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ORIGINAL ARTICLE

Obstruction of BRAFV600E transcription by complementary
PNA oligomers as a means to inhibit BRAF-mutant
melanoma growth
JH Rothman1, O Surriga1, E de Stanchina2, SD Vasudeva3 and GK Schwartz1
Peptide nucleic acid (PNA) oligomers are DNA mimics, which are capable of binding gene sequences 1000-fold more avidly
than complementary native DNA by strand invasion and effectively obstruct transcription. Irreversibly obstructing the transcription
or replication of a gene sequence, such as BRAFV600E, offers a potential route to speciﬁcally target the cancer cell itself.
We have employed PNA oligomers to target BRAFV600E in a sequence-speciﬁc complementary manner. These PNAs have been
modiﬁed by appending conﬁgurationally stabilizing cationic peptides in order to improve their cellular delivery and target
avidity. Our results indicate that exposure of the melanoma cell lines to a modiﬁed PNA-peptide conjugate complementary to
BRAFV600E mutation sequence results in a concentration-dependent and time-dependent inhibition of cell growth that is speciﬁc for
the BRAFV600E-mutant melanoma cell lines with inhibition of mRNA and protein expression. Xenograft mouse trials show increased
tumor growth delay and necrosis with the BRAFV600E-complementary PNA-peptide conjugates as compared with the saline and
scrambled PNA sequence controls. Similarly, quantitative measurement shows a 2.5-fold decrease in Ki67 and a 3-fold increase
in terminal deoxynucleotidyl transferase dUTP nick end labeling expression with this approach. PNA-delivery peptide conjugates
represent a novel way to target BRAFV600E and represent a new approach in targeting selective oncogenes that induce tumor
growth.
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INTRODUCTION
The BRAFV600E oncogene though rarely seen in uveal melanoma1,2
is expressed in over 50% of cutaneous melanomas which are often
treated with a combination of BRAF and MEK inhibitors, such as
vemurafenib and trametinib, respectively,3–5 as well as immune
deregulatory medications such as ipilumimab and nivolumab.
Unfortunately, structural changes to binding sites produced by
secondary mutations often cause BRAF and MEK inhibitors to
eventually lose efﬁcacy.6 On the other hand, immunomodulators
become less effective overtime and autoimmune complications
may arise which limit their use.7–12 Given these issues, we believe
a new strategy is needed to focus upon a driving oncogene with a
therapy that is speciﬁcally complementary and is unaffected by
secondary mutations of the targeted gene.
Irreversibly obstructing the transcription or replication of a gene
sequence, such as an oncogene, that is both crucial for
tumorigenesis and speciﬁc to the cancer cell itself offers a
potential route to facilitate such an approach. This strategy
employs peptide nucleic acid (PNA) oligomers,13 DNA mimics that
are capable of binding gene sequences 1000-fold more avidly
than complementary native DNA by strand invasion14 and
effectively obstructing transcription. We have developed an
improved chromosomal delivery motif that when appended to
complementary oligonucleotide analogues allow improved cell/
nuclear membrane permeability and preferential chromosomal
localization. More importantly, in addition to improved cellular

and nuclear membrane permeability, these incorporated peptides
impart preferential chromosomal localization in addition to helical
stabilization upon binding to the target. The improvements
enable gene suppression at nanomolar concentrations in cell
culture, a 30-fold improvement over prior attempts.15–17
Here we present our evaluation of a novel PNA delivery motif
against BRAFV600E, which effectively suppresses transcription and
results in inhibition of tumor growth both in vitro and in vivo.

