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Since their invention in 1991, peptide nucleic acids (PNAs†) have been used in a myriad of chemical 
and biological assays. More recently, peptide nucleic acids have also been demonstrated to hold great 
potential as therapeutic agents because of their physiological stability, affinity for target nucleic acids, 
and versatility. While recent modifications in their design have further improved their potency, their 
preclinical development has reached new heights due to their combination with recent advancements 
in drug delivery. This review focuses on recent advances in PNA therapeutic applications, in which 
chemical modifications are made to improve PNA function and nanoparticles are used to enhance PNA 
delivery.
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INTRODUCTION

Nucleic acids play a critical role in governing 
various disease states. The expression or overexpression 
of certain genes can worsen prognosis, as with BCR-
ABL in myeloid leukemia (CML) [1] and c-Myc in 
various cancers [2]. Upregulation of other genetic 
elements, such as microRNAs (miRNAs) are also seen 
in several diseases, most notably cancer [3]. Single-base 
pair mutations in genomic DNA are also the hallmark of 
several genetic disorders, including cystic fibrosis [4] 
and sickle cell disease [5]. While small molecule drugs 
targeting these genetic elements have had some success 
[6,7], nucleotide-based drugs can take advantage of 
complementary base pairing, reducing the potential for 
side effects [8].

To selectively target specific genetic elements, 
synthetic chemists have developed several oligonucleotide 
analogs capable of binding to genomic DNA (gDNA), 
messenger RNA (mRNA), and microRNA (miRNA), 
and many other non-coding genetic elements [9]. While 
several of these analogs maintain the specificity of 
complementary base pairing, many benefit from several 
structural modifications intended to improve their 
physiological stability or enhance their binding affinity. 
For example, 2’fluorine RNA, 2’ methoxide RNA, and 
O-methyl methoxy RNA are all RNA analogs which 
benefit from a 2’ ribose modification, making them 
resistant to endonuclease degradation [9-11]. Similar 
analogs benefit from direct modification or replacement 
of the phosphodiester backbone of DNA and RNA. 
Locked Nucleic Acids (LNAs), for example, contain a 
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“bridge” that connects the 2’ and 4’ carbons on the ribose 
moiety, which facilitates backbone pre-organization 
and enhances hybridization with oligonucleotides [12]. 
Phosphorodiamidate morpholinos (PMOs), on the other 
hand, contain DNA bases attached to methylenemorpholine 
rings linked by phosphorodiamidate groups, completely 
replacing the phosphodiester backbone and rendering 
resistance to nuclease-mediated degradation [13]. A third 
analogue, peptide nucleic acids (PNAs), is characterized 
by a unique peptide backbone, which similarly imparts 
nuclease resistance [14] (Figure 1). Of these analogs, 
PNAs have been shown to be especially versatile and 
have been explored for their utility in various applications 
including laboratory techniques such as PCR, purification 
of nucleic acids, southern and northern blotting, and 
FISH [15-18], as well as numerous potential therapeutic 
applications. In this review, we focus on PNAs and their 
therapeutic potential in the realm of genetic regulation.

PRINCIPLES

To appreciate the recent advancements in using 
PNAs, it is helpful to understand the fundamental structure 
and properties of PNAs, as well as the challenges faced in 
therapeutic applications of these molecules.

 

Structure and Properties of PNAs
PNAs were first developed in 1991 by Peter E. Nielsen 

and his colleagues at the University of Copenhagen when 
they sought to develop a DNA analog with a polyamide 
backbone that was homomorphous to DNA with respect 
to the number of backbone bonds and distance between 
the backbone and nucleobases [19] (Figure 1). The goal 
was to design a ligand that could recognize double-
stranded DNA (dsDNA) via Hoogsteen base pairing in 
the major groove, thereby avoiding the need for strand 
invasion. Additionally, they sought to develop a molecule 
that would be synthetically easy to produce [14]. Using a 
computer algorithm in combination with advancements 
in Merrifield solid-phase synthesis, Nielsen et al. arrived 
at the structure that came to be known as “peptide-nucleic 
acid” (PNA).

PNAs are composed of N-(2-aminoethyl)-
glycine units linked by peptide bonds [8,10,14]. The 
nucleobases—adenine, guanine, cytosine, and thymine 
(A,G,C,T)—are attached to this backbone via a 
methylene carbonyl linkage rather than the traditional 
sugar moiety such as deoxyribose (in DNA) or ribose (in 
RNA) (Figure 1). This pseudopeptide backbone, in lieu 
of the phosphodiester backbone of DNA or RNA, renders 
PNA molecules charge neutral (compared to negatively 
charged DNA and RNA molecules), allowing for stronger 
hybridization with complementary nucleic acids [20,21]. 
While the PNA affinity for DNA is higher than that of 
DNA for DNA, PNA hybridization is less tolerant of 
base pair mismatches [16]. The unnatural, polyamide 
backbone of PNAs renders them resistant to enzymatic 
degradation [15,22,23].

As with other synthetic analogs, PNAs bind to 
complementary DNA or RNA in accordance with both 
Watson-Crick and Hoogsteen base pairing rules [22] 
(Figure 2). Under Watson-Crick base pairing, adenine 
(A) forms two hydrogen bonds with thymine (T), while 
cytosine (C) forms three hydrogen bonds with guanine 
(G). Under Hoogsteen base pairing, PNAs can bind 
duplex DNA along its major groove, accommodating 
the formation of base triplets. This motif allows thymine 
to bind to an AT doublet and cytosine to bind to a GC 
doublet. Through another mechanism, known as reverse 
Hoogsteen base pairing, guanine is capable of binding 
to a GC doublet, while adenine is able to bind to an AT 
doublet [24].

