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ABSTRACT: We report herein a new class of synthetic reagents for targeting the element for
nuclear expression (ENE) in MALAT], a long noncoding RNA upregulated in many cancers.
The cis-acting ENE contains a U-rich internal loop (URIL) that forms an 11 base UAU-rich
triplex stem with the truncated 3’ oligo-A tail of MALAT1, protecting the terminus from
exonuclease digestion and greatly extending transcript lifetime. Bifacial peptide nucleic acids
(bPNAs) similarly bind URILs via base triple formation between two uracil bases and a
synthetic base, melamine. We synthesized a set of low molecular weight bPNAs composed of
a-linked peptide, isodipeptide, and diketopiperazine backbones and evaluated their ENE
binding efficacy in vitro via oligo-A strand displacement and consequent exonuclease
sensitivity. Degradation was greatly enhanced by bPNA treatment in the presence of
exonucleases, with ENE half-life plunging to 6 min from >24 h. RNA digestion kinetics could
clearly distinguish between bPNAs with similar URIL affinities, highlighting the utility of
functional assays for evaluating synthetic RNA binders. In vitro activity was mirrored by a 50%
knockdown of MALAT1 expression in pancreatic cancer (PANC-1) cells upon treatment with
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bPNAs, consistent with intracellular digestion triggered by a similar ENE A-tail displacement mechanism. Pulldown from PANC-1
total RNA with biotinylated bPNA enriched MALAT1 > 4000X , supportive of bPNA-URIL selectivity. Together, these experiments
establish the feasibility of native transcript targeting by bPNA in both in vitro and intracellular contexts. Reagents such as bPNAs may
be useful tools for the investigation of transcripts stabilized by cis-acting poly(A) binding RNA elements.

B INTRODUCTION

Numerous studies have indicated that cis-acting RNA elements
such as the element for nuclear expression (ENE) are
important in the stabilization of polyadenylated RNAs."”
The ENE extends RNA lifetime by complexation of the 3’
oligo-A terminus® in a proximal U-rich internal loop (URIL),
thereby protecting the transcript from exonuclease degrada-
tion."”” The resulting UAU-rich triplex stem can be bolstered
by A-minor contacts between the oligo-A domain and flanking
duplex regions, raising the intriguing possibility that cis-acting
triplex motifs could generally serve to stabilize polyadenylated
transcripts, perhaps including those lacking a well-defined 3’
URIL."” The ENE is found in the 3' UTR of mRNAs and the
3’ proximal domains of IncRNAs, including metastasis
associated lung adenocarcinoma transcript 1 (MALAT-1), a
well-studied IncRNA important in the regulation of alternative
splicing,® cellular proliferation in multiple cancers,”” tumor
suppression,'”'' neuroregeneration'” as well as other bio-
logical functions.”'” Structure—function studies by the Steitz
lab demonstrated that the C+GC base triple punctuating the
UAU triplex stem (Scheme 1) contributes significantly to
triplex stability,”'* though Brown and co-workers successfully
engineered a mutant that folds with an uninterrupted 10 UAU
base-triple stem.”” The unique ENE triplex architecture has
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been targeted by small molecule library screens,'®'” a useful
method to identify synthetic binders via the displacement of
RNA-binding fluorophores.'®'” Binders were found that can
both disrupt'” and enhance”® ENE triplex stability, resulting in
increased and decreased sensitivity to exonuclease digestion,
respectively.'”>" Though powerful for lead generation, these
data also show that library screens relying on intercalative
binding to RNA targets can sometimes have unpredictable and
opposite functional outcomes. For U-rich RNA targets, bPNAs
achieve uridine-specific base-triple docking while maintaining
both cellular permeability and water solubility. Thus, bPNAs
combine appealing aspects of conventional antisense oligonu-
cleotides and small molecules while minimizing common
drawbacks of each strategy. A URIL-targeting strategy centered
on well-defined base-recognition was expected to be tunable
via structural iteration; we explore this notion herein with
bPNA variants. The ENE itself is an ideal native substrate as
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Scheme 1. In Vitro Functional Assays for bPNA Binding MALAT1 ENE“

