-3, and the control normal cell line HDF were
plated on chamber slides and then fixed with ice-cold acetone for 8 minutes. After air
drying, the slides were stained immediately or stored in a —80°C freezer until use. A mixture
of 200 nM of survivin MB and 50 nM of K-ras MB1 or K-ras MB2 diluted in Opti-MEM
medium was incubated with the fixed cells at 50°C for 60 minutes. The slides were washed
briefly with PBS and examined under a confocal microscope (LSM 510 Meta, Carl Zeiss
Microimaging, Inc., Thornwood, NY). The fluorescent images were taken using the same
instrument setting for each color.

For detection of the cancer cells expressing tumor marker genes in human cancer tissues, 5
um frozen sections of pancreatic normal and cancer tissues, fixed with ice-cold acetone for 8
minutes, were incubated with 100 or 200 nM of K-ras or survivin MB for 60 minutes and
then counterstained with 10 pg/ml Hoechst 33342 (Molecular Probes, Eugene, OR). The
slides were observed under a Nikon fluorescence microscope (Nikon Eclipse E800, Nikon
Instrument Inc. Melville, NY). Fluorescence images were taken using Optronics Magnafire
digital imaging system (Meyer Instrument, Houston, TX).

Real-time RT PCR

Two micrograms of RNA samples from pancreatic cancer cell lines were amplified with an
Omniscript RT kit using an oligo dT primer (QIAGEN Inc, Chatsworth, CA) to generate 20
ul of cDNAs. One to 2 microliters of cDNA was then quantified by Real-Time PCR with
primer pairs for K-ras exon 1 or B-actin using QuantiTect SYBR Green PCR kit (QIAGEN
Inc) and detected by Bio-Rad iCycler (BioRad Laboratories). The primer pairs for detection
of K-ras gene expression were E1 Forward 5-ATAAACTTGTGGTAGTTGGAGCT-3' and
E2 Reverse, 5-CACAAA-GAAAGCCCTCCCCA-3'. Amplification of the B-actin gene was
used as an internal control for Real-time RT-PCR. The primer pairs for the p-actin gene
were B-actin forward, 5-AAAGACCTGTACGCCAACACAGTGCT-GTCTGG-3' and B-
actin reverse, 5-CGTCATACTCCTGCTTGCTGAT-CCACATCTGC-3'. The starting
quantity of PCR products from amplification of the K-ras gene was standardized with the
starting quantity of p-actin products for each sample to obtain the relative level of gene
expression.
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Immunofluorescence staining

Frozen sections of normal and cancer tissues from pancreatic cancer patients were incubated
with a goat anti-human survivin antibody (Santa Cruz Biotechnology, Santa Cruz, CA) or a
mouse monoclonal anti-cytokeratin 8 antibody (Sigma-Aldrich, St. Louis, MO) for 1 hour.
After washing with PBS, the slides were incubated with either biotin-conjugated donkey
anti-goat or anti-mouse secondary antibody for 1 hour and then streptavidin-FITC for 30
minutes (Pierce, Rockford, IL). The slides were then examined under a Nikon fluorescence
microscope.

RESULTS

K-ras and survivin MBs bound specifically to their oligonucleotide targets in solution

Analysis of K-ras mutation types of pancreatic cancer patients from five previous studies
showed that K-ras codon 12 GGT to GAT and GGT to GTT mutations were the most
common types of K-ras mutations. Over 75% of the cancer patients have one of these
mutations (Table 2).16:26-29 T determine the feasibility of detection of mutant K-ras mRNA
in pancreatic cancer cells, we designed and synthesized K-ras MBs targeting those mutations
including GGT to GAT (K-ras MB1) or GGT to GTT mutation (K-ras MB2).

To determine the specificity of the MBs, we examined the binding of the MBs to their DNA
or RNA targets in vitro and evaluated the specificity of the binding by measuring changes in
fluorescent signal after incubating the MBs with corresponding and control targets. After
mixing K-ras MB1 or MB2 with K-ras wild type (WT), Mut 1 (GGT to GAT) or Mut 2
(GGT to GTT) target, the fluorescence intensity in each group was measured using a
fluorescence microplate reader. We found that a stronger fluorescent signal was produced
(2-15 fold) when the K-ras MBs were mixed with their specific K-ras mutant targets,
compared to non-specific K-ras targets (Fig. 1A). Further, the K-ras MBs were highly
specific to K-ras DNA target. The relative fluorescence units in K-ras MB1 or MB2 mixed
with their specific mutant K-ras targets were 33 to 51 fold higher than K-ras MBs mixed
with survivin DNA targets (Fig. 1A). We also detected about 7-fold higher fluorescence
intensity in survivin MB mixed with its oligonucleotide target as compared with that mixed
with K-ras target (Fig. 1A). The results from this study demonstrated that K-ras and survivin
MBs bound to specific oligonucleotide sequences and produced strong fluorescent signals in
vitro. In addition, K-ras MBs differentially bind to K-ras targets with a single base mutation.