PNAs bind to DNA according to different motifs, 
which depend on PNA design (Figure 3). A simple PNA/
DNA triplex is the result of Hoogsteen base pairing 
along the major groove of dsDNA, typically observed 
with cytosine-rich PNAs. Invasion of duplex DNA, on 
the other hand, can occur when using homopurine PNAs 
(ones whose sequence are composed entirely of adenine 
and guanine nucleotides). In binding to one strand of 

Figure 1. Canonical structures of PNA paired with DNA. 
Adapted from [136].
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dsDNA by Watson-Crick base-pairing, duplex invasion 
further results in a displaced D-loop of the complementary 
strand [25]. Duplex invasion can also occur by triplex 
formation, where a PNA molecule binds to a strand of 
dsDNA by both Watson-Crick and Hoogsteen base-
pairing, as is observed for homopyridine PNAs (ones 
whose sequence are composed entirely of cytosine and 
thymine nucleotides). This 2PNA:1 DNA triplex also 
results in a locally displaced D-loop [26]. “Tail-clamp” 
PNAs (tcPNAs)—PNAs joined by a chemical linker—
make use of this biding motif, linking homopyridine 
sequences while extending the Watson-Crick portion 
to invade mixed homopurine/homopyridine DNA [27]. 
Lastly, pseudocomplementary PNAs (pcPNAs), which 
are complementary to each other, but unable to form 
stable duplexes, can invade dsDNA using Watson-Crick 
base pairing, resulting in a double-duplex invasion [26].

Given their stability, charge neutrality, and ease of 
design, PNAs can be used for a variety of applications. 
Their versatility and ability to bind to target DNA or RNA 
by both Watson-Crick and Hoogsteen base pairing rules 

further enhances their therapeutic potential. However, 
before considering how PNAs may be used, it is important 
to consider their limitations.

LIMITATIONS

While several therapeutic applications for PNAs 
exist, as demonstrated by numerous in vitro and in vivo 
studies (see below), several fundamental challenges 
still must be considered before these molecules become 
broadly applicable in a clinical setting.

Solubility
Unlike DNA or RNA, which exist primarily in 

elongated conformations due to their negatively charged 
phosphate backbones, the original class of PNAs that 
were developed were found to have a tendency toward 
folding into complex globular structures when in solution, 
presumably due to both the intra- and intermolecular 
affinity between their hydrophobic nucleobases [28]. 
Although PNAs in this globular structure have been 

Figure 2. Binding motifs for triplex-forming oligonucleotides. Triplex-forming oligonucleotides (TFOs) bind in both the 
parallel and antiparallel direction. In the pyrimidine motif (left), TFOs bind the polypurine DNA strand in the parallel 
direction. In the purine motif (right), TFOs bind the polypurine DNA strand in the antiparallel direction. Correspond-
ing canonical Watson-Crick and Hoogsteen base pair triplets are shown on below each binding motif. Adapted from 
[137].
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ability of PNAs to cross the cell membrane either on their 
own or by using clinically-applicable techniques has been 
of great interest to researchers.

PNAs, though charge neutral, are not easily taken 
up by cells. Using liposomes as a model for cellular 
membranes, researchers showed that two different PNAs, 
approximately 10 base pairs in length, had efflux half-
times of 5.5 and 11 days, comparable to a molecule of 
DNA with an efflux half-time of 7 days. With such 
lengthy transport times, it is unlikely that PNAs would 
be able to traverse the cellular membrane alone to act on 
target DNA or RNA [37].

To overcome these limitations in delivery, researchers 
have explored cell-penetrating peptides (CPPs) to 
enhance the cellular uptake of PNAs [38-40]. CPPs are 
short, cationic peptides that vary in length, typically 
ranging from nine to 30 amino acids [41]. Several CPPs 
have been investigated for the delivery of PNAs, most 
notably penetratin, a 16-residue peptide derived from 
the Drosophila Antennapedia gene [41]. Using PNAs 
targeted against human telomerase, Corey and his group 
demonstrated in vitro that PNA-penetratin conjugates 
could efficiently hybridize with target DNA sequences, 
showing that the attached peptide did not interfere with 
binding [42]. Nielsen and his group later demonstrated 
that penetratin conjugation enhanced PNA uptake in vitro, 
but that cellular uptake of the conjugates was variable and 
dependent on cell type, temperature, and concentration 
[43].

Our lab verified that conjugation of PNA to penetratin 
significantly enhances PNA cellular uptake in vitro, when 
compared to delivery by electroporation. Importantly, 
we found that intraperitoneal administration of PNA-
penetratin conjugates resulted in enhanced biodistribution 
and targeted gene modification compared to PNA alone in 
several somatic tissues and in several compartments of the 
hematopoietic system [44] (the therapeutic implications 

shown to be effective in various applications, their 
hydrophobicity and tendency to aggregate confers 
several limitations. For one, their hydrophobicity, which 
promotes PNA aggregation, also seems to promote 
their relatively nonspecific adherence to both other 
macromolecules and larger surfaces. This adherence often 
creates technical challenges in the handling of PNAs 
in complex applications, such as microarrays, or even 
in simple laboratory manipulations such as transferring 
between tubes [29].

To combat these tendencies, researchers have 
attempted to modify PNAs through several means: 
the addition of amino acid residues at their termini 
[30], conjugation to charged DNA molecules [31], 
and conjugation to high molecular weight polymers 
such as polyethylene glycol (PEG) [32]. While these 
modifications have overcome solubility issues, installation 
of hydrophilic (R)-diethylene glycol “miniPEG” chains 
at the γ-backbone position, was found to improve PNA 
solubility, and to enhance PNA hybridization and sequence 
selectivity via induction of helical preorganization (to be 
further discussed later in the review) [29,33-35].