a. In vitro binding and UAU disruption by bPNA b. In vitro and intracellular transcript degradation
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“(a) Direct bPNA binding to the URIL alone; bPNA displacement of a 14 nt oligo-A tail from a triplex heterodimer. (b) Enhanced exonuclease
degradation of the MALAT1 ENE+A triplex by bPNA displacement of the 3’ oligo-A domain that was carried out both in vitro with RNase R and
intracellularly (PANC-1).
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Figure 1. (a) Ilustration of bPNA (blue strand) binding to a U,XU, internal bulge in structured RNA via UMU base triple formation. (b)
Displacement of a oligo-A strand from a UAU triplex to form a bPNA triplex hybrid. (c) K*™ lysine derivative used in bPNAs that displays two
melamine bases. (d) Backbone variants of 4 M bPNA, from left: diketopiperazines of bismelamine diaminopropionic acid (Dp™) and K*;
isodipeptide of a-modified K*™ and normal a-backbone-linked tripeptide K*AK*™ (R, = 4-acetamidobenzamide, acetyl). The isotripeptide (with
three residues) iso(K*™); was also prepared and studied. (e) Normal peptide backbone 6 M bPNAs (R, = (5,6)-carboxyfluorescein, CyS; Ry = G-
CONH,).

the melamine base of bPNA has been rigorously established to catastrophic loss of function and found that RNA binding
engage with two uracil bases to form UMU base triples™ ~** in efficacy varied as bPNA backbone topology was changed from
many contexts and successfully compete with oligo-A domains acyclic, cyclic, normal, and isopeptide. A much lower tolerance
for oligo-U binding.”*~>” The triazine family of bases, was observed for variation in side chain length, with RNA
1nclud1ng melamme (M), are known for their assembly binding ablated upon shortening the linkage of the melamine
properties”* > with native bases > and have been used as base to the normal peptide backbone. To evaluate the
artificial base palrs”6 *% in PNA,” while melamine can form backbone variants, we developed in vitro assays that follow
UMU triples*® when dlsplayed on small-molecule,””*° the displacement of the native oligo-A sequence from the ENE
peptide,”*~ 26 =5 peptoid,** and polymer™*'  scaffolds, U-loop as well as RNase degradation experiments. These
analogous to native UAU base triples.”” ™ Oligouridine- functional assays enabled sensitive discrimination between the
bPNA triplex hybrid stems exhibit nanomolar dissociation and backbone variants and provided support for the proposed
high thermal stablhty and can functionally replace native mechanism of intracellular MALAT]1 silencing via 3’ A-tail
stem elements.”> Consistent with this prior work, we found displacement. The ability of bPNA to selectively target native
that bPNAs could also displace the 3’ oligo-A strand from the MALAT]1 in heterogeneous milieu was further supported by
MALATT1 triplex to form a triplex hybrid stem with the URIL. MALAT]1 pulldown from total RNA using biotinylated bPNA.
In addition, we tested the extent to which the base-driven Taken together, this study establishes the efficacy of bPNA in
binding mode could sustain backbone optimization without targeting native intracellular RNAs and highlights the utility of
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functional, enzyme-linked assays in the evaluation of synthetic
RNA binders to the MALAT1 ENE.