MATERIALS AND METHODS
Cell culture
C918 cells were obtained from Robert Folberg (University of Illinois,
Chicago, IL, USA). OCM1A cells were from Dr William Harbour (Washington
University, St Louis, MO, USA). SK-MEL 7 and A2058 were from Alan
Houghton (Memorial Sloan Kettering Cancer Center, New York, NY, USA).
C918 is commonly known as a uveal melanoma cell line but was recently
found to be identical to a cutaneous melanoma cell line that does not have
a BRAFV600E mutation.18 OCM1A and SK-MEL-7 are BRAFV600E-mutant uveal
and cutaneous melanoma cell lines, respectively, whereas A2058 is a
heterozygous BRAFV600E-mutant cutaneous melanoma cell line.19 Cells
were cultured in RPMI medium supplemented with 10% fetal bovine
serum, 100 units ml − 1 penicillin and 100 mg ml − 1 streptomycin, and
maintained at 37 °C in 5% CO2.
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PNA synthesis

Western blotting

PNA-delivery peptide conjugates used in this study were synthesized by
solid-phase peptide synthesis using an Applied Biosystems 433A peptide
synthesizer (Foster City, CA, USA). The Fmoc-PNA monomers were
purchased from Panagene (Daejeon, Korea) and Fmoc-amino acids
obtained from Bachem (Bubendorf, Switzerland). The BRAFV600E-complementary sequence and the scramble-control sequence synthesized were
5′-CCTCAAGAGTAATAATAT-3′ and 5′-TTCAGTGTACGTACGTTC-3′, respectively. All N,N-dimethylformamide, methylene chloride, diethyl ether and
isopropanol solvents were obtained from Fisher (Hampton, NH, USA) and
used without further puriﬁcation. Reagents, piperidine, 2,6-lutidine,
diisopropylethylamine, acetic anhydride, triisopropylsilane and triﬂuoroacetic acid were purchased from Sigma-Aldrich (St. Louis, MO, USA), and 1[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxid
hexaﬂuorophosphate obtained from Genscript (Piscataway, NJ, USA). PSPEG-PAL resin solid supports (Applied Biosystems) were used and loading
determined by Fmoc deprotection.20 Initial loading was 0.4 mmol g − 1 and
synthesis performed on a 5.0 μmol scale. Each monomer addition was
executed with 5.0 equivalents Fmoc amino acid or PNA monomer
carboxylates and 4.0 equivalents 1-[Bis(dimethylamino)methylene]-1H1,2,3-triazolo[4,5-b]pyridinium 3-oxid hexaﬂuorophosphate in the presence
of 0.6 M diisopropylethylamine and 0.9 M 2,6-lutidine in N,N-dimethylformamide as described in the synthesizer manual. Fmoc deprotection was
effected by 20% piperidine in N,N-dimethylformamide and the ﬁnal amine
was deprotected of Fmoc and acetylated. Resin was washed with
methylene chloride and then isopropanol and dried after completion of
synthesis, followed by deprotection and cleavage, which was effected by
5% phenol, 5% water, 2% triisopropylsilane v/v/v in triﬂuoroacetic acid for
6 h. Each triﬂuoroacetic acid solution was added to diethyl ether and
allowed to chill at − 20 °C overnight. The formed precipitate was
centrifuged and dissolved in water. Puriﬁcation was performed with a C8
reverse-phase high-performance liquid chromatography column via
acetonitrile-water gradient w/0.5% triﬂuoroacetic acid. Identiﬁcation of
each PNA-peptide conjugate was determined through high-performance
liquid chromatography electrospray ionization mass spectroscopy from
Agilent Technologies (Santa Clara, CA). Concentration was determined
from A260 by Perkin Elmer Lambda 950 spectrophotometer (Norwalk,
CT, USA).
Fluorescein-tagged PNA oligomers were created from the resin-bound
PNA peptides following their ﬁnal terminal amine deprotection. The PNApeptide terminal free amine was exposed to 10.0 equivalents of 6-carboxy
ﬂuorescein and 8.0 equivalents of 1-[Bis(dimethylamino)methylene]-1H1,2,3-triazolo[4,5-b]pyridinium 3-oxid hexaﬂuorophosphate in the presence
of 2,6-lutidine and diisopropylethylamine in N,N-dimethylformamide. The
procedure for washing, drying, deprotection, and cleavage from resin, and
puriﬁcation is the same as outlined for the untagged PNA-peptide
conjugates described in the previous paragraph.