Intracellular Delivery
While PNAs hold tremendous therapeutic potential, 

they have been primarily studied using either cell-free 
systems or with artificial techniques for penetrating the 
cell membrane, such as electroporation, nucleofection, 
and microinjection [36]. Though useful for studying 
PNAs in an experimental setting, these techniques are not 
readily translatable to the clinic, and thus the challenge of 
achieving sufficient intracellular delivery of PNAs must 
still be solved. Without crossing the cellular membrane, 
PNAs are unable to reach their targeted sequence and thus 
can neither act on microRNAs or mRNAs in the cytosol 
nor hybridize with DNA targets in the nucleus. Thus, the 

Figure 3. Canonical binding motifs of PNAs with double-stranded DNA. Adapted from [25].
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cleared from the bloodstream within 10 to 30 minutes 
after intravenous or intraperitoneal administration [51]. 
With such poor cellular permeability and rapid clearance, 
it should be no surprise that progress in the therapeutic 
application of these molecules has been slow.

The attempts to improve cellular uptake by the 
conjugation of CPPs to PNAs have also demonstrated that 
the addition of CPPs to PNAs can reduce the physiological 
clearance rates of these molecules [44]. This result is 
most likely due to the combined effect of CPPs slowing 
the inherent physiological clearance of PNAs as well as 
promoting the cellular internalization of PNAs—making 
them less available for physiological clearance. However, 
the previously described limitations on this approach 
make it an unlikely strategy for increasing physiological 
retention of PNAs in the clinical setting. Thus, alternative 
methods—such as delivery via nanocarriers, which is 
discussed later in this review—must be explored and 
optimized before PNAs can be robustly used in the in 
vivo setting.

APPLICATIONS

While the general challenges outlined in the previous 
section apply to many potential applications of PNAs, it 
is important to consider that each specific application 
will inherently hold an additional set of new challenges. 
While there are numerous uses of PNAs, here we will 
focus on their therapeutic applications in the realm of 
genetic regulation, specifically serving as antigene, pro-
gene, antisense, anti-miR, and gene-editing molecules.

Antigene
With their propensity to bind dsDNA [52] and 

enhanced stability over traditional oligonucleotides, PNAs 
make the ideal antigene agent (agPNA)—a molecule 
capable of inhibiting transcription and/or replication of a 
targeted gene [49]. In cell-free experiments, PNAs targeted 
to the template strand of dsDNA halted transcriptional 
elongation when using both prokaryotic and eukaryotic 
RNA polymerases [53,54]. Other cell-free experiments 
have shown that PNAs targeted to regions of dsDNA 
flanked by restrictions enzyme sites blocked restriction 
enzyme cleavage, demonstrating that PNAs can be used 
to block DNA recognizing proteins. These experiments 
highlight the specificity of the PNA sequence to the 
target site by showing reduced blocking if the PNA had 
a single mismatch, and no blocking if the PNA had two 
mismatches [55]. The potential of this antigene activity 
of PNAs has since been confirmed in many cell culture 
experiments using PNAs: as examples, PNAs have been 
shown to inhibit interactions between NFκ-B and the IL2-
Rα NFκ-B binding site [56] and PNAs designed to bind 
to the second exon of the c-Myc gene that were shown to 

of this finding are discussed below). Other studies have 
also shown promising in vitro and in vivo delivery using 
PNAs modified with lysine residues [45] as well as with 
glycosylated side chains [46].

While CPP-mediated PNA delivery remains a 
promising approach for in vitro and in vivo applications, 
the need for excessively high and repeated dosing to 
achieve therapeutic effects (typically 10 to 50 mg/kg 
administered several times) renders it impractical for 
potential translation to the clinic. Considering their large 
size relative to their PNA cargo, as well as their relatively 
inefficient conjugation, the need for extensive CPP 
synthesis presents an additional barrier to their broader use 
[47]. Limited endosomal escape of CPP-PNA conjugates 
following their cellular uptake via endocytosis—which 
often leads to a requirement of co-administration with 
chloroquine or Ca2+ to facilitate release into the cytosol—
also limits the therapeutic efficiency of CPP-PNAs 
[48]. In considering the application of PNAs for gene 
editing (discussed later), the need for co-delivery with 
a donor DNA would require additional conjugation and 
purification steps to create separate CPP-DNA constructs, 
further complicating their use.

Physiological Stability and Clearance
As the applications of PNAs have progressed from 

simple in vitro work to the more complex in vivo systems, 
researchers have sought to better understand their in vivo 
stability and physiological clearance.

PNAs have significant stability in human serum and 
eukaryotic cellular extracts. One study incubated both a 
homothymidine PNA and an unmodified oligonucleotide 
in fresh guinea pig serum and demonstrated that the 
unmodified oligonucleotides had a half-life of only a few 
minutes, whereas the PNA was still intact after two days 
[49]. In a separate study, PNAs incubated with mouse 
tumor cell extracts showed no significant degradation 
after two hours [23]. This stability is a consequence 
of the PNAs unnatural backbone, which makes them 
resistant to enzymatic degradation [23,31]. Unlike their 
DNA counterparts which depurinate in the presence of 
strong acids, PNAs are also stable in acidic environments 
such as tumor microenvironments, making them ideal 
candidates for genetically-targeted therapies in vivo [36].