B RESULTS

Design of bPNAs. To target the 4 and 5 UAU base triple
stems of the ENE, we synthesized 4 M bPNA backbone
variants containing two modified residues, KM or DpZM, for
RNA binding; these bPNAs are the most compact to-date.
These lysine (K) and diaminopropionic acid (Dp) derivatives
were synthesized via double reductive alkylation with
melamine acetaldehyde (Figure 1), resulting in 4 M bPNAs
with 4 melamine bases and 2 cationic charges when
protonated. Variants were designed to probe the effect of
backbone conformation and length of the base-triple side chain
on URIL binding. Most analogous to prior work is the a-linked
tripeptide, K*™AK®, a truncated version of the 6 M scaffold
(XK*M), previously reported.”® A novel diketopiperazine
scaffold was prepared by the cyclization of (K*™), and
(Dp*™), dipeptides to yield c[K*™], and ¢[Dp*],, respec-
tively. The diketopiperazines are expected to adopt a
constrained boat-like conformation,*” projecting the side
chains axially into the bPNA—RNA interface, with (Dp*™),
demanding a more intimate contact as a result of a side chain
three carbons shorter than lysine. We also prepared an
isodipeptide bPNA by installing the melamine bases on the
lysine a-nitrogen and linking two residues via the side chain e-
amine to yield iso(K*™),. This variant was expected to have a
more flexible backbone as a result of the n-butyl backbone
segment and also features shortened base linkages due to a-N
modification. It was anticipated that the normal peptide,
diketopiperazine, and isopeptide variants would sample distinct
backbone conformations space while maintaining identical
charge (2+) and base content (4M), enabling the comparison
of backbone impact on URIL RNA-targeting. In addition,
normal peptide 6 M bPNAs iso(K*™); and (XK*M), were
prepared with N-terminal dye modification (Figure 1) for use
in labeling experiments (vide infra) and functional assays.**

Binding to MALAT1 URIL. We tested binding of this
family of bPNA backbone variants to an in vitro transcribed
MALAT1 URIL duplex that lacked the 3’ A-tail (Scheme 1a).
Our data is consistent with bPNA-URIL triplex hybridization
via UMU base triple formation, similar to the function of the
native oligo-A sequence that forms UAU base triples in
MALATI1. The MALAT1 URIL duplex has considerable
structure even without the oligo-A triplex domain, with a
significant thermal transition observed at 82 °C and a weaker
broad transition ~60 °C that may be, respectively, attributed
to the canonical duplex and the significantly structured U-rich
internal bulge.”””' Heterodimerization with an oligo-A strand
(Figure 2) forms a UAU triplex, as reflected by two distinct
and sharp transitions at 62 and 82 °C.° This first transition
increases to 68 °C upon hybridization with 4 and 6 M K*M
bPNAs (normal peptide, diketopiperazine, isodipeptide)
(Figure 2), suggestive of greater thermal stability relative to
the UAU triplex. In contrast, the diketopiperazine ¢[Dp*],
did not elicit the emergence of a new transition at 68 °C
(Supporting Information).

Clear electrophoretic mobility shifts could be observed by
gel upon treatment of the URIL RNA with 4 M bPNA
derivatives, even though the RNA is much larger than the
bPNAs (Figure 3). It was more difficult to resolve the binding
of the 6 M bPNAs, possibly because the increased cationic
charge of the 6 M bPNAs narrows an already subtle
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Figure 3. (A) Native gel of MALAT1 U-loop (RNA, 500 nM) treated
bPNAs as indicated at 1 and 4 uM from left to right (SYBR Gold).
(B) EMSA derived binding curves of the indicated bPNAs.

electrophoretic shift. Nevertheless, it was possible to affirm
the good affinity binding of the 4 M bPNA tripeptides to the
MALAT1 URIL, with the exception of c[Dp™], again
indicative of a loss of binding due to the shortened side
chain. As expected from the 9 UAU sites, a 1:2 model (Figure
2) gave a better fit to the binding isotherm than a 1:1 model
(Supporting Information), supportive of two 4 M bPNAs
binding to the MALAT1 URIL. Though all backbones exhibit
good URIL-binding, curve-fitting analysis indicated the highest
affinity binding from the Ala tripeptide (K*AK*™) followed
by isodipeptide (iso(K*™), and diketopiperazine (c[K*],),
with apparent dissociation constants in the 100—200 nM range
(Table 1).

A-Tail Displacement. With affinity to the URIL
confirmed, we turned our attention to the competitive
displacement of the oligo-A tail from the ENE triplex. A
heterodimeric ENE triplex (Scheme 1) was treated with bPNA
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Table 1. Biophysical and Functional Data for bPNAs Binding to MALAT1 RNA“

bPNA app Ky (nM) A-tail ECy, (uM) ty, (h) exo T t,/, (h) RNase R

none >24 >24

KPMARPM 109 + 3 0.23 + 0.01 0.56 + 0.05 0.50 + 0.08
iso(K2M), 136 + 14 0.92 + 0.03 n.d. 0.24 + 0.06
(KM, 214 + 20 0.48 + 0.03 0.67 + 0.25 0.11 + 0.03
[Dp™], nd. 9.24 + 0.93 >24 >24

