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Abstract
This review briefly outlines the importance of molecular imaging, particularly imaging of
endogenous gene expression for noninvasive genetic analysis of radiographic masses. The concept
of antisense imaging agents and the advantages and challenges in the development of hybridization
probes for in vivo imaging are described. An overview of the investigations on oncogene expression
imaging is given. Finally, the need for further improvement in antisense-based imaging agents and
directions to improve oncogene mRNA targeting is stated.
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1. Introduction
Early diagnosis of cancer remains challenging. Investigational approaches are increasingly
focused on development of specific probes that take advantage of the targets that are uniquely
expressed or markedly over expressed on tumors. Molecular imaging has emerged as a novel
multidisciplinary field that provides potential for earlier detection and characterization of
disease, elucidation of mechanisms at the molecular level, and evaluation of therapy by use of
specific molecular probes. Advantages of such molecular imaging approaches include
noninvasiveness and the ability to measure both spatial and temporal biodistribution of a
molecular probe in intact living subjects for real time and serial studies.
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Analysis of genomic sequence data generated by the human genome project is expected to give
a better understanding of the genes involved in cancer development and chronic diseases [1].
Recent research reveals cancer to be a disease involving dynamic changes in the genome.
Mutations that produce oncogenes with dominant gain of function and tumor suppressor genes
with recessive loss of function have been identified for elicitation of cancer phenotypes in
several cancers [2]. Modulations in the expression of key proteins of the cellular signaling
pathways are at the forefront of molecular abnormalities found in cancer. Protein products of
proto-oncogenes and tumor suppressor genes are involved in cell growth as growth factors,
receptors, intracellular mediators or transcription factors and have been found to be altered
through multiple mechanisms of oncogene activation. These include enhanced or ectopic
expression, deletions, single point mutations and generation of chimeric proteins [3].
Considerable success has been achieved in the development of molecular imaging agents based
on peptide–receptor, antibody-antigen, and substrate-enzyme interactions targeting such
overexpressed or mutated proteins in cancers [4,5,6]. However, due to tertiary folding and
complex structures in each individual protein, it is not feasible to design ligands for any protein
based on peptide sequences alone.

Antisense chemotherapy based on the complementary hybridization of an antisense with a
target oncogene mRNA sequence is being exploited for treatment of various types of cancers
[7]. Based on the same targeting principle, radiolabeled antisense sequences have been
explored for imaging applications. Design of antisense sequences for mRNA is theoretically
straightforward, based on complementary base pairing rules. Noninvasive, real time imaging
of oncogene expression in vivo would provide information on cellular gene expression patterns
and might reveal molecular changes in diseased tissues at relatively early stages providing
opportunities for gene therapy, especially against overexpressed oncogene mRNAs [8]. In this
approach of mRNA targeting, high specificity may be achieved upon binding of radiolabeled
oligonucleotides to the target due to sequence complementarity [9]. This approach is not only
specific but also sensitive as it has been proposed that mRNA concentrations as low as 1pmol/
L in the tissues can probably be imaged with positron emission tomography (PET) using
radiolabeled probes of specific activity 1000 to 10000 Ci/mmol [10]. However, there are
challenges in imaging endogenous gene expression with radiolabeled oligonucleotides such as
in vivo stability, transport to the target, entry into the cell and hybridization with target specific
sequences [11]. Development of antisense imaging agents is in its infancy, compared to other
approaches of molecular imaging. However, imaging with antisense technology for early,
specific and noninvasive detection of oncogene expression is unique and warrants greater
attention.

2. Cancer diagnosis via endogenous gene expression
Out of the 20,000 to 25,000 genes in human genome, about 100 have been identified as
protooncogenes and tumor suppressor genes [12] CCND1, HER2, MYCC, KRAS and BCL2
oncogenes, as well as the tumor suppressor TP53, are reported to be frequently mutated or
overexpressed in cancer cells.

