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[99mTc]PNA�peptide conjugates capable of binding to IGF1 receptors will be synthe�
sized. Specificity of their uptake and hybridization to mRNA in normal epithelial human
cells compared to human breast cancer cells will be studied.
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Problem anakysis

No method is currently available to measure levels of
specific mRNAs non�invasively in living cells and tis�
sues. As a diagnostic tool for measuring gene expression,
peptide nucleic acids (PNAs) display superior rugged�
ness and hybridization properties. However, they are neg�
ligibly internalized by normal or malignant cells. We
have previously observed that 99mTc�peptides can delin�
eate tumors, that 99mTc�chelator�DNA�peptides can be
synthesized, that PNA�peptides are specific for recep�
tors on malignant cells, and that PNA�peptides are taken
up specifically and concentrated in nuclei of malig�
nant cells. Therefore we hypothesize that antisense
99mTc�chelator�PNA�peptides will be taken up by hu�
man cancer cells, hybridize to complementary mRNA
targets, and permit imaging of hybridized oncogene
mRNAs in human cancer xenografts in a mouse model.
The oncogenes cyclin D1, ERBB2, c�MYC, and tumor
suppressor p53 will be probed. These experiments will

test our concept for noninvasive detection of gene ex�
pression in living cells and tissues. Such a scintigraphic
imaging technique should be applicable to any particular
gene of interest in a cell or tissue type with characteristic
receptors.

1.1. Cancer diagnosis via gene expression. The ulti�
mate pathology of all proliferative diseases results from
molecular genetic modulations at a cellular level, in�
duced by activation of oncogenes. A broad spectrum of
genes associated with many types of malignancies has
been identified. Imaging gene expression, non�invasively,
with high sensitivity and specificity, can become a more
powerful diagnostic tool than any currently available.
While non�invasive positron emission tomography (PET)
with [18F]�fluoroguanine derivatives1 may in the future
permit imaging of sites of cellular proliferation, it will
not provide the identities of overexpressed genes. PET
measurement of tumor uptake of an [18F]�fluoroguanine
derivative that is specifically phosphorylated by herpes
simplex virus thymidine kinase (HSVTK) represents the
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closest approach so far to determination of specific
gene expression, in a case where the tumors were
directly transformed by adenoviral vectors carrying
HSVTK.2 Similarly, PET measurement of tumor uptake
of [18F]�2´�deoxy�2´�fluoro�5�iodouridine arabinoside
(FIAU) in tumor cells retrovirally transformed with
HSVTK expressed from a p53�controlled promoter indi�
rectly implied elevated expression of p53.3 In contrast to
the indirect [18F] approaches, we hypothesize that non�
invasive administration of 99mTc�PNA�peptides specific
for particular oncogene mRNAs will allow us to image
pre�cancerous cells overexpressing each specific onco�
gene. In view of the frustrating difficulties for unambigu�
ous early diagnosis of breast cancer, we propose to use
human breast cancer cells grown in athymic nude mice
as our first model system.

1.2. Breast cancer diagnosis. In 2001, invasive breast
cancer will attack approximately 190,000 US women,
and this malignancy will take the lives of approximately
41 000 patients.4 Breast cancer is the leading cause of
cancer in US women (excluding skin cancers). In men,
about 1400 new breast cancers will present in 2001. Breast
cancer incidence rates for women have increased 2% per
year since 1980. Currently, 110 breast cancers occur ev�
ery year per 100 000 women. The 5�year survival rate is
94% if the disease is localized to the breast, 73% if the
disease has spread regionally, but only 18% for patients
with distant metastases at the time of diagnosis. Mortal�
ity rates for mammary cancer remain high, despite re�
cent advances in the treatment of advanced disease,
screening for early cancer, and fundamental knowledge
about the molecular and cellular events that underlie
this disease.

Mammography and physical examination, the only
generally accepted screening tools available, miss up to
40% of early breast cancers. Moreover, if an abnormality
is found, an invasive diagnostic procedure must still be
performed to determine if the breast contains atypia or
cancer, even though 85% of abnormalities are benign.5

Present diagnostic techniques include needle biopsy,
excisional biopsy, and mastectomy. Each procedure has
the risk of hematoma formation and infection. The first
procedure is limited by sampling error, while the latter
two require costly operative procedures and raise con�
cerns regarding cosmesis.

Diagnostic efforts to identify women with precancer�
ous changes or breast cancer are hindered by the fact
that the evaluation of the breast has traditionally re�
quired a surgical biopsy. A non�operative method to
evaluate women for the presence of atypia and cancer of
the breast, whether performed as routine screening or to
evaluate an abnormality found on breast exam or mam�
mogram, would be very beneficial.

1.3. Oncogenes associated with breast cancer. Can�
cerous cells display overexpression or mutant expression

of one or more of the 5000 genes normally used in cell
proliferation.6 Such genes are called proto�oncogenes.7

The implication is that the targets that must be attacked
in breast tumor cells are normal cellular genes that have
sustained some activating lesion. Cyclin D1, ERBB2,
and c�MYC oncogenes, as well as the tumor suppressor
p53, are frequently overexpressed in breast cancer cells.
Oncogene�targeted antisense DNA sequences specifically
down�regulate cyclin D1,8 ERBB2,9,10 c�MYC,11—14 and
p53,15,16 inhibiting cancer cell proliferation. Thus we
hypothesize that those mRNAs are significant markers of
oncogenic transformation that we may utilize to distin�
guish cancerous masses from benign cysts in breasts.
Microarray analyses of mRNA expression patterns in
breast cancer cells have not yet identified detectable
overexpression of those markers,6 and that approach could
only be applied to invasive biopsy tissue.

1.3.1. Cyclin D1. Cyclin D1 (BCL1, PRAD1,
CCND1) is a proto�oncogenic regulator17 of the G1/S
checkpoint in the cell cycle that has been implicated in
the pathogenesis of several types of cancer, including
breast cancer. The cyclin D1 protein is overexpressed in
up to 80% of tumors.18,19 There is substantial evidence
that critical regulatory steps occur during the cell cycle
that determine whether or not the cell will synthesize
new DNA and divide. These critical regulators of G1 are
frequent targets for mutations.20 Among the most fre�
quently mutated genes are those that control the check�
point (often called the restriction or R point) in late G1.
The major regulator of this checkpoint appears to be
pRb, the protein product of the retinoblastoma gene.21

When hypophosphorylated, pRb inhibits cell growth by
binding to, and preventing the function of, a number of
transcription factors, including some in the E2F fam�
ily.20 Phosphorylation of pRb in mid to late G1 releases
the transcription factor(s) bound by pRb that leads to
DNA synthesis.22 Two important regulators of G1 are
p53 and cyclin D1. p53 appears to suppress cell division
by stimulating the synthesis of a cyclin�dependent ki�
nase (Cdk) inhibitor, p21.23 Cyclin D1 appears to func�
tion upstream of pRb by binding to cyclin�dependent
kinase (cdk) 4 or 6, leading to pRb phosphorylation by
the cdk.24

Amplification is only one method by which the pro�
tein product can be overexpressed. Increased expression
has also been observed due to gene rearrangement25,26

both in parathyroid tumors (11q13 with 11p15) and B
cell tumors (11q13 with 14q32). Overexpression of cyclin
D1 in cultured cells leads to a more rapid transversion
through the G1 phase of the cell cycle and entry into S
phase.27,28 Cyclin D1 cooperates with Ras protein17 and
complements a defective E1a adenoviral gene29 to func�
tion as an oncogene.

