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Abstract

Peptide nucleic acids have emerged over the past two decades as a promising class of nucleic acid
mimics because of their strong binding affinity and sequence selectivity toward DNA and RNA,
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and resistance to enzymatic degradation by proteases and nucleases. While they have been shown
to be effective in regulation of gene expression in vitro, and to a small extent in vivo, their full
potential for molecular therapy has not yet been fully realized due to poor cellular uptake. Herein,
we report the development of cell-permeable, guanidine-based peptide nucleic acids targeting the
epidermal growth factor receptor (EGFR) in preclinical models as therapeutic modality for head
and neck squamous cell carcinoma (HNSCC) and nonsmall cell lung cancer (NSCLC). A GPNA
oligomer, 16 nucleotides in length, designed to bind to EGFR gene transcript elicited potent
antisense effects in HNSCC and NSCLC cells in preclinical models. When administered
intraperitoneally in mice, EGFRAS-GPNA was taken-up by several tissues including the
xenograft tumor. Systemic administration of EGFRAS-GPNA induced antitumor effects in
HNSCC xenografts, with similar efficacies as the FDA-approved EGFR inhibitors: cetuximab and
erlotinib. In addition to targeting wild-type EGFR, EGFRAS-GPNA is effective against the
constitutively active EGFR vIII mutant implicated in cetuximab resistance. Our data reveals that
GPNA is just as effective as a molecular platform for treating cetuximab resistant cells,
demonstrating its utility in the treatment of cancer.

Efforts including the Human Genome and the Cancer Genome Projects have led to the
identification of numerous molecular targets critical for cancer growth and progression.1

Molecular targeted therapies against oncogenic proteins may be more effective and induce
less side-effects than conventional chemo- and radiotherapies. Typically, this is
accomplished through the use of small-molecules or antibody antagonists, which, upon
binding, inactivate the physiological functions of the protein (or receptor) targets. Many
anticancer drugs have been developed on the basis of this mode of action. Although
effective in treating cancer in preclinical models, these agents demonstrate low clinical
response rates in patients with solid tumors due to primary or acquired drug resistance.2 An
antisense approach, involving the use of oligonucleotide molecules to target the gene
transcripts and thereby blocking protein production, may be more effective because of the
specificity of recognition and the flexibility in sequence design. Since drug resistance, in
many instances, occurs as the result of genetic mutations of the targeted genes, the ability to
modify the oligonucleotide’s sequence to match that of the emerging clones is essential to
countering drug resistance. Despite their promising outlook, oligonucleotide agents are
rarely employed in molecular therapy because of their susceptibility to enzymatic
degradation, nonspecific binding,3 and poor cellular uptake.4

Attempts to improve enzymatic stability have led to the development of several classes of
synthetic oligonucleotides;5 one such promising class is peptide nucleic acids (PNAs).6

PNAs are DNA and RNA analogues in which the sugar phosphodiester backbone is replaced
by N-(2-aminoethyl) glycine units to which the nucleobases are attached through a flexible
carboxymethylene linker.7 The charge-neutral backbone enables PNAs to form highly stable
duplexes with complementary DNA and RNA strands,8 while the unnatural polyamide
linkage renders them impervious to recognition and degradation by proteases and
nucleases.9 Together, these properties make PNAs attractive as antisense reagents for
molecular therapy. Though their ability to regulate gene expression has been demonstrated
in cell culture,10−15 and to a small extent in vivo,16−19 their potential application as
therapeutics have not yet been fully realized due to poor cellular uptake.20 To overcome this
limitation, we have prepared a chiral class of PNAs called guanidine-based peptide nucleic
acids (GPNAs).21 GPNA contains an arginine side-chain with an R-configuration at the α-
backbone (Figure 1A). The choice of the guanidinium group was based on the work of
Wender22 and Dowdy,23 which showed that this chemical functionality is essential for the
uptake of many cell-penetrating peptides and proteins. The R-configuration was chosen
because prior studies revealed that this particular stereochemistry has minimal effect on the
hybridization properties of PNAs.24 The ability of GPNAs to traverse the cell membrane and
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selectively inhibit gene expression has been demonstrated in cell culture;25 however,
whether they could be used as molecular therapeutics to regulate gene expression in vivo or
treat cancer in animal models has not yet been explored. As a proof-of-concept, we selected
the epidermal growth factor receptor (EGFR) as a target for our study because of its
involvement in growth and progression of several types of cancer.26