HER2 oncogene, also known as ERBB2/neu, encodes a transmembrane glycoprotein, Her2
(185kDa) with tyrosine kinase activity. Amplification of Her2 expression, consequent to gene
amplification, has been demonstrated in a subset of breast cancers corresponding to
approximately one third of the patients affected by the disease [13]. Overexpression of Her2
is also reported in other human tumors including ovarian carcinomas, head and neck cancer,
lung and gastro-intestinal tumors [14]. Specific down regulation of HER2 mRNA and protein
by antisense phosphorothioate oligoucleotide is reported indicating possibility of HER2 mRNA
as a specific target for tumor imaging [15].
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Activated RAS oncogenes have been identified in precancerous lesions of some common forms
of human cancers indicating their role in early stages of carcinogenesis. HRAS mutation is most
often associated with bladder and kidney cancers, NRAS mutations with melanoma and
hematological malignancies, and KRAS mutations with lung, colorectal, ovarian and pancreatic
cancers [16]. The human KRAS proto-oncogene codes for an evolutionary conserved G protein,
K-Ras p21, which binds guanine nucleotides with high affinity and is associated with the inner
surface of the plasma membrane. K-Ras p21 is involved in transducing signals from growth
factors binding to the cell surface receptors [17]. Point mutations in KRAS proto oncogene,
mostly confined to codon 12 or 13, are reported to be an early event in pancreatic tumorigenesis
indicated both by high gene mutation frequency and by the presence of mutation in low grade
tumors [18]. Approximately 95% of ductal pancreatic cancers exhibit activation of KRAS
oncogene at the early pancreatic intraepithelial neoplasia (PanIN-1) stage [19].

MYCC oncogene encodes a nuclear DNA binding protein c-Myc (65 kDa) that binds with a
small partner protein, Max. The resulting heterodimer binds specifically to the promoter
element in the regulatory regions of genes involved in proliferation. MYCC oncogene
expression is stimulated by estrogen in hormone responsive breast cancer cells in vitro.
Amplification of MYCC is considered to be a powerful prognostic indicator, particularly in
node negative and estrogen receptor positive breast cancer [20]. MYCC was the first oncogene
targeted by antisense, specifically by MYC6 sequence to treat HL-60 promyelocytic leukemia
cells. Gene inhibition and antiproliferative activity were displayed by MYC6 sequence in breast
cancer cells [21].

Cyclin D1 protein, encoded by CCND1 (BCL1, PRAD1), is a proto-oncogenic regulator of the
G1/S checkpoint in the cell cycle that has been implicated in the pathogenesis of several types
of cancers, including breast, prostate, and pancreatic cancer [22]. Cyclin D1 appears to function
by binding to cyclin dependent kinases. Overexpression of cyclin D1 in cultured cells leads to
a more rapid transition through the G1 phase of the cell cycle and entry into the S phase.

Another oncogene involved in initiation of almost all follicular lymphomas and some diffuse
large B-cell lymphomas is BCL2. This gene encodes a cytoplasmic protein that localizes to
mitochondria and increases cell survival by inhibiting apoptosis. BCL2 is also important in
chronic lymphocytic leukemia and lung cancer. The BCL2 family members BCL-XL and
BCL2 inhibit apoptosis and are upregulated in many cancers [23,24,25]. Mutations in p53, a
tumor suppressor gene has been found to be the most frequent genetic alteration in diverse
types of human cancers [26].

Oligonucleotide antisense sequences specific for CCND1 [27], HER2 [15], MYCC [28],
KRAS [29], BCL2 [30] and TP53 [31] are reported to downregulate respective gene expression
in cancers. Hence, mutated or overexpressed CCND1, HER2, MYCC, KRAS, BCL2, and
TP53 mRNAs are expected to serve as potential markers when linked with suitable
radionuclides, fluorophores, or contrast agents for nuclear, optical, or magnetic resonance
imaging, respectively.

3. In vivo gene imaging agents
Many challenges must be overcome for successful development of imaging agents for gene
expression, such as improvement in chemistry to achieve stable oligonucleotides, and
conjugation of oligonucleotides to the signaling moieties. Cell specific targeting of antisense
sequences and development of biologically compatible probes to facilitate translation of in
vitro results to in vivo applications is desired. There is also a need to address mechanisms of
cellular uptake of oligonucleotides and estimate hybridization specificity of radiolabeled
antisense agents [32].
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3.1 Stability
Success has been achieved in design and synthesis of stable oligonucleotides based on
modifications in the phosphate backbone, sugar, and heterocyclic base of nucleic acid
monomers [33]. Novel oligonucleotide analogs have been synthesized with improved
biological stability, solubility, cellular uptake and ease of synthesis. The simplest
oligodeoxynucleotide modification involved blocking the 3′ terminus to prevent attack by 3′
exonucleases, the predominant extracellular degradative mechanism for
oligodeoxynucleotides [34]. Other modifications focused on protecting the internucleoside
linkage by changing the phosphodiester linkages to phosphorothioates, methylphosphonates,
or boranophosphates [35]. Although these modifications have led to increased in vivo stability
of oligonucleotides, they also have weakened hybridization to the RNA target sites due to the
creation of chiral phosphorus diastereomers [36]. The deoxyribose may be modified to 2′-O-
alkyl RNAs, such as 2′-O-methyl, strengthening hybridization and resisting nuclease attack
[37]. Similar improvements result from preparing 3′-amino phosphoramidates or morpholino
phosphorodiamidates [35].

