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ABSTRACT: Detection of mRNA alterations is a promising [REIgI]
approach for identifying biomarkers as means of differentiating
benign from malignant lesions. By choosing the KRAS oncogene as a
target gene, two types of molecular beacons (MBs) based on either
phosphothioated DNA (PS-DNA-MB) or peptide nucleic acid (TO-
PNA-MB, where TO = thiazole orange) were synthesized and
compared in vitro and in vivo. Their specificity was examined in wild-
type KRAS (HT29) or codon 12 point mutation (Panc-1, SW480)
cells. Incubation of both beacons with total RNA extracted from the Cytoplasm
Panc-1 cell line (fully complementary sequence) showed a
fluorescent signal for both beacons. Major differences were observed,
however, for single mismatch mRNA transcripts in cell lines HT29
and SW480. PS-DNA-MB weakly discriminated such single mismatches in comparison to TO-PNA-MB, which was profoundly
more sensitive. Cell transfection of TO-PNA-MB with the aid of PEI resulted in fluorescence in cells expressing the fully
complementary RNA transcript (Panc-1) but undetectable fluorescence in cells expressing the K-ras mRNA that has a single
mismatch to the designed TO-PNA-MB (HT29). A weaker fluorescent signal was also detected in SW480 cells; however, these
cells express approximately one-fifth of the target mRNA of the designed TO-PNA-MB. In contrast, PS-DNA-MB showed no
fluorescence in all cell lines tested post PEI transfection. Based on the fast hybridization kinetics and on the single mismatch
discrimination found for TO-PNA-MB we believe that such molecular beacons are promising for in vivo real-time imaging of
endogenous mRNA with single nucleotide polymorphism (SNP) resolution.
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Bl INTRODUCTION Several studies have shown the exploitation of MBs for the
Detection of mRNA alteration, either through somatic muta- detection of endogenous mRI;Tgégnd microRNA"* 7% as well
tions or alterations in gene expression, is a promising approach as viral mRNA in living cells. These studies highlight the
for identifying cancer cells.”* The ability to detect, localize, potential of such molecules to track mRNA levels and their
quantify and monitor such molecular alterations in vivo may set localization in cells providing a powerful tool for diagnostics
the bench for in vivo real-time imaging modality assisting in and biochemical elucidation of intracellular processes.

tumor diagnosis and staging.' > One factor limiting molecular Peptide nucleic acids (PNAs) are oligonucleotide mimics
imaging is that most currently used probes are monochromatic based on an N-(2-aminoethyl)glycine backbone that bind to
and emit continuously. This dramatically reduces sensitivity DNA or RNA via Watson—Crick base-pairing rules.*” Due to
even if the probe is highly specific.”® In this regard, a promising the lack of a negatively charged backbone, hybridization of
approach is based on the use of molecular beacons (MBs).®>° PNA occurs without electrostatic repulsion, resulting in a
These are dual-labeled oligonucleotide hairpin probes with a stronger and more rapid hybridization compared to analogous
fluorophore at one end and a quencher at the other end.

Hybridization with the target nucleic acid sequence opens the Received: October S, 2011

hairpin structure and spatially separates the fluorophore from Revised:  January 28, 2012

quencher, allowing a ﬂ;llorescence signal to be generated upon Accepted: January 30, 2012

fluorophore excitation. Published: January 30, 2012
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DNA:DNA or DNA:RNA duplexes. Thus, the specific site of
hybridization is less sensitive to mRNA secondary and tertiary
structures. Furthermore, their stability in biological medium™**
and their low toxicity make PNAs attractive for use in human
diagnostic and therapeutic applications. PNA-beacons and the
related “light up probes” have been described by others*® and
display the advantages of higher selectivity and simpler design.*®
PNA beacons, lacking the stem region, bearing a thiazole orange
(TO) dye as a surrogate base, were shown to elicit a fluorescent
signal upon binding to cDNA.*’ In a recent study by Seitz and
co-workers, the capacity of such PNA based probes to detect
specific viral mRNA in infected living cells was established.*®
In this study the KRAS oncogene was selected as a model
target, mainly because point mutations in codon 12 of the
KRAS gene are well characterized in many cell lines and tumor
types.”” The study was undertaken with the aim of comparing
two types of MB probes: phosphothioated (PS) DNA base
molecular beacon (PS-DNA-MB) and thiazole orange modified
peptide nucleic acid molecular beacon (TO-PNA-MB) in target
accessibility and stability. TO-PNA-MB was shown to
discriminate SNP in the KRAS gene both in vitro and in vivo.
To the best of our knowledge, this is the first time that such
single mismatch discrimination is shown by a MB in living cells.