High levels of EGFR in epithelial tumors have been associated with advanced stage, large
tumor size, invasion, decreased survival, and poor prognosis.27,28 EGFR inhibition can be
achieved by either blocking EGFR autophosphorylation or downmodulating total EGFR
levels within the cell. Several inhibitors that block EGFR activation and downstream
signaling have been developed and shown to be effective in suppressing cancer growth;
however, the therapeutic effects are often short-lived due to the emergence of resistant
clones.29,30 Likewise, antisense EGFR therapy has also been shown to be effective;31 but
because of their enzymatic lability and poor cellular uptake, these agents require
intratumoral delivery. Such a delivery route is suitable for treating localized tumors but is
not practical for curtailing metastatic tumors at hard-to-reach sites. In an attempt to
overcome the cellular delivery issue, we examined the cellular uptake of GPNAs in cell
culture and in vivo and assessed their antitumor effects in a xenograft model. The results
presented here have important implications for in vivo gene regulation and for the future
treatment of head and neck cancer, as well as a number of other cancer types including lung
and stomach, associated with overexpression of EGFR.

RESULTS
Cellular Uptake and Localization of EGFRAS-GPNA

Despite the charge-neutral backbone, PNA oligomers are not readily taken-up by cells.20 We
have shown that PNA oligomers, 10 to 20 nucleotides in length, containing GPNA units at
every other position are readily taken-up by mammalian cells.24,32 Further, we showed that
internal placement of the guanidinium groups is less toxic to cells than the conventional
head-to-head or head-to-tail conjugation,25 presumably due to the reduction in the
amphipathic character of the former. We previously demonstrated that phosphorothioate-
modified oligonucleotides specific to the EGFR mRNA sequence (NCBI accession
NM_005228.3) from site 829 to 844, effectively reduced EGFR levels and had antitumor
efficacy in vivo.31 The target sequence lies in the extracellular domain of EGFR, which is
responsible for ligand binding. On the basis of this design concept, a 16-nucleotide, anti-
EGFR GPNA oligomer (EGF-RAS-GPNA), along with the sequence-scrambled control,
was generated (Figures 1A,B and S1−S3, Supporting Information). To assess cellular uptake
in live cells, an N-terminal FITC-tagged EGFRAS-GPNA oligomer was incubated with
NSCLC and HNSCC cells in 10% serum-containing medium and imaged with confocal
fluorescent microscopy without fixing (Figures 1C and S4, Supporting Information). No
autofluorescence was observed in untransfected cells in the FITC channel (data not shown).
Transfection efficiencies of greater than 99% were achieved with a dosage as low as 1 μM
(Figure 1C, top and bottom left panels). The fluorescent signals were observed primarily in
the peri-nuclear region. Endoplasmic reticulum (ER) is located in the perinuclear regions,
the sites at which mRNA molecules are translated into protein. To determine if EGFRAS-
GPNA localizes in the ER, we stained live cells with an ER specific dye (red) and assessed
the localization of FITC-tagged EGFRAS-GPNA (green). Our data demonstrate that
EGFRAS-GPNA colocalizes with the ER (Figure 1C, bottom right panel). EGFRAS-GPNA
localization was also examined in HNSCC cell lines UMSCC-22B and PCI-15B
(Supplementary Figure S5A,B). Further, we tested the uptake and localization of FITC-
tagged EGFRAS-GPNA in normal oral epithelial tissue (Het 1A) cells and found the uptake
efficiency to be similar to that seen in the HNSCC cells (Supplementary Figure S5C). We
carried out a line-scan analysis of Het 1A cells stained with the ER marker and transfected
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with FITC-tagged EGFRAS-GPNA and found that the two fluorescent signals localized to
the same regions within the cells (Supplementary Figure S6). Together, the data suggest that
GPNA was taken-up by HNSCC, NSCLC, and normal epithelial cells, and localized in the
ER where mRNA molecules are most abundant.