Despite their enhanced stability, like other 
oligonucleotides, PNAs are rapidly cleared from systemic 
circulation after administration. Following intravenous 
injection in rats, the circulation half-life of a 12-mer PNA 
was found to be approximately 3 minutes [50]. Although 
detectable amounts were observed in the spleen, liver, 
heart, brain, and kidney at 24 hours, the dose recovered 
ranged from 0.042 percent to 2.47 percent, with over 90 
percent detected in urine [50]. Other studies produced 
similar results, demonstrating that unmodified PNAs are 
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Antisense
Genetic expression can be regulated using antisense 

agents, such as antisense oligonucleotides, which target 
mRNA. While most antisense molecules mediate their 
antisense activity through RNAse H degradation of the 
mRNA/oligonucleotide hybrid, studies have shown that 
PNAs targeting mRNA mediate their effects through 
steric interference [65,66]. Rather than degrading the 
target mRNA, mRNA bound to PNA is unable to reach 
cellular translational machinery, thereby inhibiting 
protein expression.

Although theoretically useful for targeting mRNA, 
experiments have shown that PNAs are most effective 
when targeting the start codon in a cell-free assay. PNAs 
targeted to the AUG initiation region of mRNA were found 
to be potent inhibitors of mRNA translation, with little to 
no effect when targeting the coding regions [66]. Similarly 
PNAs targeting the start codon of the promyelocytic 
leukemia/retinoic acid receptor-a (PML/RAR) fusion 
gene achieved an 80 percent inhibition of translation, 
while 40 times more antisense oligonucleotide control 
was required to achieve similar levels of inhibition [67].

While most studies have demonstrated that PNAs 
exhibit significant antisense activity, it is also clear that 
their potency is dependent on target location and the 
lifetime of the PNA/mRNA duplex, as mRNA targeted 
by PNA is not degraded by RNAse H [68]. In comparing 
PNAs to C-5 propynyl pyrimidine phosphorthioate 
oligonucleotides (propyne-S-ON) designed to target the 
5’ untranslated region of T Ag mRNA, propyne-S-ON 
exhibited superior antisense effects at lower doses and 
at longer time points. When targeted to intronic as well 
as exonic portions of the same mRNA, however, PNAs 
performed comparably well [68].

Taken together, the results above highlight the role 
PNAs may play in antisense applications. While further 
work regarding their precise mechanism of action and 
how mRNA target regions may influence their antisense 
activity, their robust stability and strong binding affinity 
makes these molecules suitable candidates for antisense 
applications.

Anti-miR
MicroRNAs (miRs) are short (~22 nt long), 

evolutionarily conserved, single-stranded non-coding 
RNA molecules that bind to target mRNA, preventing 
translation by one of two specific mechanisms [69]. miR 
is first cleaved from a primary miR molecule, which 
is then incorporated into the RNA-induced silencing 
complex (RISC). The mature miR then functions as 
a guide strand, targeting the RISC complex to the 
appropriate mRNA sequence. Based on the level of 
complementarity between the miR and mRNA, the 

downregulate c-Myc expression in a cell-line model of 
Burkitt’s lymphoma [57]. More recently, PNAs targeting 
the transcription start sites of the human progesterone 
receptors B (hPR-B) and A (hPR-A) were found to inhibit 
transcription, resulting in distinct morphological changes 
in breast cancer cells. Notably, phenotypic change was 
confirmed by use of siRNA, highlighting the potential for 
combinatorial antigene/antisense therapeutic approaches 
[58]. Targeting of transcription sites for antigene 
application may hold additional promise, as subsequent 
studies have demonstrated that transcriptional activity 
catalyzes PNA strand invasion [59].

Beyond the suppression of endogenous gene 
expression, the use of PNAs as inhibitors of viral DNA 
replication has also been tested. In one such study, 
researchers were able to suppress HIV-1 replication by 
using PNAs to target poly(purine) tracts and a 4 base 
(TTTT) 5’ flanking sequence found in HIV-1 proviral 
DNA. These PNA molecules suppressed viral replication, 
and this suppression persisted for 14 days after the PNAs 
were removed from the culture medium. This finding was 
in sharp contrast to inhibition by U75875—a previously 
used gold standard inhibitor of HIV-1 protease—which 
showed no suppression of HIV replication once it was 
removed from the medium [60].

Pro-gene
Although many studies have focused on the use of 

PNAs as suppressors of gene transcription, some studies 
have shown that PNAs can be used to activate genes when 
they are targeted to promoter regions. Mollegaard et al., 
for example, demonstrated that when homopyrimidine 
PNAs form triplexes with dsDNA, the resulting D-loop 
can serve as a site for RNA polymerase recognition and 
thus a local transcription initiation site [61].

Using a similar approach, our lab explored 
reactivation of fetal hemoglobin as an ameliorative 
therapy for hemoglobinopathies (i.e., sickle cell and 
β-thalassemia). Using PNAs designed to bind to a mixed 
homopurine/homopyridine region of the γ-globin gene, 
we induced expression of a reporter gene construct both 
in vitro and in vivo. Importantly, we were able to use this 
same strategy to achieve γ-globin gene expression in 
K562 human erythroleukemia cells [62], demonstrating 
that PNAs 16 to 18mer in length were ideal for inducing 
gene transcription [63].

More recently, others have used PNAs conjugated 
to CPPs on one end (such as TAT) and transcription 
activation domains on the other to reactivate human 
fetal γ-globin in primary human CD34+ cells, providing 
further proof that PNAs may indeed play a role in not just 
the suppression of genes, but in inducing expression of 
therapeutically significant ones as well [64].
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[73,74]. Interestingly, when compared to LNAs and 2’-
OMe oligonucleotides, PNAs were shown to be more 
potent inhibitors of the targeted miRNA activity [75]. 
Recently, a PNA-based strategy was developed to target 
miR-210, which is upregulated under hypoxic conditions 
[76]. Using both unmodified PNAs and PNAs conjugated 
to various cell-penetrating peptides, Fabbri et al. found 
that they were able to decrease miR-210 expression and 
modulate mRNA expression of miR-210 target genes. 
Recently, our group has shown that miniPEG-γ modified 
PNAs are more potent anti-miRs than regular, unmodified 
PNAs against miR-210 in vivo [77]. We have also now 
developed a second PNA-based strategy—using peptides 
that target the PNA to tumors—against miR-155 in an 
oncomiR-addicted mouse model of lymphoma [78].