(SK*M), nd. 0.86 + 0.03 1.0 + 04 2.15 + 0.64
(pR*M), n.d. 0.87 + 0.03 0.51 + 0.16 0.65 + 0.17

“Data from triplicate runs. Binding and A-tail displacement determined via native gels with 5’ **P-labeled MALAT1 U-loop and oligo A-tail RNA,
respectively. Degradation of intramolecular MALATT1 triplex with exo T and RNase R assessed via radiogel quantification as described.

variants and the displacement of the **P-labeled oligo-A strand
tracked by native gel. Interestingly, while shorter A-tail oligos
were ineffective in displacement (Supporting Information), the
backbone library displayed a range of displacement efficacies,
with the 4 M tripeptide K*AK?™ exhibiting the lowest ECs,
(0.23 uM) followed by diketopiperazine c[K*™], and
isodipeptide, with ECg, values of 0.48 and 0.92 uM,
respectively (Table 1). Again, side chain length of the base-
tripling residue was critical, with a significant loss of
displacement observed in the diaminopropionic acid derivative
c[Dp™], relative to c[K*™],. The isotripeptide iso(K*M),
exhibited a lower ECgy (0.3 uM) than iso(K*™),, suggestive
of functional gains for extending the isopeptide backbone.
However, it remains unclear if these gains come from
electrostatic or base interactions (Figure 4).

We tested the extent to which bPNA could increase
exonuclease sensitivity by incubation of the MALAT1 triplex
core with both bPNA and commercially available nucleases,
exo T and RNase R. These experiments were carried out well
below A-tail displacement ECs, values.

Exonuclease T (exo T) requires high (6—10 mM) Mg** for
good activity; under these non-native conditions, the MALAT1
ENE is highly resistant to degradation.’’ Despite this, we
observed a rapid and quantitative exo T degradation of full-
length RNA within 30 min at bPNA concentrations below
displacement ECy, while transcript was stable in the absence of
bPNA (Figure S). Interestingly, degradation was halted at a
common cleavage product, which corresponded in length to a
loss of ~30 nt. Reminiscent of prior studies that indicated the
limited inability of exo T to read-through bPNA-RNA triplex
and secondary structure,”” the length of truncated RNA
corresponds to blockage of exo T at the beginning of the
duplex domain. We therefore expected that exo T was
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Figure 4. (A) Ilustration (top) of oligo-A tail displacement from the
UAU triplex by two equivalents of bPNA and (below) a
representative native gel with the UAU triplex and free 5'-radiolabeled
(A*) oligo-A strand, with K*AK* bPNA. (B) Fractional displace-
ment of oligo-A from a 1:1 UAU heterodimeric triplex (100 nM)
from the quantification of radiolabeled bands of (top) 4 M bPNAs
and (below) 6 M bPNAs as indicated. Displacement conditions: 25
mM sodium cacodylate pH 7.0, 50 mM KCl, 1 mM MgCl,.

Treatment with Exonucleases. We hypothesized that
quantitative A-tail displacement may not be needed to
diminish MALATI lifetime; increased off-rate®’ should
increase 3’ exonuclease degradation via transient exposure of
the 3’ terminus. Indeed, the extended transcript lifetime in vivo
is attributed to the protection of the 3’ end in the triplex core,
and small molecules that disrupt triplex stability have been
shown to increase transcript susceptibility to exonucleases.'”
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Figure 5. (A) Illustration of intramolecular A-tail displacement by
bPNA leading to partial digestion with exo T and full degradation
with RNase R. (B) Representative denaturing gels of 5’ **P-labeled
MALAT1 ENE (top) with RNase R, (middle) with exo T and
KPMAK®™ bPNA, and (bottom) with RNase R and K*MAK*M, Lanes
from left to right represent time-points taken at 0, 0.25, 0.5, 1, 1.5, 2,
2.5,3,and 4 h (exo T) and 0, 0.25,0.5,1,2, 3,4, S, 6, and 8 h (RNase
R). (C) CyS emission intensity as a function of time upon treatment
of MALAT1 ENE with CyS(SK*),, CyS(SK*); alone, and ENE
with CyS(SK*), and exo T as indicated. (D) Degradation of
MALAT1 ENE upon treatment with RNase R and bPNAs as
indicated.
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facilitating the insertion of bPNAs into the RNA fold, resulting
in a bPNA-bound degradation product (Figure 5). This notion
was confirmed by the use of CyS-labeled 6 M bPNA (CyS-
(SK®M);). The triplex hybridization of CyS-(SK*™), with RNA
can result in a significant increase of Cy5 emission intensity;**
indeed, CyS emission reflected RNA cleavage kinetics,
increasing sharply in the first 30 min and then remaining
stable for hours afterward, supportive of a stable RNA—bPNA
hybrid.