EGFRAS-GPNA Suppressed EGFR Expression and Reduced Cell Growth
We and others have previously shown that EGFR antisense oligonucleotides were effective
in downmodulating EGFR protein levels.33 However, transfecting agents were used to
facilitate transport of the oligonucleotides into cells. While this is a viable strategy for in
vitro cell culture work, it is not practical for in vivo applications or for the treatment of
genetic diseases. GPNAs offer a solution to this problem because they are cell permeable
and therefore could be delivered into live cells and intact organisms without the aid of
transfecting reagents or other mechanical or electrical transduction means. We selected
EGFR as a model gene target because of the critical role it plays in promoting tumor growth.
Cetuximab is the only FDA-approved EGFR targeted agent for clinical use in HNSCC, but
the clinical response rates have been low, in the range of 10−13%.34 In addition to
cetuximab, a small molecule tyrosine kinase inhibitor erlotinib extensively tested in HNSCC
and NSCLC patients also demonstrated a low clinical response rate of 4%.35

To determine whether EGFRAS-GPNA could be used to inhibit the expression of EGFR
without the assistance of the transfecting reagents, we incubated HNSCC and NSCLC cells
with 3 μM of GPNA in a complete DMEM medium. After 72 h of incubation, cells were
harvested and lysed as described previously.36 We chose a dose at which there would be
minimal cytotoxic effects of EGFRAS GPNA. Examination of cell lysates by RT-PCR and
immunoblotting revealed that treatment with EGFRAS-GPNA resulted in the reduction of
EGFR mRNA and protein levels compared to the negative controls (Figure 2A,B,
respectively). Since the expression of EGFR has been shown to correlate with cell growth,
we further tested the ability of EGFRAS-GPNA to inhibit the proliferation of HNSCC and
NSCLC cells in culture. Cells were treated with GPNA for 72 h in a complete medium, and
the viability was assessed using CellTiter-Glo luminescent assay. Our results demonstrate
that cells treated with 10 μM EGFRAS-GPNA had greater than 50% growth inhibition
compared to the scrambled sequence, for both HNSCC 1483 and NSCLC 201T lines
(Figures 2C,D). This indicates that squamous cell carcinomas are sensitive to EGFRAS-
GPNA treatment. Lesser growth inhibition was observed at a lower concentration (5 μM).

Systemic delivery of EGFRAS-GPNA in a xenograft tumor model. Next, we assessed the
uptake of EGFRAS-GPNA in a xenograft model to determine whether GPNA could be
delivered into intact organisms. Athymic nude mice were treated with saline alone, as a
negative control, 5 mg/kg body weight of red fluorescent-TAMRA-tagged EGFRAS-GPNA,
or the corresponding TAMRA-tagged standard PNA by intraperitoneal injection (IP).
Animals were sacrificed at 4 and 24 h postinjection. Fluorescence confocal imaging of tissue
from various organs and the HNSCC xenograft revealed uptake of EGFRAS-GPNA by the
liver and kidney (Figure 3A) as well as by the tumor (Figure 3B) 4 h postinjection, as
evidenced from the red fluorescent signals. No fluorescent signals, however, were detected
from samples treated with unmodified PNA except for the liver and kidney, which showed
signals slightly above the background (data not shown), indicating that uptake was strongly
enhanced for GPNA. Further, the primary routes of elimination of EGFRAS-GPNA are
likely hepatic and renal.