Although the literature is still limited, a few other 
studies have also demonstrated the potential of PNAs as 
anti-miR therapeutics [38,79-83]. While potency does 
not appear to be as challenging of an issue in targeting 
miRNA as it is in targeting mRNA, achieving sufficient 
intracellular delivery of unmodified PNAs has proven to 
be problematic [15,38,75]. To overcome these limitations, 
researchers have attached PNA to lysine residues [38], 
oligoarginine [79], or cell-penetrating peptides [75] to 
facilitate intracellular delivery. As discussed earlier, 
while these delivery methods are effective in vitro, they 
are difficult to translate to the in vivo setting, particularly 
when they are administered systemically due to rapid 
physiological clearance and nonspecific accumulation of 
PNAs.

Gene Editing
Triplex-forming PNAs are capable of introducing 

permanent genetic modifications into genomic DNA. 
When a homopyridine PNA interacts with a homopurine 
region of DNA, it may bind according to both Watson-
Crick and Hoogsteen base pairing rules. To accomplish 
this process efficiently, homopyrimidine PNAs are 
joined by a chemical linker, forming a bis-PNA. In this 
design, one strand of the bis-PNA is designed to bind by 
a Hoogsteen motif, incorporating a pseudoisocytosine 
(J) rather than a cytosine (C) to prevent any self-
complementarity. Through this modification, one strand is 
able to bind in the anti-parallel direction by Watson-Crick 
base pairing, while the other strand is available to bind by 
Hoogsteen base pairing in the parallel orientation relative 
to the DNA strand. The resulting triplex leads to DNA 
helical distortion, which has the capacity to activate DNA 
repair mechanisms and can result in the recombination of 
“donor” DNA into the native DNA at a site close to the 
PNA binding site [84] (Figure 4).

Initial studies from our lab using a supFG1 reporter 
gene in mouse cells demonstrated that bis-PNAs can 
induce site-specific mutagenesis at or adjacent to the 

mRNA will be subsequently degraded or translationally 
suppressed [70]. Though much remains to be learned 
about miRs and their function, it is clear that they play 
an important regulatory role in many biological processes 
critical to embryological development and cellular 
differentiation [3,70]. Dysregulation of miR expression 
has also been implicated in several disease states, 
including cardiovascular disease, hepatitis, and cancer 
[3,69,71]. Given the broad scope and diversity of their 
roles, miRs have become therapeutic targets of particular 
interest in a wide range of fields.

Among the efforts to explore methods to target miRs 
has been the development of anti-miR PNAs. Much like 
mRNA targeting, anti-miR PNAs appear to work by 
steric inhibition, in which a PNA molecule binds to its 
target miR, preventing it from interacting with the RISC 
complex [72]. The first report of targeting miR using 
PNAs was by Fabani and Gai, who synthesized PNA 
molecules against miR-122 in human hepatocellular 
carcinoma cells as well as primary rat hepatocytes 
[38]. Similarly, others have shown that PNA-peptide 
conjugates are able to inhibit miR-16 as well as miR-
21, which are aberrantly expressed in certain cancers 

Figure 4. Gene editing by triplex-forming oligonucle-
otides. PNAs stimulate recombination of short (60 bp) 
DNA fragments into genomic DNA. Binding of the PNA 
subsequently produces a structural change within the 
dsDNA that activates cellular repair mechanisms, which 
are initiated by nucleotide excision repair. Adapted from 
[102].



Quijano et al.: Therapeutic peptide nucleic acids590

DNAs can anneal. Work is underway to further elucidate 
the mechanism by which PNAs confer gene editing as 
well as how to best design them.

While these initial results for the application of PNAs 
for gene editing are promising, it is also clear that much 
work still remains to be done. Until we can gain a clearer 
understanding of the underlying mechanisms by which 
PNAs induce gene editing, and the important factors 
that influence these mechanisms, it seems that for now, 
optimization of applications in gene editing will require 
an iterative approach to the design of PNAs to determine 
sequences and sequence locations that yield the highest 
efficiency of targeted gene editing.

OPPORTUNITIES FOR MODIFICATIONS

While challenges in PNA delivery, clearance, and 
efficacious application have slowed progress toward the 
clinical translation of PNA applications to therapeutic 
problems, they have also created opportunities for 
innovation. Efforts to overcome these challenges include 
direct modification of PNAs themselves, as well as the 
use of PNA delivery vehicles such as nanocarriers.

PNA Modifications
One approach to overcoming some of the challenges 

described above, as well as to improving the efficacy of 
the application of PNAs, has been to directly modify 
PNA molecules while still attempting to preserve their 
function. With each modification, its effect on the PNA’s 
physical, chemical, and physiological properties, as well 
as on the PNA’s biological function and mechanism of 
function must be considered.

As discussed above, one of the challenges of 
working with PNAs is their limited solubility and poor 
cellular uptake. To overcome these challenges, PNAs 
have been modified directly with lysine residues [90] 
and guanidinium functional groups [91], in addition 
to several other backbone modifications, reviewed 
elsewhere [92]. PNAs modified with lysine residues 
have demonstrated superior hybridization, in addition 
to significantly improved water solubility [90]. The 
addition of guanidinium functional groups has enhanced 
their solubility, and significantly enhanced their cellular 
uptake, while improving the PNAs discrimination for 
base pair mismatches in target sequences [91].