Cyclin D1 levels decrease with melanoma differen�
tiation,30 and neutralizing antibodies to cyclin D1 ar�
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rested the melanoma cell line SK29�MEL�1 in G1
whereas p16 did not, suggesting that cyclin D1 plays an
important and perhaps essential role in melanoma growth
and progression. Indeed we observed that cyclin D1
antisense DNA sequences specifically down�regulate
cyclin D1, and inhibit proliferation, in melanoma cells.8

Cyclin D1 overexpression and amplification is an early
event in breast carcinogenesis, being found in up to 30%
of in situ lesions.31 Fully half of invasive breast cancers
have increased cyclin D1 protein expression.32 In view
of the observation that cyclin D1 expression is associated
with poor prognosis in breast cancers,33,34 and our abil�
ity to suppress cyclin D1 expression with antisense RNA
vectors,35 it is reasonable to hypothesize that cyclin D1
antisense oligonucleotides labeled with 99mTc could iden�
tify malignant atypia detected by mammography, or
pre�malignant zones that were not detected by mammo�
graphy.

1.3.2. ERBB2. Amplification of the ERBB2 gene was
first identified as a marker of advanced stage breast can�
cer and a prognostic marker.36 Subsequent studies dem�
onstrated the overexpression and amplification of ERBB2
gene in carcinomas in situ.37 A recent study demon�
strated low�level (two� to four�fold) ERBB2 gene ampli�
fication in 9.5% of benign breast tissue specimens in
which adjacent tumor was present.38 The presence of
proliferative cytology and ERBB2 amplification implied
an odds ratio of 7.2 for the future development of breast
cancer, compared to biopsies lacking breast proliferation
and ERBB2 amplification.38

ERBB2 gene encodes a 185 kDa protein, ErbB2, be�
longing to the receptor�tyrosine kinase family of cell
surface proteins.39 The ErbB2 protein displays strong
homology with epidermal growth factor receptor,40 as do
the closely related ErbB3 and ErbB4 receptors.41,42 All
three receptors are located on epithelial cell surfaces in
sufficient proximity that they may be crosslinked. The
activation of the intracellular tyrosine kinase activity is
most likely the key step by which p185 confers trans�
forming signals to second messenger systems, such as the
Ras pathways. ErbB2 receptor does not appear to be
expressed in normal adult cells, except for secretory epi�
thelial cells, and may only be generally necessary at an
early developmental stage.43 While ErbB2 overexpression
is associated with poor prognosis, this receptor may not
be the key to malignant cell proliferation, but rather to
recurrence, a more formidable problem.44

There is significant evidence that ErbB2 status is help�
ful in predicting response to therapy, whether hormonal,
cytotoxic, or radiation.45 Serum�based testing for circu�
lating ErbB2 protein also shows promise, as most though
not all studies suggest that elevated levels of ErbB2 in
serum correlate with decreased survival and absence of
clinical response to hormone therapy.45 A humanized
monoclonal antibody to ErbB2, HerceptinR, has a favor�

able toxicity profile and has efficacy in ErbB2 positive
metastatic breast cancer both alone46 and in combina�
tion with chemotherapy.47

While tissue�based detection of ErbB2 remains the
clinical standard, there is disagreement as to the best
method of measuring overexpression.45 For comparative
purposes, we have chosen to detect ERBB2 amplifica�
tion through a highly sensitive PCR technique and ErbB2
overexpression by immunostaining, which allows us to
evaluate the tissue in situ. One advantage of PCR is that
it can detect low�level amplification in histologically be�
nign tissue adjacent to breast cancer, whereas over�
expression is not seen in this setting. Women with histo�
logically benign but ERBB2 gene�positive tissue appear
to be at increased breast cancer risk.38

Antisense DNA has been applied against ERBB2
and was observed to decrease p185 levels.9,48,49 This
has prevented tumorigenesis by ERBB2�transformed
SKOV3 ovarian carcinoma cells in immunocompromised
mice.10,50 Hence, ERBB2 mRNA appears to be another
logical target for antisense 99mTc detection of oncogene
expression in breast cancer.

1.3.3. Proto�oncogene c�MYC. The proto�oncogene
c�MYC is amplified and/or overexpressed in about 30%
of both advanced and early stage mammary tumors.51

The target oncogene, c�MYC, expresses a nuclear pro�
tein Myc with an electrophoretic apparent molecular
mass of 65 kDa (p65). Myc is one of the leucine zipper
proteins, which binds with a small partner protein, Max,
and this heterodimer in turn binds specifically to the
sequence dGACCACGTGGTC which occurs in the regu�
latory regions upstream of proliferative genes.52 Expres�
sion of the c�MYC gene is normally controlled by a vari�
ety of transcriptional activating proteins53 and suppres�
sor proteins such as p53.54

c�MYC was the first oncogene targeted by antisense
DNA, specifically the MYC6 sequence,11 and a number
of c�MYC antisense sequences have displayed sequence�
specific antisense activity in a variety of malignant cells
in culture55 and in animal hosts.56 In breast cancer, the
c�MYC antisense sequence MYC6 displayed gene inhibi�
tion and antiproliferation activity in estrogen�stimulated
MCF7 cells57 and in SKBR3 cells (see below). These
results provide a reasonable basis for pursuing c�MYC
mRNA as a logical target for probing with antisense 99mTc
in breast atypia.

1.3.4. p53. Mutations in the p53 tumor suppressor
gene are common in breast cancer, with frequencies of
20—61% being observed.58 There is a high association
between p53 mutations and p53 protein accumulation,59

such that many researchers now accept p53 overexpression
as a valid surrogate for p53 mutations.60 One large study59

observed p53 overexpression in 16% of in situ carcino�
mas, 22% of sporadic carcinomas, 34% of tumors from
patients with familial breast cancer, and 52% of tumors



Wickstrom et al.1086 Russ.Chem.Bull., Int.Ed., Vol. 51, No. 7, July, 2002

from patients with familial breast and ovarian cancer
syndrome.

Targeted therapy of human cancer based on molecu�
lar alterations in p53 are being studied in both preclini�
cal and clinical settings. Adenoviral mediated transfec�
tion of immortalized Li�Fraumeni cells increased the
efficacy of photodynamic therapy in inducing apoptosis.61

Adenovirus�mediated p53 gene therapy has been shown
to enhance chemotherapy in preclinical models of hu�
man cancer62 and is currently being conducted in clini�
cal trials with low toxicity and evidence of antitumor
activity.63 p53 overexpression leads to enhanced radio�
sensitivity of tumors, both after adenoviral transduction64

and with a liposome�mediated vehicle for delivery of
therapy.65

Oncogene�targeted antisense DNA phosphorothioate
sequences have been observed to down�regulate p53 spe�
cifically in malignant hematopoietic cells,15,16 inhibiting
leukemic cell proliferation.15,16 Hence, p53 mRNA ap�
pears to be another logical target for antisense 99mTc
detection of oncogene expression in breast cancer.