EGFRAS-GPNA Demonstrates Antitumor Effects in Vivo
Because of the short half-life in plasma, antisense gene therapy for HNSCC tumors has
previously been administered intratumorally.37 However, intralesional administration of
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antitumor agents precludes treatment of metastatic tumors at distal and difficult to access
sites. To determine the optimal method for administration of GPNA, we treated tumor
bearing mice with intratumoral or intraperitoneal injections of EGFRAS-GPNA. As a
control, an EGFR sense GPNA was administered intratumorally. HNSCC xenograft tumors
were treated daily with GPNAs. The tumors were measured twice a week. As expected from
the result of downmodulation of EGFR, the tumors administered with EGFRAS-GPNA
grew at a much slower rate compared to those administered with the controls, and more
importantly, there was no difference in the volumes of the tumors treated with
intraperitoneal or intratumoral injections (Figure 4A). This showed that GPNA can be
systemically delivered into live organisms. The antitumor effect is sequence-specific; it was
only observed with EGFRAS-GPNA, whereas the scrambled control GPNA was
indistinguishable from the vehicle control at day 10 (p = 0.005) (Figure 4B). We attribute
the improvement in antitumor efficacy to enhancements in cellular uptake and enzymatic
stability of GPNAs.

Antitumor Efficacy of EGFR-GPNA Is Comparable with EGFR Inhibitors
Several EGFR-specific tyrosine kinase inhibitors are currently in clinical trials.29 Cetuximab
(C225) is an FDA-approved EGFR-specific antibody that binds the extracellular ligand-
binding domain of EGFR, which prevents receptor activation. It has been reported that
treatment with cetuximab in combination with radiation increased the survival rate in
HNSCC patients.38 Results from a phase II trial with a small molecule EGFR inhibitor
erlotinib demonstrated a 4% response rate but 38% disease stabilization for 16 weeks.39

Here, we compared the antitumor effects of cetuximab and erlotinib to that of the EGFRAS-
GPNA in vivo. There was a statistically significant difference in tumor volumes across the
erlotinib, cetuximab, and EGFRAS-GPNA groups when compared to the vehicle control
group over time (p = 0.02) (Figure 4C). However, there was no significant difference in the
response among erlotinib, cetuximab, and EGFRAS-GPNA groups indicating that the
antitumor effects were comparable. There is a significant difference in tumor volumes of
EGFRAS-GPNA and scrambled GPNA treated mice indicating a sequence specific
antitumor effect of EGFRAS-GPNA (p = 0.05). The reduction in tumor volume is correlated
with reduced EGFR mRNA and protein levels (Supplementary Figure S7). Although the
outcomes of the treatment are similar, GPNA-based therapy has the potential to overcome
drug-resistance due to mutation in the targeting gene by modifying the nucleobase sequence
to match that of the mutant, which is not feasible with small-molecule and antibody
inhibitors such as erlotinib and cetuximab.

EGFRAS-GPNA Inhibits Expression of Mutant EGFR vIII
Mechanisms of resistance to EGFR tyrosine kinase inhibitors are currently being
investigated in order to develop strategies to improve the sensitivity of tumors to these
agents.40 We have previously reported that HNSCC cells expressing the constitutively active
EGFR vIII mutant are resistant to the effects of EGFR-specific antibody cetuximab.41 To
determine whether EGFRAS-GPNA is effective against cancer cells expressing a mutated
form of EGFR, we treated HNSCC cell line 686LN engineered to transiently express mutant
EGFR vIII. RT-PCR densitometric determinations showed a 40% reduction in the levels of
EGFR vIII mRNA upon 3 μM EGFRAS-GPNA treatment (Figure 5A,B). This result
demonstrates that EGFRAS-GPNA can be used to target both EGFR and EGFRvIII
expressing lines, further demonstrating the flexibility and versatility of GPNA therapeutics.