Cells and tissues were lysed in radioimmunoprecipitation assay buffer
supplemented with protease inhibitor cocktail tablets (Roche Diagnostics,
Basel, Switzerland) and 1 mmol l − 1 Na3VO4. Equal amounts of protein were
loaded on 4 to 12% PAGE gels (Invitrogen, Carlsbad, CA, USA).
Polyvinylidene diﬂuoride membranes were blocked with 5% nonfat dried
milk and probed with antibodies against p-MEK, MEK, p-ERK 1/2, ERK 1/2
and Tubulin (Cell Signaling Technology, Danvers, MA, USA) and BRAF
V600E (Spring Bioscience, Pleasanton, CA, USA).

Fluorescence microscopy
HCT116 cells were treated for 16 h with 1 μM of PNA-nuclear localization
sequence (NLS) delivery peptide conjugated with terminal modiﬁcations,
PNA-NLS delivery peptide conjugate without terminal modiﬁcations, and
PNA oligomer concatenated to a polyglutamate as a negative control. After
treatment, cells were ﬁxed in 3% formaldehyde and the nuclei were
stained with 24 μg ml − 1 propidium iodide with 0.4 mg ml − 1 Rnase A for
30 min at 37 °C. SK-MEL-7 cells were also treated with ﬂuorescein-tagged
500 nM BRAFV600E-complementary PNA for 36 h and imaged live over the
course of the treatment. Images were made with Leica TCS SP5 II Confocal
Microscope (Leica Microsystems, Wetzlar, Germany) using a × 63 1.2
numerical aperture water-immesion objective.

Cell proliferation
Cells were plated in 96-well plates and treated with the indicated
concentrations of either control PNA or BRAFV600E PNA in triplicates.
Viability was assessed after 3 days of treatment for the dose–response
assay and after indicated time points for the time-course assay using the
Cell Counting Kit 8 from Dojindo Molecular Technologies (Gaithersburg,
MD, USA) according to the manufacturer’s instructions. Viability is
expressed as a percentage of untreated cells.
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Quantitative real-time PCR
Total RNA was harvested from cells and tissue using PureLink RNA Mini Kit
(Invitrogen) according to the manufacturer’s instructions. cDNA was then
synthesized from 2 μg total RNA using SuperScript IV First-Strand Synthesis
System (Invitrogen). TaqMan mutation detection assays speciﬁc for
BRAFV600E and wild-type BRAF primer-probe sets (Applied Biosystems)
were used to quantitate mRNA expression of target genes normalized to
glyceraldehyde 3-phosphate dehydrogenase. Quantitative real-time PCR
assays were done using the 7500 Real-Time PCR System (Applied
Biosystems). The relative quantity of genes was determined by the ΔΔCT
method.

Xenograft
Six- to 8-week-old, athymic nude female mice bearing ﬁve million
subcutaneously injected OCM1A cells (5 mice per cohort) of ∼ 100 mm3
diameter were treated intraperitoneally with vehicle control (water),
50 mg kg − 1 control PNA or 50 mg kg − 1 BRAFV600E PNA 3 days per week
for 3 weeks (9 total treatments). For a separate short term toxicity/efﬁcacy
study, the mice (ﬁve mice per cohort) were treated with vehicle control or
50 mg kg − 1 BRAFV600E PNA 3 days per week for four treatments. However,
in vivo trials with unmodiﬁed NLS or penetratin-conjugated PNA
therapeutics of similar molecular weight employing chronic dosing at
100 mg kg − 1 have been shown to be well-tolerated without side effects.21
Based on availability of the PNAs at that time to treat the cohorts for at
least 3 weeks, we elected to commence with a lower dose for these
studies. The mice were treated every other day during the week, as it was
found that the BRAFV600E PNA achieved maximum mRNA and protein
suppression after 48 h of treatment in vivo. Tumors were measured every 2
to 3 days with calipers and tumor volumes were calculated and expressed
in cubic millimeter and calculated using the formula p/6 × (large
diameter) × (small diameter). Toxicity was monitored by weight loss. Two
animals from each cohort were sacriﬁced 48 h after the ﬁfth treatment and
tumors were collected. Tumor tissues were carefully dissected from the
surrounding stroma and were immediately ﬂash frozen in liquid nitrogen.
Frozen tumors were ground in tubes with resin and radioimmunoprecipitation assay buffer following procedures set for Sample Grinding Kit (GE
Healthcare, Chicago, IL, USA). The Memorial Sloan-Kettering Cancer Center
Institutional Animal Care and Use Committee and Research Animal
Resource Center speciﬁcally approved this study. The study also complied
with the Principles of Laboratory Animal Care (NIH Publication No. 85–23,
released 1985). All efforts were made to minimize suffering.

