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ABSTRACT: Sequence specific recognition and func-
tional inhibition of biomedically relevant double-helical
RNAs is highly desirable, but remains a formidable prob-
lem. The present study demonstrates that electroporation
of a triplex-forming peptide nucleic acid (PNA), modified
with 2-aminopyridine (M) nucleobases, inhibited matura-
tion of endogenous microRNA-197 in SH-SYSY cells,
while having little effect on maturation of microRNA-155
or -27a. In vitro RNA binding and Dicer inhibition assays
suggested that the observed biological activity was most
likely due to a sequence-specific PNA-RNA triplex for-
mation that inhibited the activity of endonucleases re-
sponsible for microRNA maturation. The present study is
the first example of modulation of activity of endogenous
non-coding RNA using M-modified triplex-forming
PNA.

Peptide nucleic acids (PNAs) are DNA mimics that
bind single- and double-stranded DNA and RNA with
high affinity and sequence selectivity.”* When binding to
polypurine tracts in double-stranded DNA (dsDNA),
PNA can form either a 1:1 PNA-DNA triple-helix ora 2:1
PNA-DNA strand-invasion triplex that displaces the py-
rimidine rich strand of DNA as a P-loop.” 7 Binding of
PNA to double-stranded RNA (dsRNA) remained unex-
plored until 2010, when Rozners and co-workers® showed
that PNA formed unusually strong and sequence selective
triple helix with dsRNA through the major groove
Hoogsteen hydrogen-bonding (Figure 1). Substitution of
cytosine (pK, ~4.5) with the more basic 2-aminopyridine
(M, pK, ~6.7) enabled strong binding of PNAs at physio-
logically relevant conditions, including pH 7.4.? Interest-
ingly, binding of the M-modified PNAs to dsRNA was at
least an order of magnitude stronger than to the same se-
quence of dsDNA.*’? These results suggested a hypothe-

sis that M-modified triplex-forming PNAs might se-
quence-specifically recognize and functionally control
dsRNA in biological systems. In this communication, we
confirm this hypothesis by showing that triple-helical
binding of M-modified PNA was able to inhibit the mat-
uration of an endogenous microRNA (miRNA or miR),
miR-197 in SH-SYS5Y cells.
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Figure 1. Structures of DNA, triplex-forming PNA, and
Hoogsteen hydrogen-bonded base triplets.

In an earlier study,” we used ~1200 nucleotides long
reporter mMRNAs encoding Renilla luciferase (RLuc) as a
model system to study PNA-dsRNA triplex in vitro and
in cells. The mRNAs had an artificially designed hairpin
in the 5'-UTR that contained a purine rich target site for a
triplex-forming 9-mer PNA (nine nucleotides long). The
9-mer PNA suppressed in vitro translation of RLuc from
the matched mRNA but not from the mutant mRNA that
had a single mismatch in the PNA binding site.”* After
electroporation in MCF7 cells, the 9-mer PNA reduced
RLuc translation from a plasmid containing the matched
mRNA (but not mutant) by ~60%.’° These encouraging



preliminary results suggested that PNAs had an underap-
preciated capability to recognize and control the function
of structured RNAs in cells and prompted us to explore if
PNA-dsRNA triple helix formation may be also able to
modulate an endogenous biological process. We chose bi-
ogenesis of miRNAs as the test system for our PNAs be-
cause the biology of these small double-stranded regula-
tory RNAs is relatively well understood.

MiRNAs are small non-coding RNAs that influence all
developmental processes and progress of diseases, espe-
cially cancer, by regulating expression of most mRNAs.’*
Canonical miRNAs are transcribed as long primary miR-
NAs (pri-miRNAs) and processed in nucleus by Micro-
processor, a heterotrimeric protein complex consisting of
one molecule of the Drosha endonuclease and two mole-
cules of DGCRS protein, which liberates ~60 nucleotides
long hairpin precursor miRNA (pre-miRNA). Pre-
miRNA is exported to the cytoplasm by Exportin 5 and
the hairpin loop is cleaved off by Dicer endonuclease to
liberate the mature miRNA, which is loaded in Argonaute
protein followed by expulsion of the passenger strand and
retention of the guide strand, to form the RNA-induced
silencing complex (RISC). The biogenesis of miRNAs is
tightly controlled at all of these steps’” /% and has been
explored as a new target for traditional small molecule’”
I8 and oligonucleotide drug development.’® %