DISCUSSION
A major challenge in the field of cancer therapy is the identification and selective inhibition
of oncogenic proteins (or signal ligands) that are differentially expressed in cancer cells
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compared to normal cells. Several studies have demonstrated that more than 90% of patients
with head and neck squamous cell carcinoma (HNSCC) and more than 50% of patients with
nonsmall cell lung carcinoma (NSCLC) overexpress the epidermal growth factor receptor
(EGFR). Further, preclinical studies have demonstrated that inhibition of EGFR reduces
tumor growth. EGFR inhibition can be achieved at the protein level, where agents abrogate
EGFR activation, or at the mRNA level, where EGFR protein synthesis is inhibited. Several
clinical trials with small molecules such as erlotinib or EGFR-specific antibodies such as
cetuximab that block the receptor activity have demonstrated low-level antitumor effects in
HNSCC patients. Antisense oligonucleotides designed to bind to the EGFR gene transcript,
thereby blocking the production of EGFR protein, may be more effective in suppressing
tumor growth than agents that inhibit receptor activation.42 A 29% (5/17 patients) response
rate has been achieved with intratumoral administration of EGFR antisense gene therapy.37

This success rate is higher than the EGFR inhibitors clinically tested. Thus, it may be more
efficacious to downmodulate EGFR levels. However, systemic delivery of DNA-based
agents remains a challenge because of the poor cellular uptake and susceptibility to
degradation by nucleases in the serum and in the cellular milieu. Administration of these
agents intratumorally is technically challenging, especially for tumors that are difficult to
access or for metastatic lesions. To circumvent these challenges, we have developed
GPNAs, which are resistant to enzymatic degradation by proteases and nucleases and are
taken-up by both somatic and embryonic stem cells.24 Our present data reveals that
EGFRAS-GPNA is taken-up by HNSCC and NSCLC cells. Further, EGFRAS-GPNA
effectively downregulated EGFR mRNA and protein levels and reduced tumor cell growth.

HNSCC xenograft-bearing nude mice treated with either systemically delivered EGFR-
GPNA, via either intraperitoneal or intratumoral, showed a similar response. We have
previously demonstrated that a phosphorothioate modification of EGFRAS oligonucleotides
also has antitumor effects, but they need to be delivered intratumorally, and the effect is less
dramatic and occurred with a long delay-period as compared to GPNA.43 EGFRAS-GPNA
elicits antitumor effects in less than one week post-treatment as compared to three weeks for
the phosphorothioate oligonucleotides, indicating that it is more potent.43 The enhancement
in antitumor efficacy is likely due to improvements in enzymatic stability and cellular
uptake. Our studies show that GPNA can be detected in HNSCC tumors within 4 h
postadministration. GPNA uptake was also seen in the liver and kidney at 4 h indicating that
these may be the main routes of elimination. A limitation of this study is the paucity of an
efficient method to quantify GPNA oligonucleotides in serum or tumor tissue. Further
studies are underway to develop such techniques.

To assess the relative efficacy of EGFRAS-GPNA, we compared the antitumor effect of
EGFRAS-GPNA to that of a small molecule EGFR inhibitor erlotinib and an EGFR-specific
antibody cetuximab. Our finding indicates that, in animal models of HNSCC, EGFRAS-
GPNA has comparable antitumor effects as the other EGFR-targeting agents. It is worth
noting that EGFR inhibitors that are FDA-approved have been very effective in preclinical
models but have poor responses as single agents with the exception of NSCLC patients who
harbor EGFR activating mutations. However, xenograft tumors expressing the EGFR vIII
mutation, which is a constitutively active receptor lacking the extracellular ligand binding
domain of EGFR and resistant to EGFR-specific antibody cetuximab were also inhibited
with concomitant regulation of the levels of EGFR vIII mRNA.41 Because of the flexibility
in the sequence design, GPNAs could potentially be used to target other genes that are
important for tumor growth and progression, and for combating drug resistance due to
mutations in the original targets. Improvements in binding affinity and sequence specificity,
along with reduction in the cost of the monomer production, could further be made by
installing the guanidinium group at the γ-backbone.44 Other classes of oligonucleotides that
have been developed with a similar design concept include deoxyribonucleic guanidine45
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and positively charged phosphorodiamidate morpholino (PMOplus).4647 The work reported
herein provides compelling evidence for EGFRAS-GPNA as a therapeutic agent for the
treatment of HNSCC and possibly NSCLC. Cumulative data demonstrate that GPNA
oligomers targeting unique sequences can be used to effectively reduce the levels of proteins
that are implicated in cancer progression and survival.