PNAs have also been modified with several non-
standard nucleobases. In particular, pseudoisocytosine, 
which mimics an N3-protonated cytosine, has been 
used for pH-independent recognition of DNA-guanine 
during Hoogsteen binding of triplex forming bis-PNAs 
[16]. Diaminopurine, in lieu of adenine, has also been 
explored, as it increases the melting temperature (Tm) 
of a PNA-DNA duplex by 4°C for each additional 

PNA recognition site [85]. Subsequently, using bis-
PNAs conjugated to a short donor DNA fragment, our 
lab demonstrated that PNA-DNA hybrids were capable 
of directing site-specific recombination [86]. In this 
strategy, the PNA molecule served two functions: first, to 
form a triplex with targeted DNA and second, to position 
the donor DNA fragment at the appropriate location 
for recombination. Using a mutated pSupFG1 plasmid, 
Rogers et al. demonstrated that in human cell-free extracts, 
they could mediate site-specific sequence changes within 
the reporter gene at levels higher than those achieved 
by other triplex-forming oligonucleotide (TFO)-DNA 
counterparts. They also showed that the induction of 
gene editing by bis-PNAs depends on recognition of the 
PNA/DNA/PNA structure by the nucleotide excision 
repair factor, XPA, to initiate repair of the altered helix 
“lesion” and thereby catalyze recombination with the 
donor DNA. Interestingly, we discovered that when the 
bis-PNA and the donor DNA were mixed, rather than 
covalently coupled together, the level of recombination 
was relatively higher [86].

In addition to correcting disease-causing mutations, 
our lab has also begun to use the gene-editing properties 
of PNAs to introduce stop codons to prevent HIV-1 
infection. Patients with a naturally occurring 32 bp deletion 
in the CCR5 gene (CCR5-delta32) produce truncated 
CCR5 proteins, preventing R5 HIV-1 tropic infection. 
Using this genotype—and the resulting phenotype—as 
motivation, Schleifman et al. delivered PNAs targeted to 
the CCR5 gene with a donor DNA fragment designed to 
introduce a stop codon in human CD34+ hematopoietic 
stem cells. Using this strategy, Schleifman et al. were 
able to achieve gene editing (effectively measured as 
knockout) in 2.46 percent of treated cells. Following 
subsequent engraftment of these edited cells into mice, 
it was shown that the gene modification persisted in vivo 
for longer than four months post-engraftment and led to 
decreased viral load [87].

While PNAs have proven effective as gene editing 
agents, important challenges remain with their design, 
particularly in understanding where to target them 
with respect to a mutation site of interest. Previous 
studies from our lab have shown that targeted genome 
modification can be achieved using bisPNAs designed to 
bind 100 to 200 bps away from a mutation site of interest 
[88]. Studies using miniPEG PNAs found that these 
PNAs, when targeted closest to the mutation site, were 
more effective at inducing targeted gene correction than 
those that were targeted further away from the mutation 
site, but still demonstrated the ability of PNAs to induce 
gene editing over a distance [89]. These results suggest 
that repair of PNAs likely involves induction of strand 
breaks that are subsequently processed by end resection 
to expose long single-stranded regions to which the donor 
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duplex motif, were much more efficient at invading 
dsDNA and did so with greater specificity [99]. In an 
effort to extend the work using γMP-PNAs, Bahal et al. 
synthesized γMP-tcPNAs and found that in comparison to 
regular tcPNAs, the corresponding γMP-tcPNA induced 
nearly 2-fold higher genetic correction in cells treated ex 
vivo. In CD117+ cells, correction was even higher (~3-
fold) following ex vivo treatment [89,100].

These γMP-tcPNAs were then investigated in the in 
vivo setting, by loading them into degradable polymer 
nanoparticles and injecting them intravenously into mice 
with human β-thalassemia. The systemic administration 
of γMP-tcPNAs was found to confer significantly 
improved RBC morphology, increased hemoglobin levels 
into the wild-type range, reduced reticulocyte counts, and 
a significant reduction in splenomegaly and restoration 
of normal splenic architecture. Deep sequencing of total 
bone marrow cells further demonstrated a target gene 
correction of ~4 percent [100].

While these modifications have certainly enhanced 
the biophysical properties and applicability of PNAs, 
issues surrounding their delivery in vitro and in vivo first 
had to be overcome before their therapeutic applications 
could be studied.

PNA Delivery Systems
One of the most fundamental challenges in moving 

PNAs into the clinic—the safe and efficient delivery of 
PNAs to target sites—was eloquently stated by Peter 
E. Nielsen, the inventor of PNAs, in 2003. He said: 
“widespread use of PNA for inhibition of translation 
still awaits better transfection methodology. We believe 
enhanced and controlled endosomal release of PNAs taken 
up by endocytosis to be the most likely solution” [101]. 
While the above-described results with advancements in 
PNAs such as the γtcMP-PNAs were promising, these 
results could not have been achieved without the parallel 
development of PNA delivery systems that were used to 
complete these experiments.

In an effort to address the challenge articulated by 

substitution [16]. Several conformationally constrained 
PNAs have also been investigated to improve invasion 
kinetics and reduce the ambiguity in the direction of 
binding with DNA (antiparallel vs. parallel) [93-96]. 
Using PNAs modified with D-Lysine, for instance, Sforza 
et al. demonstrated that pre-helical organization of PNAs 
could enhance specificity and direction of binding in the 
antiparallel direction [94].