Furthermore, attachment of a base to deoxyribose may be reversed, changing the natural β-
anomer to the α-anomer. The α-anomer achieves nuclease resistance without loss of base
pairing [38]. Each of these structural changes affect not only the nuclease susceptibility, but
also the cellular uptake, the cellular trafficking and recognition as substrate for RNase H
[39]. Among the derivatives described, only phosphodiester, phosphorothioates, and
boranophosphates DNAs direct RNase H mediated degradation of hybridized RNA.
Encouraging results have been obtained suggesting that greater potency and a better specificity
might be possible with 2′-O-alkyl RNA, phosphorothioate chimeras, anomeric DNA chimeras,
or DNA boranophosphates [35,40].

The most radical modifications to oligonucleotides are found in peptide nucleic acids (PNA),
where both the phosphodiester linkages and sugars are replaced with a peptide-like backbone
of (N-2-aminoethyl) glycine units, with the bases directly attached by methylene-carbonyl
linkers. Due to their achiral, uncharged and rather flexible peptide backbone, PNAs hybridize
more strongly and specifically to RNA [41]. Twelve PNA bases are reported to be sufficient
for statistical uniqueness among transcribed mRNAs [42]. Compared with other
oligonucleotide derivatives, PNAs display the highest melting temperature (Tm) for duplexes
formed with single-stranded DNA or RNA [42]. PNAs are not easily recognized by either
nucleases or proteases and are thus resistant to enzymatic degradation and also show stability
over a wide range of pH [43]. Hence, PNAs show desired properties for development of
antisense imaging agents.

3.2 Antisense mechanism
Antisense oligonucleotides have shown promising results as chemotherapeutic agents.
However, phosphorothioate DNAs are the only derivatives that have thus far been administered
to humans. Despite their efficacy, phosphorothioate (PS) DNAs exhibit less sequence
specificity than phosphodiesters or methylphosphonates due to significant binding to a wide
spectrum of plasma and cellular proteins [44]. Requirements for antisense chemotherapy are
different than those for antisense imaging. Pharmacokinetic requirements differ sharply as the
antisense cellular transport is limited and mRNAs are produced continuously. For
chemotherapy, prolonged blood circulation of antisense is desired to eliminate need for
multiple administrations while for antisense imaging, rapid plasma clearance for achieving
high target to background ratio is required. Among the chemically modified oligonucleotides
such as phosphorothioates, a positive correlation exists between their ability to act as substrates
for RNaseH due to formation of a suitable RNA: DNA hybrid and their potency for antisense
inhibition. This indicates RNaseH-mediated translational arrest as a major mechanism of
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antisense chemotherapy [11]. However, for antisense imaging, hybridization of probe to the
target sequence is the principal requirement. RNA hybridized to uncharged oligonucleotide
derivatives, such as PNA, is not recognized and cleaved by RNase H. Hence, PNAs are more
promising for diagnostic applications than the charged derivatives because the PNAs, the
analytical reagents, do not destroy the target mRNA, the analyte.

3.3 Cell specific targeting of antisense sequences
A number of delivery systems for oligonucleotide transport have been reported. These are lipid-
based agents, polypeptides, polylysines, recombinant histones and biotinylated
polyamidoamine dendrimers. Among them biotinylated polyamidoamine dendrimers have
emerged as novel cationic gene carriers [45,46]. However, these agents are not specific for
tumor cells.

Cellular uptake and nuclear localization are also reported to be dependent on the type of
modification in the oligonucleotide sequence. Cellular accumulation of phosphorothioates is
reported to be 3–5 fold more than 3′-alkylamino oligodeoxynucleoside phosphodiesters
(PONH2) and 2′-O-methyl oligoribonucleotide phosphodiesters (2 OM), 6–7 fold greater than
PNAs and 8–10 fold more than oligodeoxynucleoside methylphosphonates [47]. The relative
hybridization efficiency to the target sequence ranged in the order 2′-O-methyl phosphodiester
(OMe) > phosphodiester (PO) and phosphorothioate (PS) [48].