Histopathology
For immunohistochemistry analysis, tumor biopsies ﬁxed in 70% ethanol
were sent to HistoWiz (New York, NY, USA) for staining and analysis.
Representative sections were deparafﬁnized, rehydrated in graded
alcohols, and subjected to antigen retrieval by microwave oven treatment
using standard procedures. Sections were stained for hematoxylin and
eosin, Ki67, terminal deoxynucleotidyl transferase dUTP nick end labeling
and phospho-ERK 1/2 as per the protocol established by HistoWiz. Images
were scanned using Aperio AT2 (Leica Biosystems, Buffalo Grove, IL, USA)
and analyzed with HALO (Indica Labs, Corrales, NM, USA) software.

Statistical analysis
All in vitro experiments were carried out at least two to three times. For
in vitro and in vivo studies, P-values were calculated using a Student’s ttest. We selected P-values of ⩽ 0.05 as being statistically signiﬁcant. The s.e.
was calculated as the s.d. divided by the square root of the number of
samples.
© 2017 Nature America, Inc., part of Springer Nature.

Obstruction of oncogene transcription by PNAs
JH Rothman et al

403

Figure 1. Synthesis and cellular localization of PNAs. (a) Peptide sequence for BRAFV600E peptide nucleic acid (PNA) and BRAFWT PNA showing
delivery peptides and terminal modiﬁcations. HCT116 cells exposed to (green) ﬂuorescein-labeled PNA oligomer/delivery-peptide conjugate,
after being washed, where (blue) Hoechst 3342 denotes nuclei; cytoplasm shows green ﬂuorescence and denoted nuclei changes Hoechst
3342 to blue-green; exposed to PNA-nuclear localization sequence (NLS) delivery peptide conjugate (b); exposed NLS-delivery peptide with
appended modiﬁed cationic peptides (c); exposed to PNA-polyglutamate (anionic hydrophilic) peptide as a control (d).

RESULTS
Delivery peptide improvements
An increased propensity for chromosomal association and helical
stability upon binding are important factors enabling a lower
effective concentration of PNA-delivery peptide conjugates. We
have developed strategies to improve these features by appending various modiﬁed cationic peptides upon the PNA sequence.
We evaluated a series of PNA oligomers (sense sequence)
complementary to the region encompassing the BRAFV600E
mutation point and concatenated to various transport peptides.
The transport peptides selected in our initial survey included NLS,
shortened transactivator of transcription sequence and full
transactivator of transcription sequence. Upon this array of PNA
oligomer-delivery peptide conjugates, we appended a variety of
conﬁgurationally stabilizing peptides that were devised through a
series of iterative strand-annealing molecular dynamics
simulations.
We then screened for the ability of these new PNA-delivery
peptide conjugates to inhibit cell proliferation of the BRAFV600Emutant cell line, OCM1A, by inhibition of transcription. As a control
for comparison, we used the BRAFWT (wild-type) cell line, C918,
differing from OCM1A by only a single nucleotide. Our initial
results revealed that PNA oligomers appended with an NLS
delivery peptide, which included hydrophobic and cationic
terminal peptides, with an N-terminal acetamide performed best
with regards to selectivity and potency (data not shown). These
cationic modiﬁcations were applied to the PNA-delivery peptide
to stabilize the most conﬁgurationally labile sections of the
oligomer against the DNA phosphodiester target. These modiﬁed
PNAs, containing a speciﬁc complementary sequence for
BRAFV600E or nonspeciﬁc scramble sequence, are thus here
referred to as BRAFV600E PNA and control PNA, respectively
(Figure 1a).
We further evaluated the cellular uptake of the PNA BRAFV600Ecomplementary conjugates with and without the aforementioned
hydrophobic cationic terminal modiﬁcations. These conjugates
© 2017 Nature America, Inc., part of Springer Nature.