B EXPERIMENTAL SECTION

Materials and Instrumentation. All materials were
purchased from Sigma, St. Louis, MO, USA, unless otherwise
stated. All solvents were analytical grade. Water was purified by
reverse osmosis. HPLC purification was performed on a
Shimadzu LC-1090 system using a semipreparative CI18
reverse-phase column (Phenomenex, Jupiter 300 A). Proton
NMR was recorded on a 300 MHz Bruker NMR using
deuterated solvents as internal standards. Mass analysis of TO-
PNA-MB was acquired on a MALDI-TOF MS (Voyager De
Pro, Applied Biosystems, CA, USA).

Cell Lines and Culture. PANC-1 (human pancreatic
carcinoma, epithelial-like), SW-480 (human colon adenocarci-
noma) and HT-29 (human colon adenocarcinoma grade II)
cell lines were purchased from the American Type Culture
Collection (ATCC, Manassas, VA, USA). All cells were
cultured (37 °C, 5% CO,), in DMEM medium supplemented
with 10% fetal calf serum, 2 mM L-glutamine and 100 mg/mL
streptomycin (Beit Haemek, Israel).

Molecular Beacons: Design and Synthesis. The
sequences of the phosphothioated (PS) molecular beacon
(PS-DNA-MB) and the thiazole orange peptide nucleic acid
molecular beacon (TO-PNA-MB) were designed for targeting
mutant K-ras (GAT) as expressed in Panc-1 cells (Table 1).
The TO-PNA-MB sequence contained the thiazole orange

Table 1. Various Codon-12 KRAS Targets in Cell Lines

cell line SNP K-ras mutation
Panc-1“ GCT GAT GGC
HT-29 GCT GGT GGC
SW-480 GCT GIT GGC

“Targeted sequence of the MB’s.

(TO) dye as a surrogate base. The position of the TO along the
PNA sequence was designed such that the mismatch (mutant)
base is adjacent to the TO. This sequence design ensured that
hybridization of the TO-PNA with mismatched targets resulted
in minimal fluorescence.
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The PS-DNA-MB was designed as a hairpin where one arm
of the stem and the loop region were complementary to a
segment of the KRAS mutant target gene."> All PS-DNA-MB
constructs as well as linear DNA probes (with CyS at the
S’ end) were synthesized by Integrated DNA Technologies
(IDT, Coralville, 1A, USA). All target sequences were 54 bases
long (see sequences in Table 2).

Synthesis of PNA Monomer with TO as Surrogate
Base. Fmoc-PNA-TO monomer (compound 3, Scheme 2) and
the dye TO-CH,COOH were synthesized according to
previous proceclures‘m’50 by using, however, a different
protecting group strategy for PNA backbone synthesis (vide
post).

1. Synthesis of TO-PNA Backbone. Synthesis of 1-(tert-
Butyloxycarbonyl)ethylenediamine. A solution of di-tert-butyl
dicarbonate (6.1 g, 28 mmol) in dichloromethane (400 mL)
was added dropwise to a solution of ethylenediamine (11.2 mL,
166.7 mmol) in dichloromethane (50 mL) over 6 h with
vigorous stirring. Stirring was continued for 24 h at room
temperature. After concentration to an oily residue, the reaction
mixture was dissolved in aqueous sodium carbonate (2 M,
300 mL) and extracted with dichloromethane (2 X 300 mL).
The organic layer was dried (anhydrous MgSO,) and the
solvent evaporated under reduced pressure to yield the desired
product as a colorless viscous liquid. Yield: 95%. ESI MS: m/z
161.02, calcd 160.21.

'H NMR (CDCl,): 4.89 (br, 1H, NH), 3.18 (dt, 2H,
CH,CH,NH), 2.80 (t, 2H, CH,CH,NH), 1.60 (br, 2H, NH),
1.44 (s, 9H, tBu).

2. Synthesis of N-[(tert-Butoxycarbonyl)aminoethyligly-
cine tert-Butyl Ester. 1-(tert-Butoxycarbonyl)aminoethylamine
(16 g 99.8 mmol) was dissolved in 200 mL of methylene
chloride together with 2 equiv (34.8 mL, 199.6 mmol) of N,N-
diisopropyethylamine (DIEA). After cooling the mixture to
0 °C, 1 equiv (14.75 mL, 99.8 mmol) of tBu-bromoacetate was
added dropwise over a period of 6 h. The reaction mixture was
stirred overnight. The precipitate was filtrated off, and the
solvents were removed under vacuum. The resulting gum was
distributed between 300 mL of H,O and 300 mL of
dichloromethane. The aqueous phase was washed with
dichloromethane (4 X 200 mL). The organic fractions were
pooled and dried over sodium sulfate. After the solids were
filtered off, dichloromethane was evaporated to dryness. The
desired product was achieved after silica gel purification (0—
10% MeOH gradient in EtOAc). Yield: 73%. ESI MS: m/z
275.2, caled 274.36.