In contrast to exo T, RNase R has a larger binding footprint
and higher readthrough capability. While the MALAT1 triplex
was again stable to RNaseR treatment (t,,, > 24 h), treatment
with bPNAs resulted in a greatly accelerated full degradation of
transcript, with t,,, dropping as low as 0.1 h (Table 1).
Degradation kinetics were similar but clearly distinct for
different bPNAs. Consistent with prior experiments, the least
efficient bPNA was ¢[Dp*™],, affirming the ineffectiveness of
the shorter side chain in triplex hybridization.

Silencing of MALAT1 in PANC-1 Cells. Having
established the in vitro activity of bPNAs against the
MALAT ENE in binding, displacement, and exonuclease
assays, we set out to test the extent to which bPNAs could
trigger the intracellular exonuclease degradation of MALAT1
in pancreatic cancer cells (PANC-1), which exhibit elevated
MALAT1 expression.”” The intracellular transport of cationic
bPNAs is known,”” raising expectations that the targeting of
native MALAT1 would be feasible. For reasons of synthetic
accessibility, we focused our intracellular studies on the side-
chain-modified subset of the bPNA library rather than the a-
modified isodipeptides. PANC-1 cells were treated with
(SK*M),, (BKPM),, KMAKPM, c[K?M],, and c[Dp*], bPNAs
in media and sampled after 1 and 2 days of treatment and
MALAT1 levels in isolated total RNA were assessed.
Quantitative reverse transcription-polymerase chain reaction
(RT-PCR) revealed an approximate 50% reduction in
MALAT1 transcript levels relative to the internal standard
housekeeping gene GAPDH, with the important exception of
c[Dp*™], (Figure 6). The reduction in MALAT1 was similar
for all active bPNAs, with increased silencing on day 2 vs day 1.
In addition to stable housekeeping gene levels, cell viability was
unaffected over two day treatment with the same suite of
bPNAs (Supporting Information).
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Figure 6. (A) Expression levels of MALAT1 in PANC-1 cells from
gqRT-PCR analysis following treatment of cells in media with 1% FBS
and 1 pgM bPNA and harvested after 1 (D1) and 2 days (D2).
MALAT]1 transcript levels were normalized against GAPDH house-
keeping gene and triplicated with error bars and P-values as indicated.
Non-significant (ns) differences from untreated cells were found for
the diketopiperazine of Dp? (¢[Dp*],. (B) Fold enrichment shown
in the log scale of MALAT1 and NEAT1 from PANC-1 total RNA
following pulldown with biotin-modified K*¥AK*™ and Dp*ADp*™,
normalized against 18S rRNA,.
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Affinity Pulldown Enrichment of MALAT1 from
PANC-1 Total RNA. To further substantiate MALATI1
targeting, we carried out affinity pulldown experiments using
N-terminally biotinylated Ala tripeptide (Btn-K*AK*M). As
whole cell treatment with bPNA depletes MALAT1 (Figure 6),
we instead treated total RNA isolated from PANC-1 cell lysate
with Btn-K™MAK?M, Following incubation with bPNA, total
RNA samples were subject to affinity pulldown with
streptavidin-agarose beads. Beads were washed and qRT-
PCR was carried out directly on beads according to published
protocols.”* Remarkably, Btn-K*AK*™ pulldown yielded a
>4000X enrichment of native MALAT1 over GAPDH or 18S
rRNA normalized background in the heterogeneous milieu of
total RNA. A broader selectivity study was carried out by
subjecting PANCI1 total RNA to pulldown using Btn-
Dp™ADp™ in addition to Btn-K*AK® and quantifying
the enrichment of 80 RNAs in addition to MALAT1. These
included 71 high abundance RNAs (rRNAs, mRNAs, tRNAs,
and small RNAs),”® 9 noncoding U-rich transcripts and
MALAT1. Among the 9 U-rich RNAs, three selected from the
NONCODE database (http://noncode.org/download.php)
contain a §’-UUUUUCUUUUZUUUU-3’ sequence (Lnc-
MAST4-5:14, ZNF674-AS1:10, PTCSC-AS1:10) and have
been previously studied”” as triplex forming RNAs. In addition,
four mRNAs (HIST1H3E, POLR3K, ATP6VOB, and TNF«)
containing AU-rich elements™® were selected from the ARED
database (https://brp.kfshrc.edu.sa/ared), along with an
mRNA (FAU)57 containing U-rich repeats (UCU);. Impor-
tantly, we also included NEAT1 (MENp), which contains an
ENE triplex motif and a URIL homologous to that found in
MALAT1.° The Dp*ADp*™ bPNA exhibits a much weaker
melting than K*MAK*™  with U-rich RNAs, like the
diketopiperazine analogue (Supporting Information). As
expected, the Btn-Dp?ADp™™ probe is ~10X less efficient
at MALATI pulldown relative to Btn-K*AK®™, normalized
against 18S rRNA (Figures 6B and 7 inset). Consistent with
URIL-targeted binding, both bPNA probes significantly
enriched MALAT1 and NEATI1 from total RNA (Figure 7)
over 18S rRNA (Figures 6B and 7). Furthermore, a markedly
lower enrichment was observed with all other 79 transcripts,
including high abundance, triplex-forming, and U-rich RNAs,
strongly supportive of URIL targeting selectivity. Overall, this
result validates the intracellular relevance of in vitro targeting
experiments performed on the ENE+A core domain.