1.4. Antisense oligonucleotide derivatives. The ability
to turn off individual genes at will in growing cells pro�
vides a powerful tool for elucidating the role of a par�
ticular gene for diagnosis and for therapeutic interven�
tion. Antisense DNAs (Fig. 1) were first conceived as
alkylating complementary oligodeoxynucleotides directed
against naturally occurring nucleic acids66 and first suc�
cessfully utilized against Rous sarcoma virus.67 Since those
proofs of principle, antisense DNA derivatives have been
utilized to inhibit the expression of a wide variety of
target genes in viral, bacterial, plant, and animal sys�
tems, in cells,55 in animals,68 and in humans.69 Back�
bone modifications of antisense DNAs (Fig. 2) have been
found to increase lifetime and efficiency. Despite their
efficacy, however, phosphorothioate DNAs exhibit less
sequence specificity in their effects than do phospho�

diesters or methylphosphonates,55,70 due to significant
binding to a spectrum of plasma and cellular proteins.71

Encouraging results have been obtained recently sug�
gesting that greater potency and specificity might be pos�
sible with 2´�O�alkyl RNA/DNA/2´�O�alkyl RNA phos�
phorothioate chimeras,72,73 PNA�peptide conjugates,74

α/β/α�anomeric DNA chimeras,75,76 DNA borano�
phosphates,77,78 or peptide�DNA conjugates.79,80

Antisense DNA therapeutics have already overcome
several hurdles. These include uptake by cells, survival
in cells, reaching target mRNA in cells, blocking gene
function with predicted specificity, displaying significant
anti�cancer or anti�viral effects as a result of gene block�
age, nontoxicity in mice, and efficacy in mice. Over a
dozen clinical trials are underway for a number of indi�
cations, using phosphorothioates.69 In 1998, FDA issued
its first approval of a therapeutic oligonucleotide tar�
geted against cytomegalovirus.81 Antisense diagnostics
have not advanced comparably, at least in part because
charged antisense DNAs hybridized to RNA form a sub�
strate for RNase H,82 leading to the destruction of the
message that one might wish to measure. On this cam�
pus, we looked for accumulation of labeled ERBB2
antisense oligonucleotide phosphorothioate, compared
with a scrambled control, in SKBR3 cells that overexpress
ERBB2 mRNA, but found equivalent amounts of label
in each cellular preparation.* Similarly, a 99mTc�labeled
HYNIC�conjugated oligonucleotide ERBB2 antisense
oligonucleotide phosphorothioate did not show differ�
ences in uptake among cell lines with high, normal, or
low levels of c�MYC mRNA.83 We think, however, that
peptide nucleic acids (PNAs) (Fig. 2) will overcome
the problems of charged DNA as antisense diagnostic
probes.

1.5. Imaging with 99mTc�ligands. For imaging gene
expression we prefer to use 99mTc because of its universal
availability from 99Mo generator and its physical decay
characteristics. It has a half�life of six hours, which is
long enough to permit imaging gene but not too long to
persist in the body and impart unnecessary radiation dose
to the patient. It also decays with emission 140 keV
gamma rays (90%) that can be efficiently detected exter�
nally by a commonly available device, the gamma cam�
era. Currently nearly 90% of all scintigraphic imaging
procedures use 99mTc.

The use of other positron emitting radionuclides such
as [18F] is becoming increasingly popular for scintigraphic
imaging by PET scanners or coincidence gamma cam�
eras. However, [18F] requires a cyclotron to produce,
has a half�life of only 110 min, and it is not yet commer�
cially available in the fluoride form essential for synthe�
sis of [18F]PNAs. Furthermore, imaging lesions requires
an expensive PET scanner or coincidence cameras, avail�

Fig. 1. Antisense DNA (red) basepaired to mRNA target. * Basu, Wickstrom, and Thakur, unpublished results.
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able at present in less than 2% of the nation’s estimated
5000 nuclear medicine centers.

2. Results of studying conjugates

2.1. 99mTc�peptide imaging. We have developed facile
methods for labeling peptides with 99mTc,84,85 which
also work well with PNA�peptides.* The tetrapeptide
Gly—D�Ala—Gly—Gly (GAGG) (Fig. 3, A) chelates
99mTc firmly and efficiently.84,85 The peptide NH groups
of GAGG provide an N4 configuration for strong chela�
tion of 99mTc. Not only is the labeling efficiency high
(>95%), but also the tracer is stable in vivo, even in
acidic vesicles. The Gly4 spacer on the N�terminus of
the PNA (Fig. 3, center) is not likely to bind 99mTc
significantly. Using a spacer such as 4�aminobutyric acid
(Aba) between the primary peptide and GAGG mini�
mizes steric hindrance from the chelating moiety and
the 99mTc chelate. This technique can also be used to
label PNAs with rhenium radionuclides (e.g., 186Re
and 188Re) of therapeutic importance. More impor�
tantly, the GAGG—Aba chelating sequence can be in�
cluded with a PNA�peptide during solid phase synthe�

sis, thereby eliminating the need for post�synthetic
conjugation (GAGG—Aba—PNA�peptide), purifica�
tion, and characterization of the required compound
(GAGG—Aba—PNA�peptide) (See Fig. 3).

Using this technique, several peptides, such as vaso�
active intestinal peptide (VIP) have been labeled with
99mTc in the Thakur laboratory and successfully evalu�
ated in vitro, in experimental animals, and in hu�
mans.84—86 Similar success was obtained upon 99mTc la�
beling of the chemotactic peptide fMet—Leu—Phe to
image sites of infection.87 [123I]VIP has already been
utilized for imaging pancreatic cancer sites.88 The
Eisenhut group has also prepared and tested the cellular
binding of BCL2 antisense phosphorothioate89 and PNA90

sequences conjugated to [125I]Tyr(3)�octreotate.
2.1.1. Preparation of 99mTc�peptides. The most com�

mon way to label peptides with radionuclides has been to
synthesize a required peptide and then to conjugate it to
a chelating agent that will form a complex radioactive
metal ion and facilitate radiolabeling. In this process,
however, the peptide functional groups must be pro�
tected so that the peptide can neither lose its active
groups nor can the chelating agent bind to other peptide
side chains but only to the intended terminal groups.
Additionally, at the end of the conjugation process the

β�phosphodiester

methylphosphonate

phosphorothioate

borane phosphonate

α�phosphodiester anomer

N3´�phosphoramidate

2´�O�alkyl�RNA

morpholinophosphorodiamidate

peptide nucleic acid

Fig. 2. Oligonucleotide backbone derivatives.

* Unpublished results.
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pre�protected peptide groups must be deprotected and
the final product must be purified and characterized.
This process is time�consuming and subject to poor yields.

We use Gly—D�Ala—Gly—Gly (GAGG) as a chelat�
ing moiety, permitting us to synthesize a peptide of a
given sequence with a chelating moiety as its integral
part. The entire sequence can be synthesized, purified,
and characterized in one process yielding an end prod�
uct ready to be labeled with 99mTc. Between the primary
peptide and the GAGG we have inserted 4�aminobutyric
acid (Aba) as a spacer that eliminates or minimizes the
steric hindrance. We now use this technique to synthe�
size our PNA probes with Aba as a spacer and GAGG as
a chelating moiety on the N�terminus of the chosen
PNA. Using this process, we can label PNAs without an
excessive loss of time or effort.  As can be seen below,
this labeling procedure does not lead to the loss of bio�
logical activity or receptor specificity.*

2.1.2. 99mTc�peptide binding to cells. Each la�
beled peptide, VIP—Aba—GGAG—99mTc (TP3654),
99mTc—CPTA—VIP, and [125I]VIP, can be evaluated for
receptor specificity using a receptor displacement assay,
cell binding assays, and muscle relaxivity.91 Scatchard
plot binding analyses (Fig. 5) were performed on HT29
colorectal cancer cells, yielding IC50 values for [125I]VIP
displacement of 15 nM for both unmodified VIP and
for VIP�chelator (TP3654). Measurements of muscle

relaxivity in opossum anal smooth muscle strips illus�
trated similar activity by unmodified VIP and VIP�chela�
tor (TP3654), but reduced activity by CPTA�VIP (Fig. 6).
Hence, the biological activity and receptor specificity of
VIP were not altered by the Aba�GGAG chelator peptide.91

2.1.3. 99mTc�peptide imaging of murine tumors. The
purpose of this examination was to study the stability of

Fig. 3. 99mTc�chelate�PNA�peptide example.