MATERIALS AND METHODS
Synthesis of GPNA Monomers and Oligomers

GPNA monomers were prepared according to published procedures.21 EGFRAS-specific
GPNA oligomers, with and without the fluorescein (FITC) probe, along with the scrambled
control were synthesized on solid-support using standard Boc-chemistry.48 Upon cleavage
from the resin by treating with m-cresol/thioanisole/TFSMA/TFA (1:1:2:6) cocktail, under
which condition the protecting groups were also removed, the oligomers were precipitated
with ethyl ether, purified by reverse-phase HPLC, and characterized by MALDI-TOF mass
spectrometry. EGFRAS-GPNA oligomers were designed to bind to the EGFR mRNA
transcript spanning nucleotides 829−844 (NCBI accession NM_005228.3). Antisense PNA,
scrambled GPNA, and sense GPNA sequences were also prepared and used as a controls.
All sequences are listed in Figure 1B.

Cell Lines and Reagents
Well-characterized HNSCC cell lines 1483, UMSCC-22B, PCI-15B, and OSC19 were used
in this study.49 HNSCC cell line 686LN was a kind gift from Dr. Zhou (Georgia) Chen,
Emory University. Cells were transiently transfected with a vector control or EGFR vIII
expressing plasmid DNA as previously reported.50 All HNSCC cells except OSC19 were
maintained in DMEM with 10% fetal bovine serum (FBS). OSC19 cells were maintained in
MEM with 1% nonessential amino acids and 10% FBS. Het 1A is a transformed esophageal
epithelial line obtained from American Type Culture Collection (ATCC) and was
maintained in airway epithelial cell culture medium with supplements and 2% FBS.
Nonsmall cell lung carcinoma (NSCLC) line 201T was a gift from Dr. Jill Siegfried,
University of Pittsburgh Cancer Institute. NSCLC cells were maintained in minimal Eagle’s
medium (MEM) with 10% FBS. For immunoblotting, Anti-EGFR antibody was obtained
from Millipore and anti-β-tubulin antibody was purchased from Abcam. For
immunohistochemistry, anti-EGFR antibody was obtained from Sigma Aldrich. Cetuximab
was obtained from Imclone Systems and erlotinib from OSI Pharmaceuticals.

In Vitro Uptake Studies
Cells (2 × 103 cells/well) were plated on the coverslip in the slide chamber overnight. The
next day, cells were treated with FITC-labeled EGFRAS-GPNA for 24 h. Live cells were
co-stained with the endoplasmic reticulum-specific marker (ER tracker, Molecular Probes)
and imaged on a Nikon Eclipse TE200-E inverted microscope at 600× magnification. Co-
localization was analyzed using MetaMorph software (Molecular Devices).