B DISCUSSION

Thermal denaturation, gel shift, and A-tail displacement studies
clearly establish the expected binding of bPNAs to the URIL
duplex and invasion of the ENE. Effective displacement is
observed, even though bPNAs do not address the register-
defining native CG/C+GC base pair/base triple motif nested
within the URIL (Scheme 1). Steitz and co-workers reported
this motif to be critical,"™*” with a significant loss of ENE
stability upon substitution of the GC dyad with AA in the tail
or replacement the CG/C+GC motif with AU/ UAU.° In the
heterodimeric RNA triplex, we found that the abasic
substitution of one or both A-tail GC positions decreases
affinity ~5X and 50X, respectively, consistent with a loss of
cooperative stabilizing interactions (Supporting Information).
We speculated that the similar pK,s of protonated melamine
(5.0) and cytidine (4.4) might allow M+ to take the place of C
+. As the ENE domain has 4 and S UAU base triple runs
separated by the CG/C+GC motif, the opportunity to test this
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Figure 7. Pulldown selectivity using biotinylated bPNAs K*MAK* and Dp™ADp* among selected RNAs in PANC-1 total RNA, from qRT-PCR
experiments. Enrichment is normalized to 18S rRNA, with distinct classes of RNAs as indicated. Enrichment of URIL transcripts NEAT1 and

MALATT1 are enlarged and shown inset.

notion arose with 6 M bPNAs that were not expected to be
uridine-saturated. However, despite one additional cationic
charge and at least one “unused” M base, 6 M bPNAs do not
exhibit significant advantages over 4 M bPNAs in binding or
functional assays. This may be due in part to steric issues raised
by the larger N-terminal dyes on the 6 M bPNAs used for
labeling; we thus focus our comparative discussion on 4 M
variants with acetyl, benzamide, or no capping group
(diketopiperazine).