To determine optimal hybridization temperatures for K-ras MBs, we examined the effect of
temperature on specific binding of the MBs to DNA targets. Using a thermal cycle, we
monitored changes in the fluorescence signal at temperatures ranging from 15 to 80°C after
mixing the K-ras MBs with different DNA targets. We found that in solution, K-ras MB1
selectively hybridized to K-ras Mut 1 while K-ras MB2 preferentially bound to K-ras Mut 2
DNA target at temperatures ranging from 15 to 55°C (Fig. 1B). Both K-ras MBs showed a
low binding affinity with K-ras WT or nonspecific mutant K-ras target. However, when the
temperature was over 55°C, K-ras MBs began to dissociate from their targets and the stem
of the MBs started to break apart, resulting in increased fluorescent signal in the mixtures of
K-ras MBs and nonspecific DNA targets (Fig. 1B).

We further examined whether K-ras MBs bind to specific mRNA targets in solution.
Although previous publications showed types of K-ras mutations in pancreatic cancer cell
lines, we examined K-ras mutations in the cancer cell lines in our laboratory to confirm the
presence of specific K-ras mutations in the cells.26:30 Consistent with previous reports, we
found that the PANC-1 cell line has a K-ras codon 12 GGT to GAT mutation. The Capan-2
cell line has a GGT to GTT mutation. The BXPC-3 cell line contains a wild type K-ras gene
(Table 2). The K-ras mutation in the MIA PaCa-2 cell line was referenced from previous
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studies.26:30 We isolated total RNA from those cell lines and mixed total RNA with either
K-ras MB1 or K-ras MB2. As shown in Figure 1C, we found that K-ras MB1 produced a
higher fluorescence signal in PANC-1 RNA sample while K-ras MB2 generated a stronger
fluorescence in the group with Capan-2 RNA. Therefore, K-ras MBs are able to recognize a
single base change in both DNA and mRNA targets. It is feasible to use MBs for detecting
expression of mutant K-ras and survivin genes in pancreatic cancer cells.

Delivery of K-ras and survivin MBs produced fluorescent signals in pancreatic cancer cells
expressing mutant K-ras and survivin genes

Although the thermal profile of the K-ras MBs in solution showed that the MBs selectively
bound to specific K-ras mutant targets at temperature ranging from 15 to 55°C, our initial
study on the pancreatic cancer cell lines suggested that incubation of the fixed cells with K-
ras MBs at lower temperature, such as below 37°C, produced a high background
fluorescence in the cells expressing a wild type or nonspecific mutant K-ras mRNA (data
not shown). The background was significantly reduced when the incubation temperature was
raised to 42 to 50°C. Therefore, we used an incubation temperature of 50°C for our study.