* As a general rule, 10 µg of each Aba—GAGG modified pep�
tide was added to 650 µL of 0.05 Na3PO4, pH 12, 75—100 µg of
SnCl2 at 10 g L–1 in 0.05 M HCl, and the required quantity of
99mTc in 200 µL of 0.15 M NaCl, followed by incubation for
15 min at 90 °C. The reaction mixture was cooled to 22 °C and
1 mL of 0.05 M NaH2PO4, pH 4.6, was added to bring the pH
of the reaction mixture to pH 7.0—7.2. Labeled peptides were
analyzed by C18 reversed phase HPLC using gradient solvent
consisting of 0.1% trifluoroacetic acid in H2O (solvent A) and
0.1% trifluoroacetic acid in acetonitrile (solvent B). The actual
gradient was varied from peptide to peptide so that a good
separation between free 99mTc, if any, and bound 99mTc could
be obtained. The HPLC is equipped with a variable range
UV detector and a NaI (Tl) radioactivity monitor. In all pep�
tides, generally unbound 99mTc was <5% and bound 99mTc was
eluted as a single peak indicating the absence of isomers
(Fig. 4).84,85,91,92
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Fig. 4. Analytical HPLC of VIP�chelator�99mTc (TP3654) on
C18 column eluted with a gradient from 0.1% CF3CO2H in
water (system A) to 0.1% CF3CO2H in acetonitrile (system B).
I is γ�radiation intensity.
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Fig. 5. Internal anal sphincter muscle tension as a function of
VIP�chelator (TP3654) (1), CPTA�VIP (2), or unmodi�
fied VIP (3).
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the tracer in vivo, to determine its metabolites excreted
in urine, to assess its blood clearance, to characterize its
pharmacokinetics and tissue distribution, and to evalu�
ate its ability to target the intended in vivo abnor�
malities. Studies were performed in mice, rabbits, or
pigs.84,85,87,91,92 In each species, experimental lesions were
induced by a suitable experimental procedure approved
by the Institutional Animal Care and Use Committee.
Peptides intended for detection of venous thrombosis
and pulmonary embolism were studied in rabbits and
pigs and those for imaging abscesses and tumors were
evaluated in mice. Human tumors were grown in nude
mice by implanting tumor cell lines maintained in tissue
culture. Receptor blocking assays were performed to dem�
onstrate that the uptake in the lesion was receptor spe�
cific. Results were generally compared with those of
125I�labeled primary peptides. In all cases, tumors were
delineated with high signal/background ratios.84,91,92

Figure 7 provides an example of a gamma camera image
of a mouse bearing experimental human colorectal can�
cer.91 The mouse was injected with approximately 700 µCi
99mTc�VIP or 99mTc�chelator 24 h previously. The tu�
mor in the right flank was unequivocally delineated by
99mTc�VIP. In mice in which 50 µg of VIP was injected
to preblock the receptors on the tumor cell surfaces,
significantly (p < 0.05) less 99mTc�VIP radioactivity was
taken up by the tumor.

2.1.4. Imaging tumors in humans with 99mTc�peptides.
Encouraged by the preclinical evaluation results, we ini�
tiated a feasibility study of using 99mTc�VIP for imaging
tumors in humans. All tumors as identified by CT, MRI,
99mTc�SestaMIBI, sonography, or mammography were

known to express VIP receptors (VPAC1, VPAC2) in
high density.93 Negative controls did not display inap�
propriate concentration of labeled VIP (Fig. 8). Out of
11 patients examined thus far, there was concordance in
nine patients. In the other two patients, only 99Tc�VIP
scan was positive for tumors known to express VIP re�
ceptors.85 One resulted from recurrence of resected breast
cancer (Fig. 9), and the other from a recurrence of neu�
rofibroma in the neck (Fig. 10). These data demonstrate
that (a) we can label peptides with 99mTc efficiently with�
out compromising their receptor specificity and biologi�
cal activity and (b) target lesions in vivo that express
specific receptors. Most importantly, benign breast aty�
pia were not delineated, suggesting an absence of false
positives, while malignant recurrences not identified by
current methods were clearly identified, overcoming the
problem of false negatives. These positive results support

–11 –10 –9 –8 log [peptide] (mol L–1)
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Fig. 6. Scatchard plot of 40 pM [125I]VIP displacement from
HT29 colorectal cancer cells by VIP�chelator (TP3654) (1)
and unmodified VIP (2).

a b

Fig. 7. Posterior gamma camera images of nude mice bearing
LS174T (∼1 g) human colorectal tumor in right thigh 24 h after
injection of VIP�chelator�99mTc (left) or just chelator�99mTc
control (right). Despite marginal uptake (0.2% I.D./g), tumor
in right thigh was delineated (average of 8 pulses) with
99mTc�VIP because of low body background. This tumor was
not delineated with 99mTc�G(D)AGG�Aba (right).

MIBI

99mTc�VIP

LT LAT RT LAT

Fig. 8. A 47�year�old female with suspicious mammogram had
normal SestaMIBI scan and normal 99mTc�VIP scan. Right
breast biopsy showed only calcium deposit.
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the hypothesis that oncogene expression could be im�
aged in vivo with 99mTc antisense PNAs.

2.2. PNA�peptide probes. PNAs hybridize tightly to
RNA, resist nuclease attack, and demonstrate antisense
activity in vitro.94 RNA hybridized to uncharged oligo�
nucleotide derivatives, such as PNA, is not recognized
by RNase H. Hence, PNA does not catalyze degradation
of its bound RNA, but inhibits mRNA translation solely
by hybridization arrest, and thus provides an opportunity
for diagnostic application. Antisense activity in cells,
however, requires microinjection of PNAs into nuclei.
This stems from poor cellular uptake,95 which was ten
times less efficient than uptake of phosphorothioates in a
variety of mammalian cells.96 To alleviate this situation,
cellular uptake might be improved by addition of a vari�
ety of ligands.74,97

2.2.1. Design of PNA�peptide conjugates. The insu�
lin�like growth factor 1/insulin like growth factor 1 re�
ceptor (IGF1/IGF1R) system plays a major regulatory
role in development, cell cycle progression, and the early
phase of tumorigenicity.98 Small peptides have been de�
signed by molecular modeling as analogs of natu�
ral IGF1. Similarly, a phage display experiment re�
vealed breast tumor affinity by the cyclized peptide

L�CNGRC.99 The most effective IGF1 peptide analog,
JB3, D�CSKAPKLPAAYC, inhibits growth of certain
cancer cell lines and competes with the natural ligand
for binding to the IGF1R.100 The JB3 peptide has two
Cys residues, one at each terminus, which are disulfide
linked to form a loop with limited flexibility, favoring a
conformation for binding to the receptor. The use of
D�amino acids gave the peptide stability against cellular
proteases. A reverse sequence was synthesized with re�
spect to the normal L�amino acid sequence to account
for the reversal of chirality.