In vitro cytotoxicity assay
HNSCC and NSCLC cells were plated at a density of 2 × 104 cells per well in a 24-well
plate. The next day, cells were treated with either EGFRAS or scrambled control GPNA.
Cells were treated daily for 3 days followed by either cell counting or CellTiter-Glo
luminescent cell viability assay (Promega) to measure the amounts of ATP in the viable
cells according to the manufacturer’s instructions.
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RT-PCR and Immunoblotting Analysis of EGFR Levels
HNSCC and NSCLC cells were plated at a density of 4 × 104 cells per well in a 6-well plate
for RNA extraction or at 5 × 105 cells per 100 mm dish for protein extraction and treated
with 3 μM GPNA for 72 h. Total mRNA was isolated using Qiagen RNeasy Mini kit and
reverse transcribed using the Superscript First-Strand synthesis kit with an input of 2.5 μg of
RNA. All PCR reactions were run using 2× PCR Mastermix from Promega with 0.7 μM
forward and reverse primers and 120 ng of cDNA. EGFRvIII specific primers, Forward [5′-
ATGCGACCCTCCGGGACG-3′] and Reverse [5′-
ATTCCGTTACACACTTTGCGGC-3′], and GAPDH specific primers, Forward [5′-
TGGAATTTGCCATGGGTG- 3 ′] and Reverse [5′-GTGAAGGTCGGAGTCAAC-3′],
were used.41 Thermocycling conditions were as follows: 95 °C for 5 min, 35 cycles each at
94 °C for 1 min, 55 °C for 1 min, and 72 °C for 1 min, followed by reaction termination at
72 °C for 10 min. Wild-type EGFR (wtEGFR) primers were designed against exons 2−7:
Forward primer [5′-CCTGCCCTGTGCAACGTGGA-3′] and Reverse primer [5′-
CACTGGGGGACTTGCCACGG-3′]. The PCR reaction for wtEGFR was run as follows:
94 °C for 5 min, 35 cycles each at 94 °C for 30 s, 65 °C for 30 s, and 72 °C for 30 s,
followed 7 min at 72 °C. PCR products were separated on a 1.5% agarose gel, stained with
GelRed from Biotium, and imaged on a Kodak Image Station 4000MM. Cell lysates were
subjected to protein extraction and immunoblotting as previously described.36

In Vivo Studies
All in vivo studies were carried out in compliance with the University of Pittsburgh
Institutional Animal Use and Care Committee (IACUC). Athymic nude mice were
inoculated with head and neck squamous cell carcinoma (HNSCC) cell line 1483 (106 cells
per site). Tumors were allowed to establish for 10 days. The tumor volumes were measured
in two dimensions using a vernier caliper. Mice were randomized into groups such that the
average tumor volume across the groups was the same. To determine whether systemic
delivery of EGFRAS-GPNA was a viable strategy for treating HNSCC, we administered
EGFRAS-GPNA to 2 mice with intraperitoneal (IP) injections. Three mice were treated with
intratumoral (IT) injections of EGFRAS-GPNA and 2 mice were treated with EGFR sense
oligonucleotides as a control. The mice were treated once daily with 2.5 mg/kg of EGFRAS-
GPNA or EGFR sense oligonucleotides IT or 5 mg/kg of EGFRAS-GPNA IP. Treatment
was carried out for 16 days. To determine the specificity of the EGFRAS-GPNA, HNSCC
tumor-bearing mice were randomized into 3 groups of 10 mice each. Mice were treated with
EGFRAS-GPNA (5 mg/kg once daily), scrambled control GPNA (5 mg/kg once daily), or
saline. Treatments were administered intraperitoneally for 10 days. To compare the
antitumor efficacy of EGFRAS-GPNA to EGFR targeting agents that are currently approved
by the FDA or under clinical investigation for HNSCC, tumor-bearing mice were
randomized into 5 groups including vehicle control, EGFRAS-GPNA, scrambled control
GPNA, erlotinib, and cetuximab. The EGFRAS and scrambled GPNA had 10 mice per
group. Other groups had 8 to 9 mice per group. Treatment was initiated on day 10 post-
tumor inoculation. Vehicle control mice were administered saline intraperitoneally and also
the 20% trappsol in saline (vehicle for erlotinib) via oral gavage daily. EGFRAS-GPNA or
scrambled control GPNA was administered by IP at 5 mg/kg daily. Erlotinib was
administered as a suspension via oral gavage once daily at 90 mg/kg body weight.
Cetuximab was administered by IP at 0.8 mg/mouse twice a week. The treatment was
carried out for 2 weeks. For all in vivo experiments, tumor volumes were measured thrice a
week in 2 dimensions with a vernier caliper, and volumes were determined in mm3 using
the formula 0.52lb2 (where l is the larger diameter and b is the smaller diameter of the
tumor). At the end of the study, animals were euthanized, and the tumors were harvested. A
part of the tumors were snap frozen on dry ice and the other part fixed in 10% buffered
formalin for paraffin embedding. Frozen tumors were processed for protein and total RNA
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extraction. Sections of paraffin embedded tumors were subjected to immunohistochemical
staining for EGFR and counter stained with hematoxylin and eosin. Percent positive EGFR
staining and intensity of the stain were assessed by a board certified pathologist. Intensity of
stain was graded on a scale of 0 to 3 with 0 being no stain, 1 being weak, 2 being moderate,
and 3 being strong EGFR stain. The product of the percent positive cells and intensity was
used to calculate the composite score.