'H NMR (CDCl,): 5.05 (br s, 1H, NH), 3.28 (s, 2H,
CH,CO), 3.18 (dt, 2H, CH,CH,NH), 2.80 (t, 2H,
CH,CH,NH), 1.46 (s, 18H, Boc + OtBu).

3. Coupling TO-CH,COOH to the N-[(tert-Butoxy-
carbonyl)aminoethyliglycine tert-Butyl Ester Backbone.
TO-CH,COOH (176 mg, 0.5 mmol) was suspended in 2 mL
of dry N,N-dimethylformamide (DMF) in an ice cold bath.
To this suspension, 1.5 equiv (156 mg, 0.75 mmol) of N,N"-
dicyclohexylcarbodiimide and 1.1 equiv (72.9 mg, 0.55 mmol)
of N-hydroxybenzotriazole were added. The reaction mixture
was stirred at 0 °C for 30 min. 1.5 equiv (207 mg, 0.75 mmol)
of freshly prepared PNA backbone dissolved in 2 mL of DMF
was added in portions. After reaching room temperature the
reaction mixture was stirred for 48 h, filtered under reduced
pressure and evaporated. Purification was achieved by silica gel
column chromatography using an 8:2 chloroform:methanol
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Table 2. The Synthetic DNA Oligomers Used in the in Vitro Hybridization Studies

name description mutation
WT wild type; single mismatch to the TO binding site
(as in HT-29 cells)
comp-DNA no mismatches (as in Panc-1 cells) GGT —
GAT
1 mm one adjacent mismatch to TO binding site
2 mm two adjacent mismatches to the TO binding site

1 mm/1 mm  single mismatch on either side of the TO binding

site

2 mm/2 mm  two mismatches on either side of TO binding site

construct®
GTA GTT GGA GCT GGT GGC GTA GGC AAG AGT GCC TTG ACG
ATA CAG CTA ATT CAG

GTA GTT GGA GCT GAT GGC GTA GGC AAG AGT GCC TTG ACG
ATA CAG CTA ATT CAG

GTA GTT GGA GCG GAT GGC GTA GGC AAG AGT GCC TTG ACG
ATA CAG CTA ATT CAG

GTA GTT GGA GAG GAT GGC GTA GGC AAG AGT GCC TTG ACG
ATA CAG CTA ATT CAG

GTA GTT GGA GCG GGT GGC GTA GGC AAG AGT GCC TTG ACG
ATA CAG CTA ATT CAG

GTA GTT GGA GAG GGC GGC GTA GGC AAG AGT GCC TTG ACG
ATA CAG CTA ATT CAG

“Underlined: complementary base to TO. Bold: site of mutation in K-ras. Italic: mismatch site.

mixture as eluent (compound 1, 0.175 mmol, 35% yield). ESI
MS: m/z 605.77, calcd 605.27.

'H NMR (CDCL): 8.7 (Ar, d, 1H), 7.6 (s, 1H, Ar—N=
CH,), 822 (t, 1H, Ar—H), 7.9 (t, 1H, Ar—H), 7.7—-7.9 (d, 1H,
Ar—H), 7.62—7.68 (t, 1H, H—Ar), 7.4—7.58 (m, H, Ar—H), 7.0
(s, 1H, NS—C=CH), 4.12 (s, 2H, N—CH,CO), 3.62 (t, 2H,
NH-CH,—CH,-N), 3.4 (overlap, 2H, NH-CH,—CH,—N),
1.48 (s, 9H, C—(CH,);), 1.28 (s, 9H, C—(CH,);).

Simultaneous cleavage of +BOC and t-butyl ester from
compound 1 (Scheme 2) was performed using a trifluoroacetic
acid:DCM 1:1 solution stirred for 3 h at room temperature.
Deprotected product was precipitated from diethyl ether and
immediately used for the next synthetic step (compound 2,
Scheme 2, 0.148 mmol, 85% yield). ESI MS: m/z 449.20, calcd
448.28.

Compound 2 (0.11 mmol) was dissolved in 2 mL of DMF
with 2,6-lutidine (0.242 mmol) and stirred at room temper-
ature for 30 min. Next, 9-fluorenylmethoxycarbonyl-succini-
midyl ester (FMOC-OSu, 0.121 mmol) was added in portions,
and the reaction mixture was stirred for 24 h. Solvents were
removed under reduced pressure, and product was precipitated
from water, filtered off and dried under vacuum. Purification
was achieved by silica gel column chromatography using an 8:2
chloroform:methanol mixture as eluent (compound 3, Scheme 2,
52 nmol, 35% yield). ESI MS: m/z 671.4, caled 671.78.