Thus, we hypothesized that conjugation of the
D�peptide analog with an antisense PNA against an ef�
fective target sequence of IGF1R mRNA100 would pro�
vide cell�type specificity and increase cellular uptake by
those cells overexpressing IGF1R. To reduce the com�
plexity of the synthesis, a smaller version of JB3, called
JB9, D�CSKC, was selected for conjugation with the
PNA (see Fig. 3, B). Cellular uptake of the PNA�peptide
conjugate, a control with two D�Ala residues in the pep�
tide in place of D�Ser�Lys, and a control PNA without a
peptide adduct, were studied in murine BALB/c3T3 cells,
which express low levels of murine IGF1R, in p6 cells,
which are BALB/c3T3 cells which overexpress a trans�

a b c

Fig. 9. A 42�year�old woman with prior left mastectomy presented with recurrence in right breast and left operative site. Lateral
images with 99mTc�SestaMIBI (a) show uptake in the chest wall and right breast (arrows). Left�side view (b) obtained 15 min after
injection of 99mTc�VIP and right�side view (c) obtained 1 h after injection of 99mTc�VIP show same lesions (arrows) perhaps with
better intensity than on corresponding 99mTc�SestaMIBI (a).

a b c

Fig. 10. A 20�year�old woman with a history of neurofibroma of brain in childhood presented with mass in left neck that was evident
for 1 month obtained with 99mTc�VIP scan (a), 99mTc�MIBI scan (b), and bone scan (c). 99mTc�MIBI scan (b) was negative. Bone
scan (c) showed faint blood pool. However, 99mTc�VIP scan (a) showed unequivocally positive uptake (arrow). Immunohistology of
lesion showed that it was a high�grade spindle cell sarcoma.
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fected human IGF1R gene,101 and in human Jurkat
cells, which do not express IGF1R,102 as a negative
control.

2.2.2. Preparation of PNA�peptide conjugates. Pep�
tide nucleic acid (PNA), in particular, has shown tre�
mendous potential as an antisense agent.103 Although
PNAs hybridize very strongly and specifically to RNA
and DNA, they are taken up poorly by cells, relative to
phosphorothioate oligomers,96 limiting their potential as

Table 1. IGF1R antisense and control sequences

PNA�peptides and PNA, composition Structure of PNA�peptides and PNA

PNAP1 antisense+IGF1 peptide H—Gly—CCGCTTCCTTTC—CONH—Gly4—Cys—Ser—Lys—Cys—CO2H
PNAP2 antisense+control peptide H—Gly—CCGCTTCCTTTC—CONH—Gly4—Cys—Ala—Ala—Cys—CO2H
PNA1 antisense without peptide H—Gly—CCGCTTCCTTTC—CO2H

1 2 3 4

43.0

29.0

18.0

14.0

5.8

2.9

M/kDa

Fig. 11. SDS�PAGE of the PNA�peptide conjugate PNAP1,
stained with Coomassie brilliant blue: 0.5 nmol PNAP1 (lane 1),
molecular weight markers (lane 2), 0.75 nmol PNAP1 (lane 3),
and 1.5 nmol PNAP1 (3.85 kDa) (lane 4), which migrates
between the 5.8 kDa and the 2.9 kDa markers.

2000 3000 4000 5000 6000 m/z

Fig. 12. MALDI�TOF mass spectrum of PNA�peptide conju�
gate PNAP1 desorbed from a sinapinic acid matrix. The spec�
trum is an average of eight pulses. Experimental mass 3854.5 Da;
calculated mass 3850.7 Da.

nucleic acid binding agents. To improve cellular uptake
of the IGF1R antisense sequence PNA1 targeted against
IGF1R mRNA codons 706—709 104 (Table 1), it was
conjugated to a D�amino acid analog of insulin�like growth
factor 1 (IGF1). This analog binds selectively to the cell
surface receptor for insulin�like growth factor 1 (IGF1R),
which is overexpressed in malignant cells.101

The IGF1 D�peptide analog was assembled on (4�me�
thylbenzhydryl)amine (MBHA) resin, then the PNA was
extended as a continuation of the peptide. Denaturing
SDS gel electrophoresis (Fig. 11) and MALDI�TOF mass

n/pmoles per 106 cells

20

10
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40
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n/pmoles per 106 cells
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1 2 τ

n/pmoles per 106 cells

a

b

c

1

2

3

Fig. 13. Cellular uptake of radiolabeled PNA and PNA�pep�
tides by mammalian cells incubated with 1 µM [14C]PNA1 (1),
[14C]PNAP1 (2), and [14C]PNAP2 (3) at 37 °C.74 Data are
presented in terms of pmoles oligonucleotide per 106 cells
Balb/c3T3 (a), p6 (b), and Jurkat (c). Each data point in a and
b represents the mean ±SEM of three replicates. Each data
point in c represents the mean ± variance of two replicates.
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spectrometry (Fig. 12) were consistent with the chimeric
sequence.

2.2.3. PNA�peptide binding to cells. The conjugate
and control sequences can be radiolabeled with 14C or
fluorescently labeled with fluorescein isothiocyanate.74

Cellular uptake of the PNA�peptide conjugate PNAP1,
the control PNAP2 with two alanines in the peptide, and
a control PNA1 without the peptide segment, were stud�
ied in three cell lines: murine BALB/c3T3 cells, which
express low levels of murine IGF1R; p6 cells, which are
BALB/c3T3 cells overexpressing a transfected human
IGF1R gene; human Jurkat cells, which do not express
IGF1R, as a negative control. The specific PNAP1 con�
jugate displayed much higher uptake than the control
PNA1, but only in cells expressing IGF1R, measured with
both the 14C�conjugate (Fig. 13) and the fluoresceinyl�
conjugate (Fig. 14).74

This approach may allow cell�specific application of
PNAs as gene expression diagnostics in vivo. In addition
to the cyclized IGF1 D�peptide analog D�CSKC, we will
test a D�peptide analog of L�CNGRC, which revealed
breast tumor affinity in a phage display experiment.99 In
prostate cancer cells, for comparison, addition of dihydro�
testosterone or a nuclear localization peptide to a c�MYC
antisense PNA permitted some nuclear localization and
Myc reduction in LNCaP cells expressing androgen re�
ceptor after 24�h exposure to 10 mM PNA.105 It would
appear that use of a peptide analog specific for a cell
surface receptor is far more effective than a steroid ca�
pable of binding to a cytoplasmic protein after unassisted
uptake.

3. Direction of further studies

3.1. Preparation of 99mTc�PNA�peptides antisense
to cyclin D1, ERBB2, c�MYC, and p53 mRNAs

and specific for IGF1 or NGR receptors

3.1.1. Design of chelator�PNA�peptides. The onco�
gene�specific chelator�PNA�peptide conjugates will be
assembled by solid phase synthesis,74 beginning from the
C�terminus. First the IGF1 D�peptide analog D�CSKC
or NGR D�peptide analog D�CRGNC will be extended
from (4�methylbenzhydryl)amine (MBHA) resin, fol�
lowed by a Gly4 spacer, using Fmoc coupling. Control
peptides with three Ala replacements in the center,
D�CAAAC, will also be prepared.

Because PNA hybridization is so strong and specific,
oligomers as short as 12 residues (Table 2) will be ex�
tended by Fmoc coupling from the N�termini of the
peptides. Experience to date with PNAs argues for tar�
geting the initiation codon, using sequences that overlap
with those phosphorothioates that we or others have used
successfully as antisense probes. It should be noted that
while PNA hybridizes strongly with DNA and RNA at
physiological salt concentrations,74,103 invasion of double
helical DNA by a PNA single strand, which is not a
target of this proposal, is slow at intranuclear ionic
strength.106 For critical analysis of sequence dependence,
control sequences will include 4 central mismatches to
preclude antisense hybridization.