Among the many PNA modifications explored thus 
far, none have enhanced the therapeutic potential of 
PNAs as drastically as has the addition of diethylene 
glycol—“miniPEG”—chains at the PNA’s gamma 
position (Figure 5). Initially, the lab of Dr. Danith Ly 
of Carnegie Mellon demonstrated that simple L-serine 
side-chain incorporation into the γ-position of the PNA 
backbone was capable of preorganizing PNAs into a 
right-handed helix, increasing its affinity and specificity 
for DNA and RNA [35]. By extending the length of these 
γ-PNA oligomers, the group went on to show that these 
molecules were capable of invading the most commonly 
found DNA double helical form—B-DNA—thus 
removing the need for DNA intercalators (acrinide) as 
had been previously required [97,98]. While placement 
of a methyl group at the gamma position had previously 
proven useful in preorganizing PNAs into a right-handed 
helical structure, they were still poorly soluble and tended 
to aggregate. To overcome this limitation, the group 
decided to incorporate miniPEG into the γ-position, 
which was found to maintain pre-helical organization 
while improving PNA solubility [29]. Importantly, by 
comparing unmodified PNAs to ones with miniPEG 
or methyl groups at the gamma position, Bahal et al. 
demonstrated that these gamma-miniPEG-PNAs (γMP-
PNAs) were capable of invading mixed sequence double 
helical B-DNA through Watson-Crick base pairing [34].

Although these initial results using γMP-PNAs 
were promising, these molecules were designed to bind 
solely through Watson-Crick base pairing rules, resulting 
in a duplex binding motif (Figure 3). While capable of 
inducing gene editing, we had previously shown that tail 
clamp PNAs (tcPNA), which bind by a combined triplex/

Figure 5. Canonical structures of DNA, PNA, and gamma modified miniPEG PNA monomer units.
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By co-encapsulating PNA and donor DNA into 
PLGA NPs, we were able to demonstrate, for the first 
time, that PLGA NPs could be used for the delivery of 
PNA and DNA to mediate recombination in human CD34+ 

cells, which resulted in site-specific modification of the 
β-globin locus [117]. Importantly, there was no change in 
cell viability after NP treatment, whereas nucleofection 
resulted in a 60-fold reduction in cell viability. While 
this study was limited to cultured cells, it provided the 
first piece of evidence that PLGA NPs could be used for 
delivery of PNA and donor DNA for gene editing [117].

The advancements in γMP-PNAs, which had 
previously demonstrated enhanced hybridization, 
solubility, and sequence-unrestricted binding to double-
stranded DNA [34], still presented a challenge to 
effective intracellular uptake and in vivo delivery. Using 
a transgenic mouse model carrying a β-globin/eGFP 
reporter gene, Bahal et al., sought to investigate whether 
single-stranded γMP-PNAs could be used in vivo to target 
a splice site in this reporter gene. It was only by using 
a PLGA NP delivery system that Bahal et al. showed 
for the first time that γMP-PNAs could be delivered and 
induce gene modification both ex vivo and in vivo [89].

Since these initial studies, we have similarly shown 
that our approach using PNA and DNA delivered by 
PLGA NPs could be also be used to insert an in-frame 
stop codon, such as for the disruption of the CCR5 gene 
required for HIV-1 entry into T cells [118]. Human 
peripheral blood mononuclear cells (PBMCs) treated 
with these NPs were engrafted into immunodeficient 
NOD-scid IL-2rγnull mice. After challenging these mice 
with an R5-tropic strain of HIV-1, mice with treated 

Nielsen, several delivery systems for PNAs have been 
explored including cationic liposomes, avidin-labeled 
protein NPs, zeolite-L-nanocrystals, mesoporous silica 
NPs, porous silicon NPs, and cationic shell-cross-linked 
knedels-like NPs (reviewed elsewhere [102]). However, 
each of these materials and delivery systems is limited by 
their translatability to humans, as none of these materials 
has been extensively explored in the clinical setting. 
Therefore, we have focused on the use of polymeric 
NPs as PNA delivery systems [103-112]. Importantly, 
the base materials for these nanoparticles is comprised 
of poly(lactic-co-glycolic acid) (PLGA), a biocompatible 
and degradable polymer. Currently, several PLGA-
based products have been approved by the FDA for the 
treatment of numerous disorders including acromegaly 
(Signifor LAR), schizophrenia (Risperdal Consta), and 
prostate cancer (Lupron, Trelstar, and Elligard) [113]. 
Several studies have shown that PLGA NPs are readily 
tolerated at extremely high doses, both in vitro and in 
vivo [114,115]. Numerous studies, including several from 
our lab, have also shown that PLGA NPs can be used to 
deliver siRNA, plasmid DNA, as well as several other 
small molecule drugs [103-112].

Using a double emulsion solvent evaporation 
technique, we are able to encapsulate both PNA and 
donor DNA (Figure 6). This advantage—the ability to 
co-deliver molecules—presents a unique opportunity for 
gene editing by PNAs, which requires the co-delivery of 
a donor DNA. In addition to delivering the donor DNA, 
PLGA NPs have been shown to enhance DNA stability, 
providing protection against enzymatic degradation 
[116].

Figure 6. Formulation of PNA/DNA Nanoparticles. PNA and donor DNA are formulated into poly(lactic-co-glycolic 
acid) nanoparticles using a double emulsion solvent evaporation technique. Once formulated, nanoparticles are col-
lected by centrifugation and dried by lyophilization. These dry nanoparticle powders can be stored and resuspended 
for later use.
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we have significantly simplified their delivery, providing 
a method for delivery of PNA alone [77,124] or PNA 
co-encapsulated with DNA [125]. Still, to achieve true 
clinical potential, we must continue to refine our delivery 
methods and enhance the localization of PNAs to target 
cells. In recent work, we have begun to investigate the use 
of new polymer blends for enhanced delivery of PNA/
DNA into the lungs of mice [126,127]. As compared to 
PLGA, we have shown that blends of PLGA and poly(β-
amino esters)—a biodegradable cationic polymer with 
tertiary amines in its backbone—are better able to deliver 
tcPNA and DNA to the lungs of mice in β-globin/eGFP 
reporter mice [128] and in mice with cystic fibrosis [127]. 
In both cases, editing in the lung was enhanced by the 
addition of CPPs to the surface of the NPs, combining the 
benefits of CPP-mediated delivery with the advantages of 
polymeric NPs.