To improve the uptake of PNAs specifically in tumor cells, PNAs linked to peptide ligands of
receptors overexpressed on tumor cells were explored. Peptides such as IGF-1 analogues and
Tyr3-ocreotate have been coupled to antisense sequences to improve cell delivery [49,50].
Dihydrotesterone attached to anti–gene PNA (Anti–DNA PNA) was reported to be a selective
cellular/nuclear localization vector in prostrate cancer cells, correlating with recent suggestions
of membrane presentation of androgen receptors [51]. General, nonspecific cell penetrating
peptides such as polylysine, oligolysine, and membrane permeating transducing peptide PTD-4
have also been coupled to antisense sequences to improve cell delivery [52,53].

3.4 Radiolabeling
Methods for radiolabeling antisense agents with beta emitters such as 3H, 35S and 32P are well
established. Methods for synthesis of oligonucleotides ready to be labeled with radionuclides
for imaging applications are also very well reported.

Because of favorable decay properties and availability, 99mTc remains a radionuclide of choice
for SPECT imaging. Radiolabeling with 99mTc has been reported using various chelating
groups attached to oligonucleotide sequences. Diethylene triamine pentaacetic acid (DTPA),
6-hydrazinonicotinamide (HNH), and mercaptoacetyl-triglycine (MAG3) conjugated to
oligonucleotides have been reported for chelation of 99mTc as well as for 111In labeling [9,
54,55]. A facile method for labeling PNA ligands with 99mTc was reported using a tetrapeptide,
Gly-D-Ala-Gly-Gly, providing an N4 conformation for strong and efficient chelation
of 99mTc [56]. Radioiodination of oligonucleotides has been reported using tributylstannyl
benzamide and p-methoxyphenyl isothiocyanate (PMPITC) conjugates [57].

With the success achieved in PET imaging due to high resolution and sensitivity, a number of
positron emitting radionuclides are being employed as tracers. The macrocyclic chelator, 1,
4,7,10 tetraaza cyclododecane tetracaetic acid (DOTA) conjugated to antisense sequences has
been utilized for complexation with positron emitters such as 64Cu and 68Ga [58,59,60]. DOTA
was also reported for radiolabeling of gamma and beta emitting radionuclides such as 111In
and 90Y [53]. Probes with an N2S2 chelator were also reported for 64Cu labeling.
Diaminopropionic acid was incorporated at the N terminus of the PNA with an

Mukherjee et al. Page 5

Eur J Radiol. Author manuscript; available in PMC 2010 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



aminoethoxyethoxyacetic acid linker (AEEA) coupled to two S-benzoyl thioglycolic acid
residues (SBTG2) to generate an N2S2 chelator [61]. Dendrimeric chelator-PNA-peptide
probes have been utilized for MRI using Gd (III) as a contrast agent [62].

Synthons are structural units that can be incorporated as part of the synthesis of a larger
molecule. Synthons can be radiolabeled prior to synthesizing a molecular probe. Methods for
labeling with radiohalogens, mostly positron and gamma emitters like 18F, 131I, and 76Br,
typically involve prelabeling of synthons for high yield and stable incorporation of halogens
[63]. Purification of the synthon from other radioactive byproducts is done by HPLC followed
by regioselective conjugation of the radiolabeled synthon to an oligonucleotide. Prelabeling
provides the possibility to work with any oligonucleotide synthesized in house or commercially
without tedious unblocking steps [48]. It was reported that the hybridization efficiency of
radiolabeled antisense oligonucleotides was not compromised due to the method of
radiolabeling [63].

3.5 Pharmacokinetics of antisense agents
Pharmacokinetics of various antisense agents labeled with 18F and 68Ga using different
backbones such as phosphodiester (PO), phosphorothioate (PS) and 2′-O-methyl
phosphodiester (OMe) were studied and observed to be dependent on oligonucleotide backbone
[63,64,65]. Tissue distribution of the radioactivity showed that the phosphodiester was
eliminated both through renal and digestive system while phosphothioates and 2′-O-methyl
RNAs showed only renal excretion [63]. Pharmacokinetics of uncharged PNAs linked to tumor
targeting peptides is expected to be governed by the specificity of the peptide for the receptors
expressed on tumor cells.

Like development of any new radiopharmaceutical, antisense imaging agents need to undergo
intense, systemic and thorough evaluation before they can be used in clinics. Table 1
summarizes the major steps in the research and development of antisense imaging agents.
Perhaps the most important aspect is preferential uptake by the target tissue and ability of the
probes to hybridize specifically to the target mRNA sequences.