'"H NMR (300 MHz): (DMSO-d,): 6 = 8.72 (d, 1H, Ar—H),
8.52 (d, 1H, Ar—H), 8.0 (d, 1H, Ar—H), 7.92—7.90 (m, 2H,
Fmoc-H), 7.86 (m, 2H, Ar—H), 7.7 (m, 1H, Ar—H), 7.68 (m,
2H, Fmoc-H), 7.58 (m, 1H, Ar—H), 7.54 (m, 1H, Ar—H), 7.4
(m, 1H, Ar—H), 7.35 (m, 2H, Fmoc-H), 7.33 (m, 2H, Fmoc-
H), 6.88 (s, 1H, cyanin-H), 4.8 (d, 2H, Fmoc-CH,), 3.96 (s,
3H, Me-H)).

Synthesis of TO-PNA-MB. The TO-PNA-MB sequence
was identical to that of the PS-DNA-MB, excluding the stem
segment tail. PNA synthesis was performed using the Fmoc
solid-phase synthesis on Fmoc-Lys (Boc)-Novasyn-TGA resin
as previously described.”'

Cleavage of the final PNA product from the solid support
was performed in trifluoroacetic acid and m-cresol (95%:5%).
Diethyl ether was added, and the solid precipitate was collected,
dissolved in water, frozen and lyophilized. PNA was purified
and analyzed by HPLC on a Phenomenex C18 column using
acetonitrile and 0.1% TFA in water as eluents (for HPLC
chromatogram and conditions see Figure S1 in the Supporting
Information). PNA purity was verified by MALDI-TOF MS
(Figure S2 in the Supporting Information). PNA was found to
be >90% pure. M. = 5283.82; M ynq = 5285.96. In our study,
sample concentration was calculated by using 1o according to

687

published values for TO situated between T and A in the
designed PNA sequence® and by nanodrop measurement at
260 nm.

Hybridization Assays with Synthetic Constructs. PS-
DNA-MB and TO-PNA-MB were tested in vitro for their ability
to hybridize to 54 base long synthetic DNA targets (Table 2)
by incubating (60 min, 37 °C) S0 nM of each MB probe with
50 nM of the target sequences in a 96-well plate. The
incubation was carried out in hybridization buffer (20 mM Tris-
HCl, 50 mM KCl, 10 mM MgCl,, pH = 8). The fluorescence
intensity of each well was measured (Ag, 495 nm; g, 521 nm)
by a microplate reader (Synergy HT Multi-Mode, Biotek,
Winooski, VT, USA). Fluorescence measured from the
different sequences was normalized to the fluorescence
obtained from a fully complementary sequence (Comp-
DNA). Hybridization rate was assessed by repeating the
above incubation with Comp-DNA target (Table 2) over 90 min
and recording the fluorescence intensity at 5 min intervals. In all
hybridization experiments, wells without target sequences
that included PS-DNA-MB or TO-PNA-MB were used as
internal controls to account for intrinsic changes of fluorescence
with time.

Hybridization Assay with Total RNA. PS-DNA-MB or
TO-PNA-MB was incubated with 1 ug of total RNA isolated
from Panc-1 cells that express the KRAS gene with a codon
12 GGT to GAT point mutation®® that is fully complementary
to both PS-DNA-MB and TO-PNA-MB. Total RNA was
similarly isolated from HT-29 cells expressing wild-type K-ras
that includes a unique single base mismatch to Panc-1 (GGT)
and SW-480 cells expressing the KRAS gene with a GGT —
GTT point mutation,**

RNA was isolated from the cells by using an RNA isolation
kit (TRI reagent) according to the manufacture instructed
protocol. One microgram of the extracted RNA was incubated
(60 min, 50 °C) with 100 nM PS-DNA-MB or TO-PNA-MB.
The resulting fluorescence was monitored in a microplate
reader. The fluorescence intensity obtained upon incubation of
the various types of MBs with the RNA extract isolated from
the Panc-1 cells (full complementary target) was determined as
100% for each type of MB for comparing absolute fluorescence
of both probes. These values were then compared to the
fluorescence intensity readings obtained upon incubation of the
MBs with the RNA extracts isolated from HT-29 and SW-480
cells.

Hybridization Assay in Living Cells. Cell Preparation.
48 h prior to hybridization, PANC-1, SW-480 and HT-29 were
plated separately, on chamber slides (Ibidi GmbH, Munich,
Germany) until reaching 70—80% confluence.

dx.doi.org/10.1021/mp200505k | Mol. Pharmaceutics 2012, 9, 685—693
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Cells were washed with serum free DMEM approximately
1 h before the transfection mixture was added to each well.
TO-PNA-MB was hybridized for 10 min with a partly
complementary Cy-S labeled DNA oligonucleotide (1:1 ratio)
at 80 °C, followed by a slow cool down to room temperature.