Since pancreatic cancer cells consist of heterogeneous cell populations that express different
tumor markers, it is important to develop a method that can detect the expression of several
tumor marker genes simultaneously in single cells, which would increase sensitivity and
specificity for detection. We examined the feasibility of detection of both mutant K-ras and
survivin mRNA in single cells. The mechanism of the action for the detection of pancreatic
cancer cells using K-ras and survivin MBs is illustrated in Figure 2A. We incubated acetone-
fixed pancreatic cancer and normal cells with a mixture of 50 nM of either K-ras MB1 (Cy3)
or MB2 (Texas-red) and 200 nM of survivin MB (FITC) at 50°C for 60 minutes. We used a
low concentration of K-ras MBs than survivin MB since our pilot study showed that
although high K-ras MB concentrations produced strong fluorescence signal in pancreatic
cancer cells with a specific K-ras mutation, nonspecific fluorescence was also increased in
the cells containing a wild type or a different mutant K-ras gene. After a brief wash, the
slides were observed under a confocal microscope. We found that K-ras MBs preferentially
produced strong fluorescent signals in the pancreatic cancer cells with specific K-ras
mutations. As shown in Figure 2B, after incubation of K-ras MB1 with PANC-1 and
Capan-2 cells, a stronger fluorescent signal was produced in PANC-1 cells that contained a
GGT to GAT mutation compared to Capan-2 cells that expressed a GGT to GTT mutant K-
ras mMRNA. On the other hand, brighter fluorescence was observed in Capan-2 cells after
incubation with K-ras MB2, which detects a GGT to GTT mutation (Fig. 2B) compared to
PANC-1 cells. We further examined the specificity of the K-ras MBs on pancreatic cancer
cell lines that express a different type of mutant K-ras gene or contain a wild type K-ras
mRNA. We found that incubation of either K-ras MB1 or MB2 with MIA PaCa-2 cell ling,
which expresses a GGT to TGT mutant K-ras gene, did not generate a strong fluorescence
signal in the cells (Fig. 2B). Moreover, BXPC-3 cells express a wild type K-ras gene and
both K-ras MBs failed to generate a strong fluorescent signal in the cells. However,
regardless of fluorescence intensities generated by K-ras MBs, simultaneous delivery of
survivin MB into the pancreatic cancer cells produced intermediate to strong green
fluorescence in all tumor cell lines. In PANC-1 and Capan-2 cells, which have both survivin
and mutant K-ras gene expression, we observed both green and red fluorescence signals,
suggesting that MBs were able to examine the expression of multiple genes simultaneously
in single cells. On the other hand, delivery of the K-ras MBs and survivin MB into normal
cell line HDF failed to produce fluorescence signals (Fig. 2B). Incubation of HDF cells with
a GAPDH MB produced a strong fluorescence signal, suggesting that mMRNAs were
preserved well in HDF cells (Fig. 2B).
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We further quantified the fluorescence intensity from the images taken from the confocal
microscope. Our results confirmed the microscopic observation. After incubating with K-ras
MB1, the mean fluorescence intensity in PANC-1 cells was 3.5, 5.2, 7.3 or 11 fold higher
than that detected in BXPC-3, Capan-2, MIA PaCa-2 or HDF cells respectively. On the
other hand, delivery of K-ras MB2 produced a high level of fluorescence in Capan-2 cells,
which was 3, 9, 11, or 20 fold higher than that detected in PANC-1, BXPC-3, HDF or MIA
PaCa-2 cells respectively (Fig. 3A).

To determine that differential fluorescent signals in pancreatic cancer cells produced by the
K-ras MBs were indeed due to the specific binding of the MBs to mutant K-ras transcripts
but not to differences in the levels of K-ras gene expression, we examined K-ras gene
expression in pancreatic cancer cell lines by Real-Time RT PCR. We detected high levels of
K-ras mRNA in PANC-I, Capan-2 and MIA PaCa-2 cell lines (Fig. 3B). However, the cell
lines expressing a wild type K-ras, such as BXPC-3 and HDF, showed a low level of K-ras
gene expression. Since we detected a high level of K-ras mRNA in MIA PaCa-2 cells that
had a low level of fluorescence signal after incubation with both K-ras MBI and MB2, it is
unlikely that the difference in fluorescence intensity detected in those cell lines was entirely
the result of levels of gene expression. In addition, the detection of strong fluorescent signals
in Capan-2 cells by K-ras MB2 but not K-ras MB1 or in PANC-1 cells by K-ras MB1 but
not K-ras MB2 further supported our conclusion. The results of this study demonstrate that
K-ras MBs bound selectively to mutant K-ras mRNA and generated a strong fluorescent
signal in pancreatic cancer cells.

K-ras and survivin MBs were able to detect cancer cells in frozen tissue sections