4. Pioneer oncogene expression imaging investigations
A number of oncogenes like KRAS, HER2 (ERB-B2, neu), MYCC, BCL2 and CCND1 are
overexpressed in various types of cancers. Among them, breast and pancreatic cancers have
been targeted using radiolabeled antisense probes [8]. Apart from detection of cancers based
on overexpression of genes, this technology was also explored for determination of response
to anticancer therapy. This was accomplished by studying the expression of an early response
gene for DNA damage, p21WAF-1/CIP-1 [66].

One investigation demonstrated preferential in vitro uptake and retention of radiolabeled
antisense in tumor cells. A 18mer phosphorothioate antisense to the initiation codon of the
HER2 oncogene mRNA was synthesized. The sense strand was also synthesized and both were
labeled with 32P. The uptake and retention of radiolabeled antisense HER2 was observed in
MCF-7 cells known to express HER2 mRNA. However, studies to show target-specific uptake
and in vivo distribution of the agent were not performed [67]. A similar in vitro study reported
hybridization of 99mTc and 32P labeled 15mer phosphodiester oligodeoxynucleotide antisense
to the complementary MYCC sequence. Efficient binding to the complementary sequence was
achieved in cell-free systems. However, uptake in a cell line expressing MYCC and in a
MYCC knockout cell line was not statistically different [68]. A 23mer oligonucleotide
phosphodiester sequence, complementary to the translation initiation site of TGF-α mRNA,
was radiolabeled with 125I [69]. Radioiodination was achieved via a tyramine group conjugated
to the 5′ end. In this study, a FITC labeled 23mer TGF-α antisense was used to demonstrate in
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vitro stability, intracellular and nuclear localization in NS2T2A1 cells, expressing high levels
of TGF-α. In in vivo studies, uptake was followed after intratumoral injection. Tumor uptake
ranged from 14% at 1 h to 1.2% at 24 h p.i. No study to indicate uptake and retention via
antisense mechanism was performed [69].

Synthesis and bioevaluation of a 15mer phosphodiester and a 15mer phosphothioate DNA
complementary to a sequence within the initiation codon site of MYCC oncogene mRNA was
reported [10,55]. Sequences were conjugated to a DTPA analogue and were labeled
with 111In. Uptake of the radiolabel in murine monocyte leukemia tumor cells appeared to be
significantly higher for antisense DNAs compared to sense DNAs. In nude mice bearing
mammary adenocarcinoma xenografts, 10 to 12% uptake of radiolabeled antisense DNAs was
observed in the tumors as compared to 1% uptake of the sense sequence at 1 h p.i. However,
uptake in blood and muscles were 18–20% and 15–17% respectively. Such high uptake might
lead to high background and hinder in achieving good scintigraphic images for tumor detection
[55]. However, no subsequent investigations verifying the above results have been reported.

Another study reported 68Ga-labeled 17mer oligonucleotide sequences for targeting mutated
KRAS oncogene mRNA in human A549 lung cancer xenografts. The intravenously injected
tracer revealed high quality PET images that allowed quantification of biokinetics in major
organs and in tumors containing KRAS point mutations versus tumors with wild type KRAS
oncogene [65].

In the recent past, peptide nucleic acid based antisense sequences labeled
with 99mTc, 111In, 64Cu and 90Y showed promising results for targeting oncogene mRNA. In
one study, beads conjugated with a complementary DNA sequence were first injected in the
thigh region of the mice. A 99mTc labeled PNA sequence was then administered i.v. The PNA
probe showed stability and superior pharmacokinetics along with high uptake in the left thigh
where the complementary DNA beads were located [9].

Synthesis and characterization of PNA probes with a peptide analog of insulin-like growth
factor 1 (IGF1) for increased tumor cell uptake and chelating groups for 99mTc and 64Cu
labeling have been studied extensively [70]. A construct of chelator-PNA-peptide is depicted
in Figure 1. Antisense sequences specific for CCND1 [71] and MYCC [72] mRNAs were
explored for genetic characterization of breast cancer xenografts. Unique PNA sequences
targeting the initiation codon regions were selected because the start codon domain has been
reported to be available for PNA hybridization.