The hybrid PNA�peptides will be further modified to
permit efficient radiolabeling with 99mTc by extending a

a b

c d

Fig. 14. Confocal microscopy of mammalian cells incubated with 1 µM fluorescein derivatives for 4 h at 37 °C. Left: phase contrast.
Right: fluorescence. p6 Cells incubated with fluorescein along (a), p6 cells incubated with fluoresceinated PNA1 (b), p6 cells incubated
with fluoresceinated PNAP1 peptide conjugate (c), and Jurkat cells incubated with fluoresceinated PNAP1 peptide conjugate (d).
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five amino acid chelator from the N�terminus of the
PNA, Aba�Gly2�D�Ala3�Gly4�Gly5 (GAGG) using Fmoc
coupling. A similar strategy was pursued earlier to pre�
pare a 99mTc�DNA�peptide.107

3.1.2. Synthesis and purification of chelator�PNA�pep�
tides. The desired chelator�PNA�peptide conjugates will
be synthesized, purified, and characterized as described
in Section 2. Recent observations (Section 2),74 except
that automated Fmoc coupling of PNA monomers will
be carried out on our PE Biosystems 8909 synthesizer,
which has the capability and programs to execute this
assembly, and has successfully produced c�MYC antisense
PNA�peptides for NIH CA42960. The conjugates will
normally be purified by reversed phase liquid chroma�
tography at 50 °C. Homogeneity will be analyzed by elec�
trophoresis on SDS�PAGE gels74 and by capillary elec�
trophoresis on open capillaries under peptide conditions.
Molecular masses will be determined by electrospray or
MALDI�TOF mass spectrometry.74 The criterion for ad�
equate purity in our experiments will be 95%.

3.1.3. Labeling of chelator�PNA�peptides with 99mTc.
Purified chelator�PNA�peptide conjugates will be labeled
with 99mTc in high specific activity. The radiolabeling
method will be similar to that with the peptide labeling.*

3.2. Specificity of uptake and mRNA hybridization
of 99mTc�PNA�peptides in normal and transformed

human breast cancer cell lines in culture

3.2.1. Tumor cell lines. The human breast cancer cell
line BT474, isolated from the pleural effusion of an in�
vasive ductal carcinoma, overexpresses c�MYC and
ERBB2 oncogenes.108 A selected subline produces ag�
gressive solid tumors following several passages through
mice.109 Our diagnostic approaches will be examined in
this doubly positive cell line, which Dr. Gail Colbern
kindly sent to us, compared with the doubly negative
control breast tumor line MDA�MB�435 (American Type
Culture Collection, Rockville, MD), which does not
overexpress either oncogene.6 The lines will be main�
tained in log phase at 37 °C in DMEM supplemented
with 2 mM glutamine, 5000 U•mL–1 pen/strep, and 10%
fetal bovine serum (Sigma Chemical Co., St. Louis, MO)

3.2.2. Quantitation of cyclin D1, ERBB2, c�MYC,
and p53 mRNAs by QRT�PCR. After growing the cell
lines to 70—80% confluence, parallel cell cultures treated
for 24 h at 37 °C with 100 nM unlabeled chelator�PNA�
peptide will be lysed and total RNA will be isolated. The
RNA will be reverse�transcribed using 50 µg•mL–1 oligo
(dT), 500 µM deoxynucleotide triphosphate, and 200 units
of Superscript II reverse transcriptase (Life Technolo�
gies) for 1 h at 37 °C, and the resulting first strand cDNA
diluted and used as template for QRT�PCR analysis.

Oncogene mRNAs will be quantitated by utilizing
the 5´ nuclease activity of Taq DNA polymerase to gen�
erate a real�time quantitative DNA analysis assay.110 A
non�extendible oligonucleotide hybridization probe with
5´�fluorescent and 3´�rhodamine (quench) moieties is
present during the extension phase of the PCR. Degra�
dation and release of the fluorescent moiety due to the
5´ nuclease activity results in peak emission at 518 nm.
The increase in fluorescence is monitored during the
complete amplification process (real�time). The expres�
sion of the housekeeping gene, cyclophilin 33A, and the
nuclear transcription factor binding protein (TBP) will
be used to normalize for variances in input cDNA. Pub�
lished primer and fluorescent probes sets will be used to

Table 2. Antisense and mismatch PNA sequences for cyclin D1, ERBB2, c�MYC, and p53 mRNAs

Target and characteristics Sequence Features of structure

cyclin D1 antisense 5´�CTGGTGTTCCAT codons 1 to 4

cyclin D1 mismatch 5´�CTGGACAACCAT 4 central mismatches

ERBB2 antisense 5´�CATGGTGCTCAC codons –3 to 1

ERBB2 mismatch 5´�CATGCACTTCAC 4 central mismatches

c�MYC antisense 5´�GCATCGTCGCGG codons –3 to 1

c�MYC mismatch 5´�GCATGTCTGCGG 4 central mismatches

p53 antisense 5´�CCCCCTGGCTCC exon 10

p53 mismatch 5´�CCCCTACCCTCC 4 central mismatches

* Briefly, to accurately weighed 10 mg chelator�PNA�peptide
600 µL of 0.05 M Na3PO4 solution, pH 12, will be added,
followed by the addition of 75 mg SnCl2·2H2O in 15 µL of
0.05 M HCl and 20—25 µCi freshly eluted 99mTcO4

– in 200 µL
saline. The mixture will be incubated for 15 min at 90 °C,
cooled to 22 °C, and pH will be adjusted to ∼7 by the addition
of 1 mL of 0.05 M NaH2PO4 solution at pH 4.6. The resultant
reaction mixture will be examined for free 99mTc using reversed
phase C18 microbond HPLC (Rainin, Emeryville, CA) coupled
to a UV detector, NaI (Tl) radioactivity monitor, and a rate
meter. Mobile phase will consist of 0.1% trifluoroacetic acid in
water (solvent A) and 0.1% trifluoroacetic acid in acetonitrile
(solvent B). The gradient will be adjusted to distinctly separate
99mTc free and bound to the PNA. Colloid formation, if any,
will be determined using instant thin layer chromatography
(ITLC�SG, Gelman Sciences, Ann Arbor, MI) using pyri�
dine/acetic acid/water (3 : 5 : 1.5) as a solvent. Our experience
indicates that using this system we obtain high labeling effi�
ciency, usually >95%. Colloid formation is less than 3%.
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measure cyclin D1,111 ERBB2,112 c�MYC,113 and p53 114

mRNAs.
3.2.3. Quantitation of cyclin D1, ERBB2, c�MYC,

and p53 antigens by Western blotting. After growing the
cell lines to 70—80% confluence, parallel cell cultures
treated for 24 h at 37 °C with 100 nM unlabeled chela�
tor�PNA�peptide will be lysed, the cell debris will be
pelleted, 100 mg total protein will be extracted from
each sample, separated electrophoretically under reduc�
ing conditions on a discontinuous 12% polyacrylamide
gel, and transferred to a PVDF membrane. After trans�
fer, membranes will be blocked with 5% nonfat dry milk
and probed with mouse monoclonal antibodies (Santa
Cruz Biotechnology, Santa Cruz, CA) against cyclin D1,
ErbB2, c�Myc, and p53 followed by a horseradish per�
oxidase�conjugated goat anti�mouse immunoglobulin G
(IgG) (Jackson ImmunoResearch, West Grove, PA) and
Super Signal luminescent substrate (Pierce Chemicals,
Rockford, IL), as we have done previously.10,14,35

3.2.4. 99mTc�PNA�peptide internalization by tumor
cells. BT474 and MDA�MB�435 cells at 70—80%
confluence will be treated with 1, 10, and 100 nM
99mTc�PNA�peptide specific and control probes in cul�
ture medium including serum and incubated at 37 °C. At
15 min, 30 min, and 1, 2, 4, 8, 16, and 24 h later, cells
will be washed twice with PBS, then the dishes will be
imaged using a STARCAM (GE, Milwaukee, WI) gamma
camera equipped with a parallel hole collimator. To fol�
low the time course of uptake, all images will be recoreded
for one hour. Alternatively, labeled cells will be lysed
with a biomaterial fluor cocktail and counted in a liquid
scintillation spectrometer.96 This experiment will reveal
the time of greatest signal:background ratio, the time of
greatest concentration of specifically bound probe rela�
tive to unbound probe. That time will depend on the rate
of uptake, rate of cellular trafficking, rate of specific
hybridization to target mRNA, rate of mRNA degrada�
tion, rate of new mRNA transcription, and rate of probe
efflux from cells. The rate of PNA probe dissociation
from specific targets will be negligible in this time frame,
compared to other phenomena.