At present, the pathological diagnosis of pancreatic cancer mainly depends on
morphological classification and immunohistochemical staining with tissue or tumor
markers. Development of novel and simple approaches for the detection of cancer cells by
examining the expression of multiple tumor marker genes on the same tissue section may
increase the sensitivity and specificity. To address this issue, we examined the feasibility of
detecting cancer cells on frozen tissue sections using the MBs. Frozen tissue sections of
paired pancreatic normal and cancer tissues were incubated with 100 nM of either K-ras
MB1 or MB2 for 60 minutes. The slides were observed under a fluorescence microscope.
Results from examination of tissue samples from five pancreatic cancer patients showed that
K-ras MBs were able to detect cancer cells expressing specific mutant K-ras mRNAS on
frozen tissue sections. For example, we detected cells with red fluorescence on frozen
sections of cancer tissues from patient # 1 and #2, after incubation with K-ras MBI (GGT to
GAT) but not K-ras MB2 (Fig. 4A). We also detected the cells with a bright fluorescence
signal on frozen sections of patients #4 and #5 after incubating with K-ras MB2 but not K-
ras MB1 (Fig. 4A). To confirm the presence and types of K-ras mutations, we used a
mutant-enriched PCR procedure to examine the genomic DNA isolated from pancreatic
cancer tissues of the patients. Consistent with the MB-detection, results of DNA sequencing
demonstrated that patient #1 had a GGT to GAT mutation and patient # 5 had a GGT to
GTT mutation (Fig. 4A). Interestedly, we found two types of K-ras mutations in the tissue
sample of the patient #2, including a GGT to GAT and a GGT to TGT mutation. Since we
used frozen tissue blocks rather than microdissection to obtain the total DNA, it is still
unclear whether two K-ras mutations were from the same tumor cell population or from
heterogeneous tumor cell populations. Examination of frozen tissue sections of paired
normal pancreatic tissue from patient #1 and #2 after incubating the K-ras MBI or patient #
4 and #5 following delivery of K-ras MB2 failed to detect any cells with strong fluorescent
signals (Fig. 4A, representative images from normal pancreatic tissues of Patient # 1 and
#5).
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To determine whether the K-ras MB positive cells detected on the frozen tissue sections are
indeed cancer cells, we incubated the frozen tissue sections from patient #2 with either K-ras
MB1 or K-ras MB2 and then stained with H&E for the morphology of the MB positive cells.
Our result indicated that K-ras MB1 positive cells on the frozen section have characteristics
of pancreatic cancer cells (Fig. 4B).

We further showed that lack of a strong fluorescence in normal pancreatic tissues after
incubating with K-ras MBs was not due to the degradation of mMRNAs by RNAase, which is
present in normal pancreatic tissues. We observed a strong fluorescence signal in the tissue
sections after incubation with a control GAPDH MB (Fig. 4C).

We also examined the feasibility of detection of survivin gene expression in pancreatic
cancer tissues by survivin MB. At first, expression of survivin in pancreatic cancer tissues
was demonstrated by immunofluorescence labeling with an anti-survivin antibody. We
showed that survivin protein was highly expressed in pancreatic cancer tissues but was
undetectable in normal pancreas (Fig. 5). Next, the frozen tissue sections from cancer and
normal tissues were incubated with survivin MB-Cy3 for 60 minutes and observed under a
fluorescence microscope. A high level of fluorescence signal was detected in the cancer
cells on the frozen sections of pancreatic cancer but not in normal tissues (Fig. 5).
Immuofluorescence labeling with an anti-cytokeratin 8 antibody showed that survivin-
expressing cells on frozen sections were epithelial-type cancer cells in pancreas (Fig. 5).

Our results with in situ detection of tumor marker gene expression in pancreatic cancer
tissues indicate that MB-imaging of tumor marker genes may provide a simple and specific
means for pathologists to identify cancer cells on frozen tissue sections or other sources of
clinical samples, such as fine needle aspirates and cellular fraction of body fluids.

DISCUSSION

Increasing evidence has indicated that molecular beacons have a great advantage in
detecting specific oligonucleotide sequences compared to linear probes.#31 The design of
MBs allows specific binding of the MBs to their target nucleotide sequences and reports the
hybridization by generating a fluorescent signal without the separation of unbound probes
from the MB-target complex since free MBs do not fluoresce. Therefore, MBs should be an
excellent tool for detecting specific nucleotide sequences, such as mMRNA and DNA, with a
high signal to noise ratio in intact cells as well as in solution. The ability of the MB probes
to detect specific target molecules without the washing-away or separation of unbound
probes also provided us with an opportunity to detect intracellular mMRNA molecules. It has
been shown that the detection limit of preformed MB/B-actin mMRNA duplexes microinjected
into the cells was 10 mRNA molecules, suggesting that MB technology is a very sensitive
method for detecting mMRNAs in cells.12 Although previous studies have shown that it is
feasible to detect MRNAs in cells using MBs,12-14:32 the significance of using this
technology to address issues in cancer research and clinical applications has not been
explored. Methods of applying MB technology for clinical research have yet to be
developed.