An antisense sequence for the KRAS D12 mutant was selected for targeting KRAS oncogene
expression in pancreatic cancer xenografts. In this study, PNA sequences targeting the mutated
12th codon region of KRAS oncogene mRNAs were selected [73]. Probes with 12mer antisense
sequence and 12mer mismatch controls for CCND1, KRAS and MYCC were synthesized
because PNA oligomers as short as 12 residues are reported to be sufficient for statistical
uniqueness [8]. Sequences with one, two, three mismatch served as controls. Hydrophilic
aminoethoxyethoxyacetyl (AEEA) and 4-aminobutanoyl (Aba) spacers were introduced at the
N terminus and C terminus of PNA hybridization sequences to minimize the steric hindrance
of bulky chelator-metal ion complex and the cyclic peptide moieties. Without the spacers, these
bulky groups might affect the hybridization efficiency of the PNAs. To achieve tumor cell
specificity and improved cellular delivery of PNAs, the IGF1 analog JB9, cyclic D- (Cys-Ser-
Lys-Cys), was extended from the solid phase support before coupling of the hydrophilic spacer
and the PNA monomers. N4 chelation of 99mTc was achieved by extending a tetrapeptide, Gly-
D-Ala-Gly-Gly, from the N terminus of the spacer-PNA-spacer-peptide. Probes with either
DO3A or an N2S2 chelator coupled to the N-termini of spacer-PNA-spacer-peptides were
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synthesized for 64Cu labeling. Their sequences are shown in Table 2. Schematics of chelator-
PNA-peptides labeled with 99mTc, 64Cu and Gd are displayed in Figure 2.

Although PNAs are internalized poorly into mammalian cells, CCND1 fluoresceinyl-PNA-
IGF1 peptide probe was internalized efficiently by cells overexpressing IGF1 receptors,
compared to a peptide mismatch probe [8,49]. Scintigraphic imaging of MCF-7 xenografts in
immunocompromised mice revealed 7-fold higher intensity of CCND1 and MYCC 99mTc-
chelator-PNA-D(Cys-Ser-Lys-Cys) probes compared to mismatch or contralateral controls
[71,72]. Figure 3 depicts uptake of 99mTc-CCND1 PNA-peptide probe in MCF-7 xenografts
in nude mice at 4, 12, 24 h p.i. [71]. A specific 64Cu-DO3A-CCND1 PNA-IGF1 analog
radiohybridization probe was injected intravenously into immunocompromised mice bearing
breast cancer xenografts. Eight-fold higher PET intensity at the center of breast cancer
xenograft was observed compared to intensity in the contralateral tissues at 24 h p.i. PNA
mismatch, peptide mismatch probe and IGF1 blocking yielded significantly weaker images
[60].

An SBTG2-DAP-PNA-IGF1 analog antisense probe for mutant KRAS mRNA was labeled
with 99mTc and also with 64Cu. The radiometal-chelator-PNA-peptide hybridization probes
were injected intravenously into immunocompromised mice bearing pancreatic cancer
xenografts, followed by scintigraphic and PET imaging [8]. 64Cu-DO3A-KRAS PNA-IGF1
analog (WT4286) radiohybridization probe that was specific for the D12 KRAS mutation in
human ASPC1 pancreatic cancer cells gave strong tumor contrast. Eight-fold increase in
intensity at the centre of human pancreatic cancer xenografts in PET images was observed
compared to the intensity in the contralateral muscle at 4 h p.i as shown in Figure 4 [73]. These
results are encouraging and suggest a promising future for early and specific imaging of
malignant lesions.

111In and 90Y labeled PNA complementary to the first six codons of BCL2 mRNA were
reported. Membrane permeating transducing peptide PTD-4 was coupled to PNA for
intracellular delivery. DOTA served as chelating moiety in the probe. 90Y-PTD-4-K (DOTA)
– anti BCL2 PNA showed binding similar to 32P labeled analogues when northern analysis was
performed using BCL2 mRNA from a cell free system [53]. The same group recently reported
an 111In labeled anti BCL2 sequence coupled to Tyr3-octreotate for somatostatin receptor
mediated intracellular delivery. Tumors could be imaged by 111In-DOTA-anti BCL2-PNA-
Tyr3-ocreotate at 48h p.i. [50].

MicroPET imaging of MCF-7 tumors in mice was reported using PNA targeting murine unr
mRNA (upstream of NRAS) sequence. Tetralysines were incorporated at the carboxy termini
for cell permeation and PNA was coupled to DOTA for 64Cu labeling. 64Cu-DOTA-Y-PNA50-
K4 showed good uptake in tumors with tumor/muscle ratio of 6.6 ± 1.1 at 24 h p.i [52].
Nevertheless, sequence-specific tumor images were not observed. The negative results were
ascribed to mouse tissue expression of murine unr mRNA with the same target sequence as
human UNR mRNA, and uptake of the PNA universally in all cells due to the nonspecific
Lys4 tail.