were tagged with ﬂuorescein to conﬁrm cellular localization. HCT
116 cells, known for their transfection efﬁciency, were used for
these studies and imaged by ﬂuorescence microscopy. The cells
(nuclei labeled with blue Hoechst 3342) more readily allowed the
uptake of PNA-NLS delivery peptide conjugated with the terminal
modiﬁcations (Figure 1b) than a PNA-NLS delivery peptide
conjugate without terminal modiﬁcations (Figure 1c). A
ﬂuorescein-labeled PNA oligomer concatenated to a polyglutamate served as a negative control being anionically repelled by
phospholipid bilayers/cell membranes (Figure 1d). Time-lapse
imaging of ﬂuorescein-labeled BRAFV600E PNA showed movement
of PNA molecules inside the cell and over the nucleus and then
aggregating in the cytoplasm over time (Supplementary Figure 1).
In vitro suppression of oncogenic point mutations shows complete
sensitivity to single base alteration
To evaluate the efﬁcacy of suppressing transcription of BRAFV600E,
the proliferation of cell lines expressing BRAFV600E as well as
BRAFWT were assessed after exposure to various concentrations of
either a complementary PNA-peptide incorporating the BRAFV600E
sense sequence or a PNA-peptide incorporating a control
scramble sequence. BRAFV600E-mutant cell lines (OCM1A, A2058
and SK-MEL-7) and the BRAFWT cell line (C918) were incubated
with PNA-peptide conjugates of nonsense-control sequence or
complementary to BRAFV600E at various concentrations for 3 days
(Figure 2a). The control scramble PNA sequence showed no
proliferation suppression upon any cell line. The BRAFV600Ecomplementary PNA conjugate suppressed proliferation of
OCM1A, SK-MEL-7 and A2058, whereas proliferation of C918 was
not affected. Of most signiﬁcance, the BRAFV600E-targeted PNA
easily distinguished between BRAFV600E and wild-type targets,
despite a difference of only a single nucleotide. Concurrently, realtime PCR data showed BRAF V600E mRNA transcription reduced
proportionately by 500 nM BRAFV600E-complementary PNA conjugate (Figure 2b) assayed after 2 days. As expected the real-time
Cancer Gene Therapy (2017), 401 – 408
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Figure 2. Dose-dependent inhibition of cell proliferation and inhibition of BRAFV600E mRNA expression. (a) Cell proliferation of C918, OCM1A,
SK-MEL-7 and A2058 cells plated on 96-well plates and treated with increasing doses of control or BRAFV600E peptide nucleic acids (PNAs) for
72 h. Cell viability was measured as percentage of untreated controls. (b and c) BRAFV600E and wild-type mRNA expression in C918, OCM1A,
SK-MEL-7 and A2058 cells plated on 100 mm plates overnight and treated with 500 nM of control or BRAFV600E PNAs for 48 h. Total RNA was
isolated and mRNA levels for BRAFV600E and wild-type mRNA was measured using real-time PCR.