In this study, we developed a simple MB approach for the detection of tumor marker gene
expression in pancreatic cancer cells. We designed the MBs targeting tumor marker mRNAs
that are found in pancreatic cancer, such as mutant K-ras and survivin. From the study of
pancreatic cancer cell lines and tissues, we demonstrated that the K-ras MBs selectively bind
to mutant K-ras mRNAs in fixed cancer cells, resulting in strong fluorescence signals in the
cells. Previous studies on mutation detection by MBs were carried out in solution. We
showed that properly designed MBs can detect single base mutations in intact cells. By
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optimizing hybridization conditions such as temperature, buffer condition, MB
concentration and method and time of fixation, we could achieve a high fluorescent signal in
cancer cells expressing specific mutant K-ras mRNA and reduce the background or
nonspecific fluorescence in cells expressing a different type of mutant K-ras mRNA or
containing a wild type K-ras gene. Although we only detected 2 to 15 fold higher
fluorescence intensity in solution when K-ras MBs mixed with specific mutant K-ras DNA
target than that mixed with nonspecific K-ras target, 3 to 20 fold higher levels of differences
were observed when K-ras MBs were delivered into the cells expressing specific mutant K-
ras mRNA compared to the cells expressing a wild type or non-specific K-ras gene. It is
possible that a higher level of fluorescent signal observed in the cells expressing specific K-
ras mRNA is due to different hybridization dynamics between a K-ras MB with a short
DNA target and a K-ras MB with an mRNA molecule inside a cell. In addition, results of
Real-Time RT PCR showed that the levels of K-ras gene expression in pancreatic cancer
cells with K-ras mutations were higher than the cells expressing a wild type K-ras gene.
Although the level of K-ras mRNAS detected by Real-Time RT PCR may include both
mutant and wild type K-ras mRNASs because most K-ras mutations in cancer cells are
heterozygous, it is also possible that the difference in fluorescence intensity was further
enhanced in the cells with a high level of mutant K-ras gene expression.

During last decade, extensive studies have been carried out to detect K-ras mutations in
blood, pancreatic juice and cancer tissue samples from pancreatic cancer patients using PCR
or mutant-enriched PCR.16:33 Utilization of MBs to detect K-ras mutations specifically in
PCR products of DNA samples isolated from lung cancers has been reported.34 Although
identification of K-ras mutations by PCR is a fairly sensitive molecular approach, the
procedures for PCR and subsequent assays for the identification of mutations are very time-
consuming, making them difficult as a routine clinical procedure. A major advantage of
using a MB-based approach as compared to PCR and immunohistochemistry is that a
mixture of MBs targeting multiple tumor-specific mMRNAs can be delivered into single cells
at the same time, and the expression of all these markers can be observed in a single assay
using a fluorescence microscope.

In addition, K-ras mutations were also found in 30-40% of patients with pancreatic duct
cysts or chronic pancreatitis.32:36 A better way to identify a cancer cell is to detect
expression of mutant K-ras gene together with several other tumor marker genes. We
examined the expression of another tumor marker gene, survivin, in pancreatic cancer cell
lines using a MB targeting survivin mRNA. Since survivin is not found in normal pancreatic
tissues but is highly expressed in over 70% of pancreatic cancer tissues including early stage
carcinomas,?3 a combination of the detection of survivin with mutant K-ras mMRNAs may
further enhance specificity of the detection. We demonstrated that delivery of survivin MBs
into cells produced a strong fluorescent signal in cancer cells but not in normal cells. A
mixture of survivin and K-ras MBs generated different fluorescent signals in pancreatic
cancer cell lines expressing survivin and/or specific mutant K-ras mRNA. To detect
pancreatic cancer cells in clinical samples, it is important to identify a few abnormal cells
that are mixed with large amounts of normal cells. MB-imaging individual cells expressing
tumor marker genes may allow the detection of those cancer cells.

In this study, we showed that it is feasible to identify pancreatic cancer cells through
detection of both mutant K-ras and survivin mMRNASs using the MB-technology. This
technology offers an opportunity to detect specific expression of several tumor marker genes
in single cells using a simple procedure. Our results demonstrated that the MBs could be
used for determination of the presence of mutations in tumor suppressor genes or oncogenes
as well as for the examination of expression of tumor marker genes in the cancer cells. In
order to detect point mutations, it is necessary to synthesize the MBs that are specific for
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each mutation in the gene. Thus, a limitation of using MBs is that it is best for genes with a
few hot-spot mutations, such as K-ras codon 12 mutations in pancreatic cancers. However,
the ability of MBs to detect the expression of genes that are highly expressed in tumor cells
but lacking or low in normal cells, such as the survivin gene, should allow us to develop
approaches for detecting cancer cells in many common types of human cancers.