These studies strengthen the potential of radiolabeled antisense PNAs for utilization as specific
molecular probes for early detection of cancer and ultimately for disease specific radiotherapy.

5. Perspectives
Cancer remains the most formidable disease of mankind. Early detection of cancer following
effective therapeutic intervention can save lives. Advances in genomics and proteomics are
being reported almost every day, shedding new light on the genesis of cancer. Targeting specific
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biomarkers with radiohybridization probes may play a significant role in early detection of
cancer.

Success has been achieved in design and synthesis of novel antisense agents with improved
stability and binding affinity. Availability of automated technology for synthesis of antisense
agents and recent reports on possibility of single, continuous, solid phase synthesis of various
peptide-PNA conjugates indicates the possibility of large scale synthesis of conjugates for
commercial applications.

Promising results have been achieved in cell free systems and to some extent in in vitro systems.
For in vivo applications, limited success has been achieved. Furthermore, many issues such as
in vivo stability, target cell specificity, uptake and retention in the cell and interaction with the
target sequences need to be established. Future studies are needed to validate the hypothesis
of specificity of the radio hybridization probes to the target sequences in in vitro and in vivo
systems. Whether the uptake and retention of antisense agents is proportional to the expression
of intracellular message needs to be addressed. Apart from the use of radionuclides for labeling
oligonucleotides and PNAs, newer signaling moieties like near infrared (NIR) dyes for optical
imaging and supermagnetic iron oxide for magnetic resonance imaging may be useful for in
vivo imaging. However, in such approaches, depth and sensitivity are major concerns. Use of
dendrimers, conjugated to antisense sequence for incorporation of multiple labels may be
helpful in improving the signal for diagnostic applications. These may also be useful for
therapeutic applications when labeled with radionuclides of therapeutic importance.

Molecular imaging of oncogene mRNAs with novel and improved hybridization probes for
early, specific and noninvasive detection of cancers warrants greater attention.
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Figure 1.
Schematic representation of reporter-PNA-ligand probe wherein reporter can be radioisotope
like 64Cu or 99mTc, or contrast agent like Gd for MRI, bound to macrocyclic chelator DOTA,
PNA sequence complementary to oncogene mRNA, and peptide ligand specific for
overexpressed receptors on cancer cells.
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Figure 2.
Radiohybridization and MRI probes
a. 99mTc-PNA-Peptide probe with IGF1 analog specific for IGF1 receptor, PNA sequence
complementary to CCND1 oncogene mRNA, and N4 chelating peptide GdAGG for
chelating 99mTc for SPECT imaging of breast cancer.
b. SBTG2-KRAS PNA-Peptide probe with IGF1 analog specific for IGF1 receptor, PNA
sequence complementary to KRAS D12 mutant, and N2S2 chelator for 99mTc or 64Cu for
SPECT or PET imaging of pancreatic cancer.
c. MRI probe with IGF1 analog specific for IGF1 receptor, PNA sequence complementary to
KRAS D12 mutant, and DOTA for chelating Gd for MRI of pancreatic cancer.
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Figure 3.
Scintigraphic images in nude mice bearing human MCF-7 breast tumor xenograft at 4, 12 and
24 h p.i. of 99mTc-CCND1 PNA-peptide probe. (Reprinted, with permission, from reference
67).
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Figure 4.
Transverse CT images (top row) and PET images (second row) of 64Cu KRAS D12PNA peptide
probe WT4286 vs.1 mismatch WT4271, 1-mismatch WT4295, 2-mismatch WT4292, 3
mismatch WT4277 and a peptide mismatch WT4214 in human ASPC1 pancreatic xenografts
in immunocompromised mice 24 h after probe administration into the tail vein. The mouse
second from left bears human BT474 breast cancer xenograft lacking activated KRAS. The
yellow line on the coronal CT image shows the level of the transverse images. The color scale
of the images was normalized to the max/min of frame to show the dynamic range of tumor
uptake. (Reprinted, with permission, from reference 69).
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Table 1
Key components in development of antisense imaging agents

Stage and goals Test system Approaches and requirements

I. Design of
oligonucleotides

• Based on Watson-Crick base pairing and computer aided target selection.

• Selection of modifications/suitable chemistry for synthesis to achieve in -
vivo stability and desired pharmacokinetics.