Living Cell Hybridization and Imaging. Transfection of the
different MBs in living cells was performed using polyethyle-
nimine (PEI) as a transfection agent. Transfection of TO-PNA-
MB was achieved by annealing the partly complementary CyS-
labeled DNA that results in a DNA overhang (Scheme 1C) that
was utilized to generate a stable polyplex with PEL>®

Scheme 1. Detection of K-ras mRNA Performed Using (A)
TO-PNA-MB probe or (B) Classical PS-DNA-MB Probe and
(C) Cell Transfection of the MBs Performed Using
Polyplexes Based on Polyethylenimine (PEI)?

) ye
T
(Lys)2 MLVS)Z
B
C \

@ %
(Lys)2 ’MQQDDDEUMU—‘AL),S)Z

“In order to form a stable complex, the TO-PNA-MB probe was first
hybridized to CyS5-labeled DNA that is partly complementary to the
PNA sequence.

In a separate test tube, 30 uL of linear 10 yM PEI
(corresponding to 5.47 mM in terms of nitrogen residues) was
diluted in 20 pL of Opti-MEM medium to a final volume of
S0 puL. S0 uM PNA/DNA complex was added to the PEI solu-
tion and vortexed immediately. After 15 min of incubation,
polyplexes were diluted (x3.3) and 20 uL of polyplexes was
added to each well. Cells were incubated (30 min, 37 °C) in a
humidified atmosphere containing 5% CO, before medium
containing 20% fetal calf serum was added to each well. 24 h
later, the medium was replaced with a fresh complete medium
and incubated for an additional 24 h. Cells were washed with
PBS (x3) and imaged 48 h post transfection using a confocal
microscope. PS-MB transfection was performed as described
for TO-PNA-MB but without the need for DNA annealing.
A control experiment was performed using a linear probe (CyS-
labeled DNA) to verify transfection efficacy (see probe
structures in Scheme 1).

Quantification of Fluorescence in Living Cells. In living
cell experiments, quantification of fluorescent was performed
using Image] 1.40g (http://rsb.info.nih.gov/ij/). TIF images
were cropped identically with the same area per analysis.
Image] was used to measure the integrated optical density
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(IOD) of fluoresce intensity from a 119 X 87 pixel rectangle
(region of interest, ROI) containing the same number of cells.
IOD is defined as the product of optical density multiplied by
the area (in pixel units). Several IODs were integrated (sum of
I0Ds) for each cell line/MB.

Zeta Potential Measurements. To ascertain interaction
of the PNA/DNA and PS-DNA-MB with polyplexes, zeta
potential was measured at 25 °C using a Zetasizer Nano-Z
(Malvern Instruments, Malvern, U.K.). A 20 uL aliquot of each
polyplex was diluted with 980 uL of water prior to the analysis.

B RESULTS

Design and Synthesis of MBs. To explore the potential of
MB based probes as diagnostic tools for the early detection of
cancer, two types of molecular beacons were examined for their
hybridization capabilities toward various K-ras targets (Scheme 1).
The first MB was the classic stabilized hairpin construct which
consists of a phosphorothioated DNA (PS-DNA-MB) labeled
with FITC as fluorophore and black hole quencher (BHQ) as
quencher (Scheme 1B). The other MB was a PNA sequence
containing TO as a surrogate base (TO—PNA—MB)Sé(Scheme 1A).
This MB was synthesized in our laboratory using standard solid
phase synthesis as previously described.>® To prepare the PNA-
TO monomer (compound 3, Scheme 2), the PNA backbone
was synthesized in one simple synthetic step (Scheme 2) by

Scheme 2. Synthesis of TO-PNA Monomer®

o}
(a) ¥
——> BOCHN™ JLona;u

BocHN" N2
(1) 2)
(b) Q
S. N—
|
(c), (d) /\
ON =~
© 0
BOCHNNN&I\OtBu
(3)

“Reagents and conditions: (a) tBu-bromoacetate, DIEA; (b) TO-
CH,COOH, DCC, HOBT; (c) TFA, DCM; (d) Fmoc-OSu, 2,6-
lutidine.

reacting Boc-protected ethylenediamine with t-butyl bromoace-
tate, both commercially available materials. Introducing the TO
surrogate base was accomplished with dicyclohexylcarbodiimide
coupling followed by a TFA treatment to deprotect both BOC
and tBu-ester groups. Finally, Fmoc was introduced to primary
amine resulting in the desired monomer. To improve water
solubility, two L-lysines were introduced at both C- and
N-termini of the PNA.

The various K-ras targets are shown in Table 1.