At the outset of our study, we hypothesized that triple-
helical binding of PNA1 to the polypurine tract (under-
lined italic in Figure 2A) of miR-197 precursors (either
pri-miRNA or pre-miRNA) would prevent their recogni-
tion and processing by Drosha and Dicer, the endonucle-
ases responsible for miRNA maturation. We chose miR-
197, a putative onco-miRNA, because it has a short poly-
purine tract (eight purines interrupted by one U) suitable
for triplex formation. Downregulation of miR-197 in-
duces apoptosis in cancer cells.”’ miR-197 is also impli-
cated in inflammatory skin disorders and autism spectrum
disorders through modulation of cellular migration and
differentiation.”” % The PNA design having four lysine
residues (one at amino and three at carboxyl end) was mo-
tivated by our previous studies’” // showing that lysine
conjugation improved cellular uptake of PNAs and in-
creased their affinity for target RNA without decreasing
sequence specificity. For recognition of U interrupting the
polypurine tract of miR-197 hairpins, we used 3-0x0-2,3-
dihydropyridazine (E nucleobase, Figure 1) originally de-
veloped by Nielsen and co-workers®# for E*T-A triplets in
DNA. We” and others?® found that E forms stable and
selective E«U-A triplets in RNA; however, the exact hy-
drogen bonding scheme has not been determined.?’
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Figure 2. (A) Sequences of triplex-forming PNAs and pri-
miR-197 hairpin. The mature miRNA is indicated in red, the
Dicer and Drosha cleavage sites are shown with blue and red
arrows, respectively, and the PNA binding site is highlighted
in underlined italic. (B) Sequences of fluorescently labeled
triplex-forming PNAs and HRP-197 modelling the purine
rich PNA binding site of pri-miR-197 used in in vitro bind-
ing assay. Abbreviations: scr, scrambled PNA sequence; HF,
HiLyte Fluor 488 dye; BHQI1, Black Hole Quencher 1.

We started testing our hypothesis with in vitro confir-
mation that PNA formed a sequence specific triple helix
with the polypurine tract of pri-miR-197 hairpin. The tar-
get site in pri-miR-197 hairpin has one A-C mismatched
base pair unlike the fully matched dsRNA, which has
been customarily used as PNA target.”’ However, our pre-
vious studies” / have suggested that M-modified triplex-
forming PNAs were able to recognize non-canonical and
mismatched base pairs in dsSRNA hairpins related to pri-
miR-197. To confirm this expectation, we used PNAZ2 la-
beled with HiLyte Fluor 488 dye®® (HF in Figure 2B) and
HRP-197 modified with black hole quencher 1 (BHQ1)
following the methodology developed in our previous
studies.’* ?? The hairpin structure of HRP-197 models the
PNA binding site (underlined italic in Figure 2) of pri-
miR-197. Titration of PNA2 with HRP-197 resulted in a
gradual decrease of fluorescence intensity (Figure 3) that
was fit to bimolecular binding model giving a value of
equilibrium association constant at 37 °C (Ka37) at 1.66 +
0.48 x 10° M"!. Titration of the PNA having a scrambled
sequence, scrPNA2 with HRP-197 gave ~25-fold
weaker binding with K4 37 value at 0.06 + 0.01 x 10° M.
Similar results were obtained with PNA3 (Ka37 =2.76 £




0.38 x 10° M) and scrPNA3 (Kx37=0.14 £ 0.02 x 10°
M) that had three additional lysine residues attached to
the carboxy end. These results were consistent with our
previous studies’’’ and confirmed that cationic triplex-
forming PNAs had high affinity and sequence selectivity
for binding dsRNA even when the target site contains a
mismatch base pair.
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Figure 3. In vitro binding of PNAs to HRP197. Fluores-
cently-labeled PNA2 (pink), scrPNA2 (light blue), PNA3
(red), or scrPNA3 (dark blue) at 500 pM were mixed with
various concentrations of BHQ1-modified HRP-197 in a
buffer containing 30 mM HEPES-KOH (pH 7), 100 mM
KCl, 10 ng/uL tRNA, and 0.01% CHAPS. Fluorescence sig-
nals were measured at 37 °C using 490 nm excitation and
530 nm emission. Values are means =+ standard deviation of
triplicate samples. Lines indicate theoretical signal change
obtained by fitting the experimental data.

Next, we tested if the triple helix formation could in-
hibit activity of Dicer enzyme that processes miRNA pre-
cursors. A part of pri-miR-197 hairpin (Figure 2A), con-
taining a sequence of the stem loop of hsa-mir-197 regis-
tered in miRBase,’” 3/ was labeled with Cy3 dye at its 3’
end (250 nM) and treated with human recombinant Turbo
Dicer enzyme for 3 h at 37 °C. Fluorescence imaging of
Cy3 signals after denaturing PAGE and subsequent
SYBR Gold staining of the gel showed increasing cleav-
age of the pri-miR-197 hairpin dependent on the enzyme
concentration (Figure S7). Based on this result, Cy3-la-
beled pri-miR-197 hairpin was treated with 0.1 unit/uL of
the enzyme in the presence or absence of 500 nM PNA,
and inhibition of the enzymatic reaction was evaluated af-
ter gel electrophoresis (Figure 4). Matched PNA1 (but not
the scrambled scrPNA1) efficiently inhibited Dicer
cleavage of the pri-miR-197. These results confirmed that
PNA binding was able to interfere with cleavage of pri-
miR hairpins by Dicer.
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Figure 4. Inhibition of Dicer-mediated cleavage of pri-miR-
197 by PNA. Products of Dicer cleavage reaction were sep-
arated by denaturing PAGE and imaged by (A) Cy3 fluores-
cence and (B) SYBR Gold staining. Samples are 10 base pair
ladder (lane 1), reaction mixtures with PNA1 (lane 2), with
scrPNA1 (lane 3), and without PNA (lane 4), and 20 base
pair ladder (lane 5). Ratio values of the cleaved product cal-
culated from fluorescence signals of Cy3 are shown under
the gel image.