Traditional methods for classifying the cancer cells on tissue sections or aspirates of fine
needle biopsy involve thorough examination of the morphology of the cells after H&E
staining or immunostaining with antibodies for cellular and tumor-related protein markers.
Although in situ hybridization method has been used to detect gene expression in tissue
sections, it is very time-consuming and usually involves a high background since unbound
probes also produce a fluorescent signal. In this study, we found that MBs could be used to
detect the expression of tumor marker genes and to identify specific mutations on frozen
tissue sections. The procedure for the detection of MRNA by MBs is very simple and the
results can be observed within one hour after a brief washing without extensive washing
steps and days of procedures as required by in situ hybridization protocol. Development of
this MB approach for detection of gene expression on tissue section should provide us with a
new method to identify and classify the types of cancer cells on tissue sections, aspirates
from fine needle biopsy, blood and exfoliated cells in body fluids.

In summary, we have developed a simple MB approach to examine the expression of tumor
marker genes in human cancer cells. We demonstrated that MBs can be used to identify
cancer cells expressing oncogenes with point mutations as well as overexpressing tumor
marker genes. The results of our study indicate that molecular imaging of cancer cells with
MBs has great potential for the development of a simple and specific procedure for cancer
detection.
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Figure 1.

Examination of specific binding of MBs to their DNA targets in solution. (A) Selective
binding of K-ras MBs to specific mutant K-ras targets and specific hybridization of survivin
MB to its DNA target. K-ras MB1, K-ras MB2 or survivin MB were mixed with various
oligonucleotide targets for 1 hour. Relative fluorescence units (RT-U) were measured by a
fluorescence microplate reader. The number in the bar figure is the mean fluorescence unit
of four repeat samples. As shown, 2-3 fold higher fluorescence units were detected in K-ras
MB1 mixing with Mut 1 target than mixing with WT or Mut 2 target. The differences
between fluorescence units of K-ras MB2 mixed with K-ras Mut 2, and K-ras MB2 mixed
with WT or K-ras Mut 1 were 4 and 15 fold. For both K-ras MB1 and MB2, there was a
significant difference between the relative fluorescence obtained when the MBs were mixed
with specific mutant K-ras targets and those with nonspecific mutants or WT K-ras target
(Student’s t-test: P < 0.001 for all groups). On the other hand, the fluorescence intensity was
33 to 50 fold higher when K-ras MBs were mixed with its corresponding K-ras targets than
that mixed with a survivin target. Survivin MB also showed a high specificity for survivin
target. (B) Thermal profile of K-ras MBs hybridizing to DNA targets with wild type,
specific and nonspecific K-ras mutations. K-ras MBs were mixed with oligonucleotide
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targets for K-ras wild type (WT), Mut 1 and Mut 2 in 96-well PCR plates. The plates were
placed immediately in a BioRad iCycler and relative fluorescence units were measured by
the end of each temperature cycle using filters for Cy3 and Texas-red. Relative fluorescence
units from each group were normalized with relative fluorescence units of Cy3 or Texas red
dye at each temperature to correct the intrinsic changes of fluorescence signal due to
temperature change. Significant differences in the fluorescence intensity were detected
between K-ras MBs mixed with specific K-ras mutant target and those with WT K-ras or
nonspecific K-ras mutant target (Curve statistic analysis by Student’s t-test: K-ras MB1: P<
1x1079; K-ras MB2: P< 1x10713), (C) Detection of the mutant K-ras mRNAs in total RNA
isolated from pancreatic cancer cell lines. 1pg of total RNA was mixed with 100 nM of
either K-ras MB1 or K-ras MB2 for one hour and RFU was measured using a fluorescence
microplate reader. The number in the bar figure is the mean fluorescence unit of three repeat
samples
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Figure 2.