Hybridization of MBs with Synthetic DNA. The various
synthetic DNA targets as well as MB sequences are detailed in
Table 2 and Table 3, respectively. Mismatches were added in a
systematic manner on both sides of the complementary base to
TO. Thus, synthetic DNA of 1 to 4 mismatches was tested with
both types of MBs by monitoring fluorescence of the MBs after
hybridization to the various synthetic ssDNA:s.

dx.doi.org/10.1021/mp200505k | Mol. Pharmaceutics 2012, 9, 685—693
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Table 3. The Design of the PS-DNA-MB, the TO-PNA-MB,
and the Linear Probe Aimed at Targeting Comp-DNA (K-ras
Codon 12 GGT — GAT) and the DNA Sequence Used for
Conjugating the PNA with PEI for Cell Transfection

name design (5'—3') comment
PS- FITC—CCT ACG CCA classic, hairpin, MB
DNA- TCA GCT CCG_TAG G-
MB BHQ"
TO- CCT ACG CCA T-TO- TO -containing PNA MB
PNA- AGCTCC
MB
DNA CyS-GGC GTA GGA CAC  the DNA/PNA construct allows

hybrid ~ CGA“ PEI complexation for cell
transfection
linear Cy-5-CCC CTT CTC AAC  control

probe CCC ACT

“The underlined bases are those added to form a stem.

The magnitude of MB in vitro hybridization toward synthetic
DNA targets is shown in Figure 1. Generally, there was

120 OPS-DNA-MB
100 4 HTO-PNA-MB
8 801
[
@
@ 60 -
(<]
2
:‘-\, 40 -
20 -
0 |
1mm 2mm 1m/1m 2m/2m comp

Figure 1. Specificity analysis: the effect of adjunct, single mismatch
(“1mm”) or 2 mismatches (“2mm”) on the magnitude (expressed in %
of the fluorescence of the fully complementary sequence “comp”, right
two columns) of the in vitro hybridization of K-ras PS-DNA-MB
(empty columns) and TO-PNA-MB (filled columns) toward the
synthetic targets described in Table 2 after 60 min incubation. Shown
are the mean values of 4 different experiments + SD.

comparable mismatch sensitivity for both MBs as seen for the
multiple mismatch sites. When 2 or 4 adjacent mismatches (2m
or 2m/2m in Figure 1) were introduced on either side of the
base that was complementary to TO, both MBs gave weak and
very similar fluorescent read-outs. PS-DNA-MB seems to be
less sensitive to a single mismatch which is most likely related
to MB design. It is expected that hybridization takes place
between TO-PNA-MB and a DNA strand that has a single
mismatch. Even so, as this mismatch is adjacent to the TO base
surrogate, fluorescence is diminished as a consequence of TO
flexibility within the local environment of the mismatch.*”®
This behavior would be irrelevant for PS-DNA-MB.

The hybridization rates of the two MBs toward Comp-DNA
(Table 2), consisting of a sequence that is fully complementary
to the designed MBs (as found in Panc-1 cells), are shown in
Figure 2. Figure 2A shows similar signal-to-noise ratios of X14
and X10 for the TO-PNA-MB and PS-DNA-MB, respectively,
in the presence and absence of target DNA. Figure 2B clearly
shows rapid hybridization of the TO-PNA-MB to Comp-DNA
in comparison to a sluggish hybridization for PS-DNA-MB,
reaching a maximal fluorescence only after ca. 190 min.
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Figure 2. In vitro hybridization rates of PS-DNA-MB (circles) and
TO-PNA-MB (triangles) with the DNA-Comp target (Table 2). Panel
A shows signal-to-noise ratios for TO-PNA-MB and PS-DNA-MB in
the presence and absence of target DNA. Panel B shows the
hybridization kinetics of the two MBs toward Comp-DNA consisting
of a sequence that is fully complementary to the designed MBs (as
found in Panc-1 cells). Shown are the mean values of 3 different
experiments + SD.

Hybridization of MBs with Extracted Total RNA. The
competence of the PS-DNA-MB and TO-PNA-MB to
hybridize with total RNA extracts (1 pug/well) was compared.
The results of the hybridization studies conducted with total
RNA extracted from HT-29, Panc-1 and SW-480 cells are
shown in Figure 3. The value of the fluorescence resulting from

300

Fluorescence (AU)
- - N N
o a o a
o o o o

a
o

-

HT-29

o

Panc-1 SW-480

OPS-DNA-MB EBTO-PNA-MB

Figure 3. Hybridization (37 °C) of PS-DNAMB and TO-PNA-MB
with 1 pug of total RNA extracted from HT-29, Panc-1 and SW-480
cells. Absolute fluorescence values are given (arbitrary units). Shown
are the mean values of 3 different experiments + SD. *p <
0.0001(Student’s ¢ test).

the hybridization of each MB with the Panc-1 RNA was set to
100% in order to compare the absolute fluorescent signals from
both types of beacons. The fluorescence obtained upon
incubation of the two MBs with the HT-29 RNA and SW-
480 RNA was compared, accordingly. Figure 3 demonstrates
that the most intensive fluorescence was obtained upon

dx.doi.org/10.1021/mp200505k | Mol. Pharmaceutics 2012, 9, 685—693
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PEI + PS-DNA-MB