To confirm our hypothesis that sequence specific tri-
plex formation can inhibit maturation of endogenous
miRNA, we electroporated PNA1 and scrPNA1 into SH-
SYS5Y cells, a human neuroblastoma cell line known to
express sufficient levels of miR-197.%? After 72 h-incuba-
tion, the level of mature miR-197 was evaluated using
gRT-PCR. In addition, we selected two miRNAs, miR-
155 and miR-27a, which compared to miR-197 are ex-
pressed in SH-SYS5Y cells at relatively high and low lev-
els, respectively, as controls to monitor nonspecific vari-
ations in mature miRNA levels (Figures S8a to S8c). Mul-
tiplex reverse transcription (RT) was performed using RT-
primers for respective miRNAs to reduce handling devi-
ations of the RT samples.’ We obtained linear standard
curves for all miRNA targets by using the same dilution
series of the RT product (Figure S8d). The results in Fig-
ure 5 confirmed that PNA1 significantly reduced levels
of mature miR-197 in a sequence specific manner. As ex-
pected, PNA1 did not reduce the levels of either mature
miR-155 (Figure 5A) or mature miR-27a (Figure 5B).
When the expression level of miR-197 was normalized
for that of miR-155, PNA1 inhibited mature miR-197 to
~30% compared to cells not treated with PNA (dark red
rhombs in Figure SA). Normalization for miR-27a gave a
similar ~30% inhibition of miR-197 (Figure S9). The
control scrPNA1 did not affect the expression level of
miR-197 normalized for miR-155, although the standard
deviations were larger than for PNA1 or PNA(-).
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Figure 5. Levels of mature miRNA in cells after 72 hours
treated with PNAs. (A) Levels of miR-155 (blue) and miR-
197 (red) are represented on left axis, and their relative val-
ues (dark red) are plotted on right axis. (B) Levels of miR-
155 (blue) and miR-27a (dark yellow) are represented on left
axis, and their relative values (brown) are plotted on right
axis. Values are means + standard deviations of experiments
replicated four times. Asterisk and double asterisks indicate
two-tailed P values of less than 0.1 and 0.02, respectively, as
calculated using Student’s ¢-test.

Somewhat unexpectedly, scrPNA1 selectively de-
creased the relative level of miR-27a (Figures 5B and S9).
Closer inspection of pri-miR-27a hairpin revealed that
scrPNAT1 had a partial sequence match of seven nucleo-
bases with pri-miR-27a hairpin (Figure S10) that could
explain the apparent inhibition of miR-27a maturation.
The larger errors correlated with decreased cell prolifera-
tion after electroporation of scrPNA1 (Figure S11), most
likely due to apoptosis, which is a reported result of inhi-
bition of miR-27a.%* 3* A bioinformatics survey of H. Sa-
piens miRNAs in the miRBase®” 3/ revealed that the nine
nucleobase target of PNA1 was unique in miR-197. How-
ever, a search for partial 7-mer complementarity (as with

the pri-miR-27a hairpin) found additional four matches
for PNA1 and a total of ten matches for scrPNA1 (Table
S8). These results illustrate the importance of careful se-
quence design that minimizes off-target sites for triplex-
forming PNAs.

In a related project that explores detection of post-tran-
scriptional adenosine to inosine RNA editing, we ob-
served that the fluorophore labeled PNA2 also reduced
the levels of mature miR-197 in SH-SY5Y and human
cervix epithelioid carcinoma (HeLa) cell lines (Figure
S12). Collectively, the qRT-PCR results confirmed our
hypothesis that triplex-forming PNA is able to inhibit
maturation of endogenous pri-miRNA hairpins in live
cells.

Overall, we noted that all non-targeting PNAs some-
what enhanced expression of miRNAs (c.f., PNA1 and
srPNA1 with PNA(-) in Figure 5). We do not have a com-
pelling explanation for this phenomenon, but it is con-
ceivable that PNAs had some subtle non-specific stimu-
latory effect on complex protein-RNA interactions that
regulate miRNA maturation.’” /6

While the PNAs have untapped potential as therapeutic
compounds, we envision that the immediate applications
of the triplex-forming PNAs may be as broadly useful
tools to study structure and function of various non-cod-
ing RNAs. In this study, we used qRT-PCR to confirm that
triplex-forming PNA efficiently inhibited maturation of
endogenous miR-197 in SH-SYSY cells. This finding is
important as the first example of modulation of activity
of endogenous non-coding RNA using M-modified tri-
plex-forming PNA. Taken together with our previous
studies,”’? the current results confirm that M-modified
triplex-forming PNAs are uniquely suited for sequence-
specific recognition of dsSRNA in biological systems.
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