PCR assay showed no suppression of BRAFWT transcription under
the same conditions (Figure 2c).
In a similar experiment, the cell lines expressing C918, OCM1A,
SK-MEL-7 and A2058 were exposed to 500 nM BRAFV600E-complementary PNA conjugate for 7 days, and cell proliferation was
evaluated on the third, ﬁfth and seventh day of treatment
(Figure 3a). Again, the C918 cell line expressing only BRAFWT
showed no indication of being suppressed and the PNA scramblesequence control did not suppress cell proliferation. The cell lines
expressing and dependent upon BRAFV600E showed sustained
growth suppression although there was a very mild increase in
proliferation at day 7 in OCM1A and SK-MEL-7 cells but not A2058.
These results were also consistent with western blots showing
decreased expression of BRAFV600E protein in OCM1A and A2058
cell lines treated with 500 nM BRAFV600E PNA for 3 days without
reduction in total BRAF expression, relative to untreated controls
(Figure 3b). Interestingly, by day 3 there was evidence of recovery
of BRAFV600E protein expression in OCM1A cells but not in the
A2058 cells, where growth suppression appeared more durable.
Western blotting data for SK-MEL-7 treated with 500 nM of
Cancer Gene Therapy (2017), 401 – 408

BRAFV600E PNA for up to 6 days further substantiated the cell
proliferation experiments showing a transient reduction of BRAF
V600E expression for up to 2 days with inhibition of downstream
p-MEK but with recovery noted on subsequent days (3–6) after
initial treatment (Figure 3c).
Improved inhibition with repeated exposure to BRAFV600E PNA
In order to determine whether the apparent recovery in growth
suppression was due to PNA metabolism after only 2 days of initial
drug exposure, we instituted replacement of the 500 nM PNApeptide in cell media every 2 days to see if this resulted in further
decreases in cell proliferation. In comparison to cell lines treated
with a single dose, proliferation after 7 days of OCM1A (P = 0.003),
SK-MEL-7 (P = 0.01) and even the less sensitive A2058 (P = 0.006)
were dramatically reduced (Figure 4a). The C918 BRAFWT cell line
still remains completely unaffected by either single dose or
repeated doses, P = 0.3. This correlated to sustained suppression of
BRAFV600E expression by western blot, as shown for SK-MEL-7
(Figure 4b).
© 2017 Nature America, Inc., part of Springer Nature.
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Figure 3. Sustained inhibition of proliferation by BRAFV600E PNA over time. (a) Cell viability of C918, OCM1A, SK-MEL-7 and A2058 cells plated
overnight in 96-well plates and treated with 500 nM control or BRAFV600E peptide nucleic acid (PNA) for 7 days. Cell viability was measured as
percentage of untreated cells at each time point. (b) Western blottings of protein lysates from C918, OCM1A and A2058 cells plated overnight
on 60 mm plates and treated with 500 nM BRAFV600E PNA for 3 days. Cell lysates were collected every day and immunoblotted for BRAF V600E,
Total BRAF and Tubulin. (c) Western blottings of protein lysates from SK-MEL-7 cells plated overnight and treated with 500 nM BRAFV600E PNA
for 6 days. Cell lysates were collected every day and immunoblotted for BRAF V600E, Total BRAF, p-MEK 1/2, Total MEK 1/2 and Tubulin.

Tumor growth suppression and necrosis in response to BRAFV600E
PNA treatment
To evaluate efﬁcacy and toxicity in mice, athymic mice were
subcutaneously inoculated with BRAFV600E-expressing OCM1A cell
line and began treatment after tumors reached a volume of
approximately 100 mm3. Mice were treated with either vehicle,
50 mg kg − 1 control PNA or 50 mg kg − 1 BRAFV600E PNA 3 times a
week for 3 weeks. Tumor growth in mice treated with BRAFV600E
PNA on day 22 was signiﬁcantly suppressed as compared to the
vehicle and control PNA treated mice, P = 0.02 and P = 0.04,
respectively (Figure 5a). There was some initial weight loss but
with rapid recovery (Supplementary Figure S2). Although there
was a decrease in tumor growth in the control PNA-treated mice,
it was not statistically signiﬁcant compared to the vehicle cohort
(P = 0.12). Furthermore, hematoxylin and eosin stains of the
tumors collected at the end of the study revealed advanced
necrosis for the BRAFV600E PNA (Figure 5b and Supplementary
Table S3A). There was also some necrosis in control PNA-treated
mice but not as much as those treated with BRAFV600E PNA, which
correlates to the tumor growth data. Tumor samples were also
© 2017 Nature America, Inc., part of Springer Nature.