3.2.5. 99mTc�PNA�peptide subcellular localization. The
above experiment will reveal the time of greatest sig�
nal/background, the time of greatest concentration of
specifically bound probe relative to unbound probe. At
that time point, treated cell samples will be lysed gently
for subcellular fractionation by differential centrifuga�
tion.96,115 The resulting fractions will be dissolved in a
biomaterial fluor cocktail and counted in a liquid scintil�
lation spectrometer. Previous investigations with radio�
labeled oligonucleotide derivatives, including PNAs, all
showed significant nuclear concentration.96

3.2.6. 99mTc�PNA�peptide S1 nuclease protection of
target mRNAs. To test the hypothesis that specific PNA
probes will bind their intended targets, RNA will be

extracted from treated cells as in Section 3.2.2, then
hydrolyzed with nuclease S1 12 to destroy all single�
stranded RNA not protected by 99mTc�PNA�peptide PNA
probe. Aliquots of each hydrolysis reaction will be elec�
trophoresed on native, non�denaturing 20% polyacryla�
mide gels in TBE, then imaged with X�ray film or the
PhosphorImager to identify double�stranded complexes
of 99mTc�PNA�peptide with RNA fragments. The virtu�
ally uncharged PNA probes will not enter the gel under
these conditions, unless hybridized to unlabeled RNA
fragments. This test is not as stringent as unlabeled PNA
binding to labeled RNA target. However, the use of
antisense and mismatch control probes and positive and
negative cell lines should provide a clear answer to the
question of specificity. Electrophoretic standards will in�
clude a single�stranded [33P]RNA ladder and a single
99mTc�PNA�peptide hybridized to its specific RNA
dodecamer target. The time of maximum duplex band
intensity might be the ideal time for imaging of whole
animals, assuming that PNA hybridization to its RNA
targets is slower than tissue distribution and tumor per�
meation. In vivo experiments presented in Section 3.3
below will answer that question directly.

3.3. Specificity and sensitivity of scintigraphic imaging
of 99mTc�PNA�peptides bound to cyclin D1, ERBB2,

c�MYC, and p53 mRNAs in human breast cancer
xenografts in nude mice

3.3.1. Tumor xenografts. Animals will be cared for in
an AAALAC�approved institutional animal care facility. In
groups of 5 subjects, 6—8 week old female Balb/c nu/nu
mice, we will implant 1•106 BT474 or MDA�MB�435
cells subcutaneously by sterile 25 gauge needle into the
flank of each subject. The subcutaneous site yields a lo�
calized, measureable, recoverable tumor. Analgesics will
be supplied, in case of pain or distress from tumor cell
implantation, in the form of a tylenol�codeine elixir mixed
3 mL to 250 mL H2O and be given ad libitum in the
drinking water. The subjects will be given sterile mouse
chow and water ad libitum and maintained in standard
microisolator cages. In the overall experimental de�
sign, groups bearing BT474 cells and groups bearing
MDA�MB�435 cells will be administered antisense and
mismatch 99mTc�PNA sequences targeted against cyclin
D1, ERBB2, c�MYC, and p53 mRNAs (Table 2), with
IGF1, NGR, or Ala3 D�peptide analogs, yielding a total
of 2 cell lines × 3 peptides × 8 PNAs × 5 subjects =
240 subjects. Each pair of oncogene PNAs will be tested
separately to allow experiments of manageable scale, run�
ning over at least two years. The number of subjects per
group was set at five based on the hypothesis of a strong
positive for oncogene overexpression of ∼100 copies per
cell, or a strong negative for normal oncogene expression
of ∼1 per cell, as explained below.
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3.3.2. Rationale for mRNA detection with 99mTc�PNA�
peptides. Mice bearing subcutaneous tumor xenografts
approximately 0.5 cm (∼1 g) in diameter after about one
week of growth will be administered approximately 1 µCi
99mTc�PNA�peptide through a lateral tail vein with a
sterile 25 gauge needle, then imaged using a GE (Mil�
waukee, WI) STARCAM gamma camera coupled to a
parallel hole collimator. Pharmacokinetic studies have
typically found that about 2% (20 µCi) of labeled oligo�
nucleotide or peptide distributes to a 0.5 cm (∼1 g) tu�
mor in a mouse within an hour. PNA�peptides are ac�
tively taken up into tumor cells against a concentration
gradient.74

A one�gram tumor consists of approximately 109 cells.
Assuming each tumor cell carries ∼100 copies of a
particular oncogene mRNA when overexpressed,
there will be approximately 1011 probe binding sites
per cell. Even if only 20% of these sites are hybrid�
ized with 99mTc�PNA�peptide molecules and only
one 99mTc�PNA�peptide is bound to each oncogene
mRNA, there will be approximately 2•1010 99mTc atoms
immobilized in the tumor. Each µCi of 99mTc has
1.15•109 atoms. Therefore, ∼2•1010 atoms will be equiva�
lent to ∼18 µCi 99mTc in a gram of tumor. This calcu�
lated quantity of radioactivity is comparable to the amount
of label likely to distribute to the tumor, and will readily
permit delineation of a tumor in a mouse, or, for that
matter, in a human. In the negative case of normal
oncogene expression, we expect only ∼1 mRNA copy
per cell, generating no more than 1% of the signal to be
seen in the positive case.

Maximum signal�to�noise will occur when most of
the RNA bound to labeled PNA is still intact, but most
unbound labeled PNA has effluxed from cells and been
excreted. That time point is predicted to occur within
12 h of administration, but must be determined experi�
mentally through serial observations of subjects over 24 h
after administration. Our goal for signal:background ra�
tio is 10; that would provide a comfortable margin for
diagnostic applications.

3.3.3. 99mTc�PNA�peptide administration and metabo�
lism. Five normal Balb/c nude mice will be injected
through a lateral tail vein with approximately 100 µCi of
99mTc�PNA�peptide and placed in metabolic cages. Urine
will be collected for up to 4 h, filtered through a 0.22 µm
filter for removal of particulate matter and analyzed by
HPLC using the analytical conditions identical to those
of the quality control method. Elution of radioactivity at
any other retention time than that of the 99mTc�PNA
will indicate if the agent has metabolically degraded and
was unstable in vivo.