Statistical Analyses
In vivo antitumor efficacy at each time point was assessed using the Kruskal−Wallis
nonparametric test. Repeated measure ANOVA was used to compare the antitumor effect
over time across different treatment groups.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS USED

EGFR epidermal growth factor receptor

HNSCC head and neck squamous cell carcinoma

NSCLC nonsmall cell lung cancer

PNA peptide nucleic acid

GPNA guanidine-based peptide nucleic acid

FITC fluorescein isothiocyanate

TAMRA tetramethylrhodamine

ER endoplasmic reticulum

TFSMA trifluoromethanesulfonic acid

TFA trifluoroacetic acid
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Figure 1.
(A) Chemical structure of DNA, PNA, and GPNA unit. (B) Target site within the EGFR
gene and sequence of PNA and GPNA oligomers employed in this study; underlined are
GPNA units. (C) Fluorescent images of live NSCLC and HNSCC cells following incubation
with 1 μM FITC-EGFRAS-GPNA (green) in a complete medium for 24 h. Bottom right
panel: an image of live cells costained with an ER dye (red), demonstrating colocalization
(yellow) in the perinuclear regions. Three independent experiments were carried out
showing similar results.
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Figure 2.
Effects of EGFRAS-GPNA on (A,B) gene expression and (C,D) cancer cell growth. (A) RT-
PCR and (B) immunoblotting analyses of HNSCC and NSCLC cells treated with 3 μM
oligomers for 72 h in complete medium. (C) HNSCC cell line 1483 and (D) NSCLC cell
line 201T treated with EGFRAS-GPNA or scrambled control GPNA at 5 and 10 μM
concentrations for 72 h. The y-axis depicts the relative light units (RLU) determined by a
luminescence-based assay that estimates the ATP levels in metabolically active cells. The
experiment was repeated three times with similar results.
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Figure 3.
(A) Tissue distribution of EGFRAS-GPNA in intact mice following IP injection.
UMSCC-22B xenograft-bearing nude mice (on the back) were injected IP with 5 mg/kg of
EGFRAS-GPNA-TAMRA or PNA-TAMRA. After 4 h, tissues were excised, fixed,
sectioned, stained, and imaged at 200×. The nuclei were stained blue with DAPI, actin
stained green with phalloidin, and GPNA stained red with TAMRA. (B) Image of xenograft
tumors treated with EGFRAS-GPNA-TAMRA (tumor 1) and PNA-TAMRA (tumor 2).
Note that only tumor 1 showed red-stains indicating systemic uptake of EGFRAS-GPNA-
TAMRA but not PNA-TAMRA.
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Figure 4.
Antitumor effects of EGFRAS-GPNA in a xenograft mouse model (A) delivered by IT vs IP
and (B) for the perfectly matched vs scrambled sequence. (C) Comparative antitumor effect
of EGFRAS-GPNA, scrambled GPNA, FDA-approved cetuximab (C225, monoclonal
antibody), and erlotinib (small-molecule kinase inhibitor). See the Materials and Methods
section for detailed experimental procedures.
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Figure 5.
Effects of EGFRAS-GPNA on the expression of EGFR vIII. HNSCC cells expressing the
vIII receptor were treated with 3 μM EGFRAS-GPNA for 72 h. (A) Cell lysates were
subjected to RT-PCR to determine the levels of EGFR and EGFR vIII, and (B) EGFR vIII
levels from cells treated with vehicle control or EGFRAS-GPNA from 2 independent
experiments were plotted and demonstrate a 40% reduction in EGFR vIII levels on
EGFRAS-GPNA treatment.
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