Detection of pancreatic cancer cells using MBs targeting tumor marker genes. (A)
Schematic illustration of detection of tumor marker gene-expressing cells using MB probes.
MBs targeting different gene transcripts are labeled with different fluorophores and the
expression of several genes can be detected simultaneously in single cells. In this study,
MBs designed to target tumor marker mRNAS such as mutant K-ras and survivin were
delivered into fixed cells. Although single cells received all MBs, only the cells expressing
the specific genes produced fluorescent signals. For example, in normal cells which lack
survivin gene expression and have a wild type K-ras gene, delivery of the MBs doesn’t
generate fluorescent signals. However, pancreatic cancer cells express survivin and/or
mutant K-ras genes and delivery of MBs into the cancer cells produced green (survivin only)
or green and red fluorescence (survivin and mutant K-ras genes). (B) MB-imaging of
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pancreatic cancer cells expressing specific mutant K-ras and tumor marker survivin gene.
Pancreatic cancer and normal cell lines were cultured in chamber slides and fixed with ice-
cold acetone. The cells were then incubated with a mixture of MBs containing either K-ras
MB1-Cy3 (GGT to GAT) or K-ras MB2-Texas red (GGT to GTT), and survivin MB-FITC.
Fluorescent images were taken under a confocal microscope using a 40x lens. The same
exposure time was used to take all images for each color. The cells with red fluorescence
were pancreatic cancer cells expressing specific mutant K-ras as detected either by K-ras
MB1 or K-ras MB2. The cells expressing survivin gene showed green fluorescence. In
addition to K-ras and survivin MBs, normal cell line HDF was also incubated with GAPDH
MB-cy3 as a control (Red). SYTOX blue (Molecular Probes) was used as counterstaining
for nuclei (Blue). Images of K-ras MB1 and survivin MB for HDF cells were taken from the
same field of confocal microscope. Fluorescence image of GAPDH MB was taken from a
different area of HDF cells.
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Figure 3.

Analysis of fluorescent signal produced in pancreatic cancer cells after delivery of K-ras
MBs targeting mutant K-ras mRNAs in the cells. (A) Quantitative analysis of fluorescence
intensity in K-ras MB-labeled cells. Fluorescence images were obtained from K-ras MB-
labeled cells under a confocal microscope using the same instrument setting for either Cy3
or Texas red. The numbers in the bar figure are the mean fluorescence units from three to
four images with three areas measured in each image. Significant differences were detected
in the relative fluorescence unit of the cells with a specific K-ras mutation after delivery of
K-ras MB1 or K-ras MB2 compared to the cells with a wild type or nonspecific K-ras gene
(Student’s t-test: P < 1x107° for all groups). Similar results were obtained from three
independent experiments. (B) Quantification of the level of K-ras mRNA in pancreatic
cancer cell lines by Real-Time RT PCR. cDNAs were amplified with K-ras primer pairs
using a Bio-Rad iCycler. Amplification of B-actin gene from the same cDNA samples was
used as an internal control. The numbers in the figure were the average numbers of two to
three repeat samples calculated from ratios of the starting quantity of survivin gene and the
starting quantity of B-actin gene. The levels of K-ras mMRNA may represent both mutant and
wild type K-ras gene expression since pancreatic cancer cell lines have heterozygous K-ras
mutations.
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Figure 4.

Specific imaging of pancreatic cancer cells expressing mutant K-ras and survivin mRNASs
on frozen tissue sections of pancreatic cancer tissues. Frozen tissue sections were incubated
with K-ras MB1 or K-ras MB2 and counterstained with Hoechst 33342. All fluorescent
images were taken by Nikon Eclipse E800 fluorescence microscope under a 40 x lens using
an Optronics Magnafire digital imaging system. (A) Detection of expression of specific
mutant K-ras genes in pancreatic cancer cells on frozen sections using K-ras MBs. K-ras
MB1 detected the cancer cells expressing a GGT to GAT mutant K-ras gene on frozen
sections of pancreatic cancer tissues from patients #1 and #2. However, bright red
fluorescent cells were found on frozen sections of pancreatic cancer tissues from patient #5,
which had a K-ras GGT to GTT mutation, only after incubation with K-ras MB2. The frozen
sections from normal pancreatic tissues (patient #1 and #5) did not show bright red
fluorescence signals following incubation with either K-ras MB1 (patient #1) or K-ras MB2
(patient #5). (B) Frozen sections from patient #2 were incubated with either K-ras MB1 or
K-ras MB2 and the fluorescent images were taken under a fluorescence microscope. The
sections were then stained with H&E and observed under a bright field of the microscope.
The same areas were identified and compared with previous fluorescent images. Yellow
arrows indicate pancreatic cancer cells expressing a GGT to GAT mutant K-ras gene. White
arrows show the absence of fluorescence in normal stromal cells in K-ras MB 1 labeled
section or in pancreatic cancer cells in K-ras MB2 labeled section. (C) Bright fluorescence
was detected in normal pancreatic tissues after incubation with GAPDH MB-Cy3,
suggesting that the absence of fluorescence in K-ras MB labeled normal pancreatic tissues
was not a result of degradation of mMRNAs in the frozen sections.
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Figure 5.