In addition to NP-mediated delivery, we have also 
begun exploring another delivery strategy using pH low 
insertion peptides (pHLIP), a peptide which preferentially 
accumulates in acidic microenvironments [129]. Under 
normal pH, pHLIP has an affinity for the cell membrane. 
As the pH is reduced, residues on pHLIP become 
protonated, enhancing its affinity for the cell membrane 
and resulting in formation of a transmembrane α-helix 
[130]. As the peptide flips across the cell-membrane, its 
N-terminus remains in the extracellular space, while its 
C-terminus is inserted into the cytosol [130,131]. Using 
this peptide, we showed that PNAs can be selectively 
delivered to a tumor’s acidic microenvironment. In this 
strategy, a PNA directed against miR-155 was delivered 
to a mouse model of miR-155 addicted lymphoma. 
To ensure that the anti-miR PNA could bind to its 
target oncomiR, anti-miR PNA was conjugated to the 
c-terminus of pHLIP by a disulfide bond which, though 
stable in the acidic microenvironment, would be reduced 
once inside the cell. With this strategy, pHLIP-anti miR-
155 treatment silenced miR-155 and significantly delayed 
tumor growth in vivo [78].

The field of genome modification has seen a recent 
explosion in approaches including zinc finger nucleases, 
TALENS, and CRISPR. Although these competing 
technologies, particularly CRISPR, have attracted 
significant attention, their therapeutic applicability is 
limited by challenges with delivery [132,133] and concerns 
over off-target effects [134]. Clinical use of CRISPR will 
require systemic administration of Cas9 protein, mRNA, 
or DNA, which present additional challenges in delivery 
[134]. Although lipid NPs have been recently used to 
effectively deliver Cas9 mRNA, adeno-associated viruses 
encoding the guide strand and a donor DNA were also 
required for gene editing, further complicating delivery 
[135]. The use of viral vectors also raises safety concerns 
over oncogenicity, as well as immunogenicity. Although 

PBMCs displayed significantly higher levels of CD4+ T 
cells and reduced plasma viral RNA loads compared with 
control mice [99].

While we have primarily focused on a relatively 
simple PLGA NP system for the delivery of PNAs, there 
have been more recent advancements in polymeric NPs 
and there remains a huge potential for the exploitation 
of the NPs functions and capabilities to further enhance 
their application to the delivery of PNAs. More recent 
studies in our lab have shown that other FDA-approved 
materials such as poly(lactic acid) (PLA) can be used 
to make radiosensitizing nanoparticles and to enhance 
the local delivery of chemotherapeutics [108,119]. The 
use of these other polymers has been shown to offer 
certain advantages such as the capacity to alter cargo 
release patterns, and/or confer preferential uptake by 
particular cell types [120]. These results suggest that the 
use of other FDA-approved materials such as PLA can 
also potentially be applicable to further optimization of 
polymeric NP-based PNA delivery systems.

DOWNSTREAM DIRECTIONS

While the initial work with PNAs highlighted 
significant challenges inherent to these molecules such as 
their limited solubility and hybridization kinetics, PNA 
modifications—most notably the addition of miniPEG 
chains to the gamma position of PNAs (γMP-PNAs)—
have enabled us to overcome many of the technical 
challenges previously faced with regular PNAs. The 
increased hybridization and kinetics of binding with 
γMP-PNAs make these molecules even more potent, 
further expanding their therapeutic potential. While 
PNAs will undoubtedly continue to benefit from chemical 
modifications, future efforts will likely focus on expanding 
their roles to other applications, such as antimicrobials 
[121], or as regulators of previously untargeted genetic 
elements like long non-coding RNAs (lncRNA) [122]. 
With recent advancements in delivery technologies, a 
whole host of previously modified PNAs can now be 
explored in a therapeutic context such as pcPNAs, PNAs 
with nucleobase substitutions such as G-clamp in place of 
cytosine [25,33] and diaminopurine in place of adenine to 
improve hybridization [16], in addition to other backbone 
modifications [123].

As compared to other gene modification techniques 
such as the CRISPR/Cas-9 system, the in vivo delivery of 
PNA and PNA/DNA has been readily successful, taking 
advantage of delivery systems initially developed for 
other oligonucleotides. While CPP-mediated delivery 
proved invaluable to the initial in vitro and in vivo delivery 
of these molecules, complicated conjugation strategies, 
non-specific uptake, and high dosing requirements 
limited their applicability. Using PLGA NPs, however, 
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CRISPR has been tremendously effective in vitro and ex 
vivo, it has not had as much success in vivo. In fact, in 
a recent study using CRISPR to target liver disease in 
vivo, there was only editing in ~6 percent of hepatocytes, 
comparable to our efficiencies using PNAs [135].

While the work reviewed here demonstrates the 
promise of PNA for the future of gene editing, much 
work remains to be done before these technologies can 
be safely translated to human therapeutic applications. 
We believe that—of the several potential gene editing 
technologies currently being explored—PNAs offer a 
safe and clinically translatable approach, with perhaps 
the greatest potential to affect therapeutic outcomes after 
simple systemic administration. However, we still have 
a long way to go before we can turn this potential into 
a reality. As hinted at by our collaborative work joining 
nucleic acid chemistry with expertise in nanoparticle 
delivery systems, successful clinical translation of this 
technology will most likely continue to rely on the work 
of interdisciplinary teams willing to collaborate and take 
risks.
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