• Optimization to achieve high yield and purity.

• Conjugation of chelating groups and moieties to the sequence for
radiolabeling and for achieving cell specific uptake.

• Design of mismatch sequences to serve as controls.

II. Target validation:
Specificity and efficiency

Cell free system • Estimation of Tm to demonstrate specificity.

III. Radiolabeling • Optimization of radiolabeling.

• Characterization and purification of radiolabeled antisense probe.

IV. In vitro biological
activity: Specificity and
efficiency

Cell culture • Studies to demonstrate kinetics of uptake and efflux in cells expressing
target mRNA.

• Studies to evaluate S1 nuclease protection of target mRNAs by antisense
probe.

• Uptake and hybridization of radiolabeled probe to the target sequence by
northern analysis.

V In vivo pharmacokinetics Animal models • Determination of pharmacokinetics of the probe, target to nontarget ratios
by tissue distribution and imaging studies.

• Studies to demonstrate specific uptake in the target tissue and hybridization
of the probes to the target sequence.

• Estimation of mRNA expression in the target tissue by conventional
methods like RT-PCR and comparison with uptake of radiolabeled
antisense agent.

VI. In vivo toxicology Animal • Determination of toxicity due to radionuclides if any, or due to antisense
sequences.

VII. Large scale synthesis
and radiolabeling

• Synthesis and radiolabeling complying good manufacture practice (GMP).

VIII. Clinical evaluation
and regulatory issues

Humans • Phase I to IV trials
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Table 2
Sequence of PNA probes

Name Sequence

PNA-free (WT990) Gly-D-Ala-Gly-Gly-Aba- (Gly) 4-D (Cys-Ser-Lys-Cys)

MYCC

MYCC PNA antisense (WT4219) Gly-D-Ala-Gly-Gly-Aba-GCATCGTCGCGG-AEEA-D (Cys-Ser-Lys-Cys)

MYCC PNA mismatch (WT4235) Gly-D-Ala-Gly-Gly-Aba-GCATGTCTGCGG-AEEA-D (Cys-Ser-Lys-Cys)

CCND1

CCND1 PNA antisense (WT4185) Gly-D-Ala-Gly-Gly-Aba-CTGGTGTTCCAT-AEEA-D (Cys-Ser-Lys-Cys)

CCND1 PNA mismatch (WT4172) Gly-D-Ala-Gly-Gly-Aba-CTGGACAACCAT-AEEA-D (Cys-Ser-Lys-Cys)

CCND1 peptide mismatch (WT4113) Gly-D-Ala-Gly-Gly-Aba-CTGGTGTTCCAT-AEEA-D (Cys-Ala-Ala-Cys)

Fl-CCND1 PNA antisense (WT4433) SFX-AEEA-CTGGTGTTCCAT-AEEA-D (Cys-Ser-Lys-Cys)

Fl-CCND1 peptide mismatch (WT4361) SFX-AEEA-CTGGTGTTCCAT-AEEA-D (Cys-Ala-Ala-Cys)

KRAS

KRAS PNA antisense SBTG2-DAP-AEEA-GCCAACAGCTCC-AEEA-D (Cys-Ser-Lys-Cys)

KRAS PNA antisense (WT4286, Asp 12 mutant) DOTA-AEEA-GCCATCAGCTCC-AEEA-D (Cys-Ser-Lys-Cys)

KRAS PNA, 1 mismatch (WT4271, Gly12 wild
type)

DOTA-AEEA-GCCACAGCTCC-AEEA-D (Cys-Ser-Lys-Cys)

KRAS PNA, 1 mismatch (WT4295, Val12 mutant) DOTA-AEEA-GCCACAGCTCC-AEEA-D (Cys-Ser-Lys-Cys)

KRAS PNA, 2 mismatch (WT4292, Lys 12
mutant)

DOTA-AEEA-GCCTAGCTCC-AEEA-D (Cys-Ser-Lys-Cys)

KRAS PNA, 3 mismatch (WT4277, Glu12 mutant) DOTA-AEEA-GCCTTTGCACC-AEEA-D (Cys-Ser-Lys-Cys)

KRAS PNA antisense, peptide mismatch
(WT4214, Asp12 mutant)

DOTA-AEEA-GCCATCAGCTCC-AEEA-D (Cys-Ala-Ala-Cys)

F1= Fluoresceinyl; SFX= 6-(fluorescein-5-carboxamido) hexanoyl
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