3.3.4. 99mTc�PNA�peptide imaging and tissue distri�
bution studies. These studies will be carried out in nude
mice bearing human breast tumors approximately 1 cm
or less in diameter. A pre�determined quantity of 99mTc

bound to a corresponding chelator�PNA�peptide will be
administered to groups of five mice each through a lat�
eral tail vein. At 15 min, 30 min, and 1, 2, 4, 8, 16, and
24 h post�injection mice will be lightly anesthetized,
imaged using a STARCAM (GE, Milwaukee, WI) gamma
camera equipped with a parallel hole collimator. For
images, 300 000 counts will be recorded on a paper plate.
Mice will then be euthanized in a halothane gas chamber
and tissues will be dissected. These will be washed free of
any blood, blotted free of liquid, weighed, and radioac�
tivity associated with each tissue will be counted in a
Packard (5000 series) automatic gamma counter, together
with a standard radioactive solution of a known quantity
prepared at the time of injection. Results will be ex�
pressed as percent of injected dose per gram of tissue
(% ID g–1). Data will be evaluated statistically using
Student´s test.

3.3.5. 99mTc�PNA�peptide internalization and subcel�
lular localization in tumor cells. Tumor samples will also
be disrupted to single cell suspensions, washed, then
lysed with a biomaterial fluor cocktail and counted in a
liquid scintillation spectrometer.96 This will determine
whether or not tumor cells in a tumor behave similarly to
those in cell culture.

Single cell suspensions will be lysed gently for sub�
cellular fractionation by differential centrifugation.96,115

The resulting fractions will be dissolved in a biomaterial
fluor cocktail and counted in a liquid scintillation spec�
trometer. Again, we will compare the cellular trafficking
pattern of probes in a tumor with probes in cultured cells.

3.3.6. 99mTc�PNA�peptide S1 nuclease protection of
target mRNAs. To test the hypothesis that specific PNA
probes will bind their intended targets, RNA will be
extracted from excised tumor cells as in 3.2.2 above,
then hydrolyzed with nuclease S1 and analyzed electro�
phoretically as in Section 3.2.6. This experiment will
answer the question of probe interactions with mRNAs
in tumors vs. cultured cells.

3.3.7. Correlative measurements of oncogene mRNA
expression. Tumor xenografts will also be implanted in
animals not given 99mTc�labeled probes. Parallel tumors
removed at the same time as gamma imaging will be
analyzed by QRT�PCR as in Section 3.2.2 to determine
mRNA levels in BT474 tumors vs. MDA�MB�435 tu�
mors. Thus, we will obtain a direct comparison of tumor
imaging results with tumor mRNA levels.

3.4. Specificity of uptake and mRNA hybridization
of 99mTc�PNA�peptides in organotypic cultures
of freshly excised normal and cancerous human

breast cells

3.4.1. Isolation of fibroblasts and epithelial cells. To
attain the goal of 10 clear examples of organotypic cul�
tures of breast cancer cells probed with 99mTc antisense
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PNA, up to 30 patient samples will be collected and
processed. After approval from our Institutional Review
Board and informed consent from the patient, a breast
specimen will be transported to the laboratory immedi�
ately after removal. Fibroblasts will be isolated by plac�
ing the specimen in DMEM/10% FCS and allowing
them to grow outward onto 100 mm diameter dishes.
For epithelial cells, a trypsin digestion of the specimen
will be performed and the suspension grown in Mam�
mary Epithelial Cell Media (Clonetics, San Diego, CA).

3.4.2. Three�dimensional reconstruction of cellular lay�
ers in organotypic culture. Two mixtures will be prepared
on ice, one with and the other without cells. The acellu�
lar mixture contains DMEM in 10% fetal bovine serum
with rat tail collagen, pH adjusted to 7.4 with NaOH.
The cellular mixture contains fibroblasts in DMEM in
10% FCS with rat tail collagen, adjusted to pH 7.4. The
acellular mixture will be added at room temperature in
12 mm dishes. After this has hardened, the cellular mix�
ture will be heated to 37 °C and placed over the acellular
material. The culture will be incubated at 37 °C in 5% CO2
and fed twice weekly with DMEM in 10% FCS. Ten
days after plating the fibroblasts, a layer of Matrigel
(Becton Dickinson, Bedford, MA) will be added, and
allowed to harden; then, mammary epithelial cells in
DMEM containing 5% serum, estrogen, progesterone,
prolactin, hydrocortisone, cholera toxin, insulin, EGF,
and transferrin will be placed over the Matrigel. The
reconstruct will be fed with the DMEM/5% FCS and
growth factors for 4, 8, or 12 days prior to fixation,
sectioning and staining with hematoxylin and eosin.

3.4.3. 99mTc�PNA�peptide internalization by tumor
cells. After establishment of the organotypic cultures of
each tumor sample, 99mTc�PNA�peptides will be added
to the culture medium, and the plates will be incubated
for the optimal time, at the optimal probe concentra�
tions, as described in Section 3.3.5. Specificity of uptake
as a function of probe sequence will be examined.
S1 nuclease protection of RNA target sequences pro�
vides the most critical test for desired probe localization,
and will be carried out as described in Section 3.3.6.

4. Conclusion

We propose to detect the onset of activated oncogene
expression during the earliest stages of breast cancer,
when surgical intervention could significantly reduce
mortality. No method is currently available to measure
levels of specific mRNAs in vivo.

To solve this problem, we hypothesize that
99mTc�PNA�peptides will be taken up by human breast
cancer cells, hybridize to complementary mRNA tar�
gets, permit scintigraphic imaging of oncogene mRNAs
in human breast cancer xenografts in a mouse model,
and ultimately allow imaging of oncogene mRNAs in

human tissue prior to any other outward indication of
disease. Peptide nucleic acids (PNAs) display superior
ruggedness and hybridization properties as a diagnostic
tool for gene expression, but they are not readily taken
up by normal or malignant cells. However, we have ob�
served that certain 99mTc�peptides can delineate tumors,
that PNA�peptides designed to bind to IGF1 receptors
on malignant cells are taken up specifically and concen�
trated in nuclei, and that 99mTc can be chelated to
PNA�peptides designed to bind to IGF1 receptors.

We are preparing 99mTc�PNA�peptides capable of
binding to the receptor for IGF1, with complementary
PNA sequences that hybridize specifically to mRNAs for
overexpressed cyclin D1, ERBB2, and c�MYC oncogenes,
and for mutant tumor suppressor p53. Antisense PNA
12�mer probes have been synthesized for those targets.
One of the PNA probes has been prepared with an
N�terminal peptide chelating moiety, and successfully
labeled with 99mTc, as well as a chelator�ligand control.
Preparations of chelator peptide�PNA�ligand peptides
are underway, together with their application in organo�
typic cultures. We will test the specificity of uptake and
mRNA hybridization of our 99mTc�PNA�peptide probes
in normal human epithelial cells vs. transformed human
breast cancer cells.

If these initial experiments show promise, we will
administer 99mTc�PNA�peptide probes to cohorts of nude
mice bearing human breast cancer xenografts and deter�
mine the sensitivity and specificity of scintigraphic im�
aging of the targeted oncogene mRNAs in the tumors,
relative to the nonspecific signals expected in the liver,
gall bladder, and kidneys. We will compare the imaging
results to real time QRT�PCR measurements of those
mRNAs in tumor cells removed from the subjects and to
the same mRNAs in liver, gallbladder and kidneys. These
experiments will test our concept for noninvasive detec�
tion of gene expression in living cells and tissues.

Unequivocal, specific images, if obtained, will pro�
vide a proof�of�principle for noninvasive detection of
oncogene expression in early�stage breast cancer cells. If
the animal trials are encouraging, similar probes will be
tested in normal and cancerous mammary tissue speci�
mens from volunteer subjects. Such a scintigraphic im�
aging technique should be applicable to any particular
gene of interest in a cell or tissue type with characteristic
receptors.

This work was financially supported by the
US DOE grant BER ER63055 and US NIH grant
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