stained with terminal deoxynucleotidyl transferase dUTP nick end
labeling to assess apoptosis and Ki67 to evaluate cell proliferation.
Cells strongly stained with terminal deoxynucleotidyl transferase
dUTP nick end labeling increased in BRAFV600E PNA-treated tissue
compared to the vehicle and control PNA groups but was not
statistically signiﬁcant, P = 0.17 and P = 0.19, respectively, due to
the large variation in positively-stained cells between the samples
of BRAFV600E PNA-treated tissue (Figure 5c and Supplementary
Table S3B). On the other hand, there was a 2-fold decrease of cells
strongly stained with Ki67 in tumors treated with BRAFV600E PNA
compared with tumors treated with the vehicle (P = 0.04) and
control PNA (P = 0.02) (Figure 5d and Supplementary Table S3C).
Because of concerns for acute weight loss in this study, a followup study was conducted with either vehicle or 50 mg kg − 1
BRAFV600E PNA 3 times a week for only a total of 4 doses. In this
experiment with BRAFV600E-complementary PNA-peptide, the
tumor growth rate was suppressed in comparison to the control
group and then this suppression was sustained even for a full
week after completing treatment with a decrease in tumor size
after the last dose, P = 0.009 (Supplementary Figure S4A). In this
Cancer Gene Therapy (2017), 401 – 408

Obstruction of oncogene transcription by PNAs
JH Rothman et al

406

Figure 4. Enhanced inhibition with repeated exposure to BRAFV600E peptide nucleic acid (PNA). (a) Cell proliferation of C918, OCM1A, SK-MEL-7
and A2058 cells plated on 96-well plates overnight and treated with either a single dose or repeated 48-hour doses of 500 nM BRAFV600E PNA
for 7 days. Cell viability was assessed as a percentage of untreated cells for wild-type cell line C918 P40.05 and the mutant cell lines, OCM1A,
SK-MEL-7 and A2058, P o0.05. (b) Western blotting of protein lysates from SK-MEL-7 cells plated on 60 mm plates overnight and treated with
either a single dose or repeated 48-hour doses of 500 nM BRAFV600E PNA for 6 days. Cell lysates were collected every day and immunoblotted
for BRAF V600E and Tubulin.

study, no early weight loss was noted in the PNA-treated animals
as compared to the vehicle control (Supplementary Figure S4B).
DISCUSSION
PNA-delivery peptide conjugates have been studied for almost the
past two decades and have not yet made signiﬁcant progress
regarding clinical utility despite their initial potential. Similar to
many promising ideas, often they are abandoned prematurely as
they may not deliver upon their expectations soon enough. Some
of the many obstacles facing a strategy that depends upon
obstruction of gene function include nuclear delivery of the active
therapeutics and their ability to overcome steric barriers to their
chromosomal binding sites. Our initial experience with the PNA
conjugates solely comprised of a PNA oligomer concatenated to a
delivery peptide reported in journal articles over the past two
decades was mainly successful for transcription suppression of
extrachromosomal plasmid-borne genes.22–24 However, with these
types of PNA conjugates success was signiﬁcantly limited upon
attempts to suppress transcription of the expressed region of
chromosomal genes. We attributed this to steric obstacles such as
binding proteins and supercoiling. In this regard, incorporating
modiﬁcations to favor helical conﬁgurational stability of the PNA
oligomer upon regional binding of the DNA target was apparently
effective. Design modiﬁcations are based upon qualitative features
of the statistical motion of a random coil. In addition, the PNA
oligomers were further modiﬁed to enable better insertion into
cellular membranes in order to facilitate an intracellularextracellular equilibrium.
Cancer Gene Therapy (2017), 401 – 408