HT-29

Panc-1

SW-480

PEI + TO-PNA-MB

Figure 4. Confocal laser scanning microscopy images (x60) of live HT-29, Panc-1 and SW-480 cells following MB transfection (using PEI) after
48 h incubation. Control experiment to ascertain transfection employed a linear probe labeled with CyS (small image/right) and DNA hybrid (small
image/left) of the PNA/DNA hybrid complex. Images were recorded using a 488 nm laser (TO or FITC excitation) and a 649 nm laser (for CyS

excitation).

incubation of the TO-PNA-MB with RNA from Panc-1. The
fluorescence obtained for PS-DNA-MB was about 4-fold
weaker and was similar to that obtained for TO-PNA-MB
with RNA from HT-29. The data generally shows that TO-
PNA-MB was superior to PS-DNA-MB in discriminating
cellular RNA of both HT-29 and SW-480 cells. In fact, PS-
DNA-MB gave a similar and relatively weak fluorescent signal
for all three extracted RNAs, highlighting the inability of this
MB to discriminate single mismatches. In comparison, TO-
PNA-MB showed a significant difference in fluorescence
between RNA isolated from Panc-1 to that isolated from
HT-29. The SW-480 RNA extract, on the other hand, gave a
relatively strong fluorescent signal upon hybridization with TO-
PNA-MB. This, however, can be explained by the fact that
these cells indeed predominantly express a certain mutation in
K-ras (GGT — GTT) but they also express a certain level of
K-ras mutation (ca. 20%) that is found in Panc-1 cells (GGT —
GAT).”’

Hybridization of MBs in Live Cells. Incubating TO-PNA-
MB (in complex with PEI) with cells expressing the specific
mutant K-ras (Panc-1) resulted in relatively high fluorescence
in comparison to the low fluorescence obtained in wild type
K-ras cells (HT-29) (Figure 4). Weaker fluorescence intensity
was observed in the SW-480 cells bearing a different K-ras
mutation. In comparison, PS-DNA-MB (transfected with the
aid of PEI) showed negligible fluorescence regardless of the
different K-ras expressing cell lines. This result is in agreement
with that obtained for total RNA extracted from cells (Figure
3). The absolute fluorescent signal for PS-DNA-MB, which was
weak for all total RNAs examined, is manifested by the very low
fluorescent signal observed for PS-PNA-MB in living cells
(Figure 4). These results demonstrate the superior kinetics,
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target accessibility and specificity of TO-PNA-MB compared to
PS-DNA-MB.

To ensure that transfection was indeed achieved for all cell
lines, PEI was complexed with a linear DNA probe (labeled
with CyS) and the transfection was repeated using the same
conditions (DNA concentration and ratio of DNA:PEI) as for
MBs (Scheme 2C). The Cy-S staining observed in all cells
(Figure 4, inset) demonstrates effective transfection for all three
cell types examined.

Cell viability was determined for all three cell lines after PEI
transfection in the presence or absence of molecular beacons
(Figure S3 in the Supporting Information). Some cytotoxicity
was found in all transfected cells (ca. 30—45% dead cells as
expected for PEI transfection®®) that were not affected by the
addition of molecular beacons).

In order to quantify the amount of fluorescence of molecular
beacons in living cells, we used the Image] software to analyze
the integrated optical density (IOD) of the fluorescence
intensity in selected regions of interest (Table 4). The results

Table 4. Quantification of Fluorescence by ImageJ Software
in Living Cells by TO-PNA-MB and PS-DNA-MB after PEI
Transfection

TO-PNA-MB PS-DNA-MB
cell line area” sum of IOD area” sum of IOD
Panc-1 5722 44,398 34 440
HT-29 3100 19,776 10 379
SW-480 3760 29,907 22 390

“Area: sum of pixels detected in selected region of interest (ROJ,
rectangle of 119 X 87 pixels).
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are consistent with those shown for total mRNA (Figure 3),
namely, low fluorescence signal by PS-DNA-MB in all cells and
the highest fluorescence signal in the targeted Panc-1 cell line
by TO-PNA-MB.

B DISCUSSION

In this study we adapted two approaches to design MB
constructs for the intracellular hybridization of KRAS oncogene
as a target gene for the in vivo detection of cancer cells.

Hybridization assay of TO-PNA-MB and PS-DNA-MB with
synthetic constructs revealed that both PS-DNA-MB and TO-
PNA-MB demonstrated specific hybridization with it specific
target (Comp-DNA probe) compared to the mismatch targets
(Figure 1). However, the TO-PNA-MB probe showed
significant reduction in fluorescence signal even in the presence
of a single mismatch compared to the PS-DNA-MB probe
(22 + 4% and 71 + 10%, respectively).