Detection of pancreatic cancer cells using survivin MB and a survivin antibody. Frozen
sections from normal and pancreatic cancer tissues were incubated with either survivin MB
or survivin antibody. The slides were examined under a fluorescence microscope after
labeling with a secondary detection antibody and FITC-streptavidin. As shown, survivin MB
detected a high level of survivin mRNA in pancreatic cancer cells but not in normal
pancreatic tissues. Immunofluorescence labeling with survivin antibody further confirmed
the presence of survivin protein in the pancreatic cancer cells. An anti-cytokeratin 8
antibody was used as a positive control for pancreatic cancer cells.
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Table 1

Design of molecular beacons for detection of e and survivin genes and corresponding target sequences
xpression of mutant K-ras

MBs
K-ras MB1
K-ras MB2

Survivin MB1
Survivin MB2
GAPDH MB

Target sequences Design of the MBs
K-ras codon 12 GGT to GAT mutation 5'-Cy 3-CCTACGCCATCAGCTCCGTAGG-Dabcyl-3
K-ras codon 12 GGT to GTT mutation 5'-Texas-red-CCTACGCCAACAGCTCCGTAGG-Dabcyl-3'
Survivin cDNA from 27 to 43 nucleotide 5'-Cy3-CTGAGAAAGGGCTGCCAGTCTCAG-Dabcyl-3'
Survivin cDNA from 33 to 50 nucleotide 5-FITC-TGGTCCTTGAGAAAGGGCGACCA-Dabeyl-3'
GAPDH cDNA from 504 to 521 nucleotide 5'-Cy3-GAGTCCTTCCACGATACCGACTC-Dabcyl-3'

DNA Targets
K-ras WT (GGT)
K-ras Mut 1 (GAT)
K-ras Mut 2 (GTT)

Survivin

Synthesized Oligonucleotide sequences
5-GTAGTT GGA GCT GGT GGC GTA GGC AAG AGTGCCTTGACGATACAGCTAATT CAG-3'
5-GTA GTT GGA GCT GAT GGC GTA GGC AAG AGTGCCTTGACGATACAGCTAATT CAG-3'
5-GTA GTT GGA GCT GTT GGC GTA GGC AAGAGTGCCTTGACGATACAGCTAATT CAG-3’
5'-CCTGCCTGGCAGCCCTTTCTCAAGGACCACCGCATCTCTACATTCAAGAAC-3'
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Table 2

K-ras point mutations in pancreatic cancer cell lines and tissues.
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Percentage of the mutation in pancreatic
cancer tissues among 188 pancreatic cancer

Cell lines and cancer tissues  K-ras mutation? Alteration Predicated products cases?
PANC-1 Yes, codon 12 GGT to GAT GLY to ASP 42.6 % (80/188)
Capan-2 Yes, codon 12 GGTto GTT GLY to VAL 32.4% (61/188)
MIA PaCa-2 Yes, codon 12 GGTto TGT GLY to CYS 1.1% (2/188)
BXPC-3 NO NO GLY N/A
HDF NO NO GLY N/A
Pancreatic cancer patient #1° Yes,codon12  GGT to GAT GLY to ASP N/A
Pancreatic cancer patient #2C Yes,codon12  GGT to GAT GLY to ASP N/A
(two mutations)  GGT to TGT GLY to CYS
Pancreatic cancer patient #5¢ Yes, codon 12 GGTto GTT GLY to VAL N/A
16, 26-29

a L . . . ] .
Percentage of each K-ras codon 12 mutation in pancreatic cancer tissues was summarized from five studies.

bTypes of K-ras point mutation in PANC-1, Capan-2 and BXPC-3 cell lines were confirmed in our laboratory by sequencing genomic DNA, which

was consistent with the previous reports.26'27

Presence of K-ras mutations in pancreatic cancer tissue samples collected in our laboratory was determined by mutant-enriched PCR as described
in the Methods. N/A:Not applicable.
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