In comparison with other oligonucleotide-based strategies, this
strategy relies merely upon chemical features/properties. It
operates independently of cellular mechanisms/pathways to
initiate and sustain its effects unlike RNAi or antisense strategies
that rely upon liposomal delivery mechanisms and cellular
intervention/processing (for example, RISC or RNAse-H, respectively) dedicated for other cellular purposes. In fact, these latter
strategies have yet to become approved and effective therapies
despite decades of development. These oligonucleotide analogues lend themselves well to automated peptide synthesis
incorporating stabilizing peptides, which make these oligomers
much more membrane permeable and better apt towards helical
binding. Furthermore, by design, obstructing transcription
through targeting the gene sequence of a mutation/translocation
site is unaffected by secondary mutations elsewhere within the
gene. In contrast, inhibitors that rely upon speciﬁcity of a protein
binding site are usually affected by mutation-driven structural
perturbations occurring anywhere within the entire protein
structure leading to therapeutic resistance.
We have created an improved delivery motif conjugated to
complementary PNAs making them reliable transcription suppressors. In cell lines and xenograft mouse models, we have employed
these oligomers to suppress BRAFV600E expression in cutaneous
melanomas. From our results, these modiﬁcations when applied to
a PNA oligomer-delivery peptide conjugate apparently and
deﬁnitively confer functionality for suppressing gene transcription
within expressed regions. Speciﬁcity is also well-presented as
shown by BRAFV600E-complementary PNA suppressing the
BRAFV600E gene transcription in OCM1A, SK-MEL-7 and A2058 cell
© 2017 Nature America, Inc., part of Springer Nature.
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Figure 5. In vivo tumor growth inhibition is speciﬁc to BRAFV600E suppression. 6–8-week-old athymic nude female mice bearing ﬁve million
subcutaneously injected OCM1A cells of ∼ 100 mm3 diameter were treated with vehicle, 50 mg kg − 1 control peptide nucleic acid (PNA) or
50 mg kg − 1 BRAFV600E PNA 3 days/week for 2 ½ weeks. (a) Tumor volume measurements taken every 3 or 4 days. Tumor growth was
compared in BRAFV600E PNA relative to the vehicle and control PNA groups, P o0.05, as well as in control PNA relative to the vehicle, P40.05.
Tumor tissue samples were collected at the end of the study for immunohistochemistry staining. Hematoxylin and eosin stains showing
massive necrosis in the BRAFV600E PNA cohort compared to the vehicle and control PNA groups (b). Increased terminal deoxynucleotidyl
transferase dUTP nick end labeling (TUNEL) staining (c) in BRAFV600E PNA-treated tissue (***P40.05) and decreased Ki67 staining (d) in
BRAFV600E PNA-treated tissue compared to vehicle (*P = 0.04) and control PNA-treated tissue (**P = 0.02).

lines, whereas having no effect upon the BRAFWT expression in the
C918 cell line. Furthermore, PNA oligomers containing a control
nonsense sequence did not suppress any BRAF transcription upon
any cell line. A decrease in cell proliferation was concomitant only
to cell lines that underwent suppression of BRAFV600E transcription
by exposure to the modiﬁed BRAFV600E-complementary PNApeptide conjugates. These results support efﬁcacy and speciﬁcity
of this improved PNA-delivery peptide conjugate strategy. These
effects were then validated in a tumor bearing xenograft resulting
in inhibition of cell proliferation, necrosis and induction of
apoptosis.
Overall, we believe this represents a novel way to target
BRAFV600E and our success with the targeting of this oncogene,
which has a single base pair mutation, could be applied against a
wider array of targets with tumorigenic translocations and
mutations. Furthermore, these PNAs can serve as backbones such
that further modiﬁcations to the current structure and sequence
are possible to further improve binding to the target sequence
and effectively enhance the efﬁcacy of gene transcription
inhibition.
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