Hybridization kinetics was additionally affected by the
different structural conformation of TO-PNA-MB (linear) vs
PS-DNA-MB (stem loop) configurations. In order to achieve
large fluorescence enhancement using the DNA-MB, the stem—
loop hairpin structure should provide an adjustable energy
penalty for hairpin opening which improves probe specificity,>
but decreased probe kinetics. As a consequence, the loop, stem
lengths, and sequences are critical design parameters for such
classical molecular beacons. These issues are avoided in the
TO-PNA-MB design as manifested by the fast hybridization to
the target sequence (Figure 2).

This matter was further manifested once we compared the
performance of PS-DNA-MB to that of TO-PNA-MB in total
RNA extracts. Thus, only the TO-PNA-MB was able to
significantly discriminate between the wild type (HT-29, GGT)
and the K-ras mutant (Panc-1, GGT — GAT) (t test, p <
0.0001, Figure 3). PS-DNA-MB hybridization was practically
identical for all cell lines.

The fluorescence observed upon incubation of TO-PNA-MB
with total mRNA from the SW-480 cell line was in agreement
with a previous report indicating the expression of the mutant
GAT as well as GTT in RNA extracts of the SW-480 cell line.”’”
We believe that, due to the fast as well as strong hybridization
capabilities of the PNA probe to DNA/RNA targets, the TO-
PNA-MB was able to hybridize with the specific K-ras target
and induce fluorescence with SW-480 mRNA even though the
target sequence (as in Panc-1) was only 20% of all the
transcribed K-ras mRNA.

Finally, we tested the detection capability of the PS-DNA-
MB and TO-PNA-MB in living cells. We used the cationic
polymer PEI as transfection agent due to its high transfection
efficiency, stability and endosomal escape ability.* Since the
formation of the polyplexes is predominantly based on
electrostatic interactions,* using PNA (uncharged) and PEI
(positively charged) is not sufficient for formation of
polyplexes. Corey and co-workers have developed a simple
and efficient method for PNA cellular uptake by hybridizing
PNA with a partially complementary DNA probe.> For efficient
transfection, cationic charge is essential for efficient binding and
uptake into cells.”> Zeta potential showed positively charged
polyplexes with the PNA/DNA hybrids as well as with the PS-
DNA-MB probe (above 20 mV, data not shown). Control
experiments were performed using a CyS-labeled linear DNA
probe in order to assess transfection as described in Scheme 1C.
Indeed, live cell confocal images showed significant fluorescence
following transfection into Panc-1 using the TO-PNA-MB probe
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compared to the PS-DNA-MB probe (Figure 4). Weak
fluorescence was also observed in the SW-480, but not in the
HT-29 cells. The ability of the PNA MB to exhibit higher intra-
cellular fluorescence compared to DNA-MB probe was recently
reported.™ In this elegant study, Kummer et al. used exogenous
mRNA (influenza HIN1 mRNA infected cells) as target RNA.

Here we have found that TO-PNA-MB can detect an
endogenous mRNA transcripts (i.e., kRAS mRNA) in living
cells at a single base resolution.

A previous study has used classical MBs for the detection of
mutated kRAS in a variety of cell lines that, similarly to our
study, vary by a single base in the mRNA transcript. > These
MBs were shown to discriminate these transcripts; however, all
studies were carried out in fixed cells or frozen cancer tissues.

To the best of our knowledge there is only one more
example of a molecular probe that can discriminate endogenous
mRNA in living cells.5*** These probes are autoligating probes
that were shown to discriminate at an SNP resolution an rRNA
transcript in bacteria. Such probes are, however, very different
from DNA or PNA beacons in the sense that a chemical
reaction between two DNA molecules that bind to the target
mRNA must take place in order to obtain an optical readout.

We believe that this study is of high importance as it lays the
basis for using such PNA-based MBs in an in vivo setting. PNA-
based MBs are anticipated to perform as diagnostic molecules
that show a minimal false positive readout and discriminate target
mRNA from nontargeted transcript at a single base resolution.

B CONCLUSION

Given the growing demand for real-time in vivo radiation-free
molecular imaging for reliable diagnosis and screening, it is important
to explore new systems that could be used in clinical practice.

We have compared the performance of two such MBs,
namely, classical phosphothioated (PS) MB (PS-DNA-MB)
and more advanced PNA-MB based on a base surrogate design
(thiazole orange). In comparison to the PS-DNA-MB, the TO-
PNA-MB showed fast hybridization in solution to synthetic cDNA
with the ability of discriminating complementary sequence from
mismatch DNA sequences even at a single base resolution.

When examined with total RNA extracts and especially in
living cells, PNA-TO-MB was found to perform better than PS-
DNA-MB in both hybridization kinetics and specificity to an
endogenous RNA target. Overall, this study suggests TO-PNA-
MB as a promising molecule for in vivo detection of nucleic
acids that may be generally applicable for the early detection
and staging of cancer as well as a variety of genetic diseases.
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