Though all 4 M backbones show significant binding, the 4 M
tripeptide K*MAK®™ generally outperforms all bPNAs,
suggesting a preference for the normal peptide backbone in
binding the ENE URIL. In exonuclease degradation, the 4 M
isodipeptide iso-[K*M],, diketopiperazine c[K*™],, and
K*MAK*™ tripeptide bPNAs all decreased t,,, to less than 0.5
h (Table 1). The dye-labeled 6 M bPNAs, in particular
(SK*M),, were less efficient in all assays than the 4 M bPNAs;
again, possibly due to steric issues caused by the dyes. As
expected, the combination treatment of RNA with bPNAs and
exonucleases can trigger rapid degradation; in the case of exo
T, this facilitates bPNA insertion into the URIL. These effects
are readily observed even under high magnesium conditions
where RNA folds are stabilized and at bPNA concentrations
well above displacement ECy, values. General trends for the
binding and displacement, exo T and RNase R assays were
similar, attesting to the consistency of binding and functional
measurements. Deviations were also observed: while the
tripeptide K*AK*™ exhibited the best binding and displace-
ment activity, diketopiperazine ¢[K*™], and isodipeptide
iso(K*™), triggered faster RNase R degradation. We speculate
that weaker binders enable more efficient RNase R read-
through and degradation, resulting in a reversal of the activity
ranking (Table 1). Furthermore, though t,,, values are close,
degradation kinetics for each bPNA are clearly distinct (Figure
5). Discrimination between binders with relatively similar
affinity and subtle reversals of ranking underscore the need for
context-specific functional assays for library screening.

Whereas all backbones showed distinct but comparable
activity, the side chain-shortened diketopiperazine c[Dp**'],
showed weak or undetectable activity in every assay, strongly
suggesting that RNA binding is more sensitive to side chain
sterics than backbone conformation.*’ Thus, ¢[Dp*],, with
identical functional groups and charge as ¢[K*™], and other 4
M bPNAEs, serves as an effective negative control. Importantly,
the lack of ¢[Dp™], silencing activity against MALAT1 in
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PANC-1 cells was consistent with in vitro outcomes, lending
credence to the 50% MALAT1 knockdown observed with K*™-
derived normal, isodipeptide, and diketopiperazine bPNAs
(Figure 6). Together with a significant (~4000X) MALATI
enrichment from PANC-1 total RNA upon biotin-bPNA
pulldown, the data converge on a model for intracellular
silencing that mirrors in vitro assays: bPNA variants are
transported into the cellular compartment, where they target
native MALAT1 ENE and displace the 3’ oligo A-tail, resulting
in native exonuclease transcript degradation. We note that the
ENE URIL is an ideal binding bPNA site;53 not all T-/U-rich
sequences are effectively bound.”> Though we anticipate that
there may be capture of a U-rich subset® of the transcriptome
in addition to MALAT1 and NEAT1, our targeted selectivity
study (Figure 7) indicates that U-rich transcripts lacking the
URIL are not significantly pulled down, suggestive of motif-
selectivity. It is intriguing that NEAT1 (MENJ) is not
enriched to the same extent as MALAT1, despite its nearly
identical ENE motif; this may be due to differential expression
levels.”°"*> Further experiments on transcriptome-wide bPNA
selectivity are ongoing that may identify novel URIL and ENE-
like motifs*®® in transcripts that are excluded from poly-A
pulldown.**

B CONCLUSIONS

Overall, the studies herein establish bPNAs as useful tools for
intracellular targeting of URIL-containing motifs in native
RNAs such as the ENE in MALATI1. The bPNA strategy
combines appealing aspects of antisense and small molecule
approaches with sequence-specific base interactions, low
molecular weight (<1 kDa), scalable synthesis, and intracellular
penetration. Though the selective targeting of the ENE is clear
from in vitro binding studies, competitive 3’ A-tail displace-
ment, pulldown enrichment and MALAT1 knockdown in
PANC-1 cells, transcriptome-wide effects, and cellular
distribution of bPNAs remain unknown. In particular, though
MALAT1 is nuclear retained,”>° it is transported throughout
the cell and found in exosome fractions;'? thus, targeting does
not imply nuclear localization of bPNA.'>®” Despite these
caveats and remaining questions, the data presented indicate a
practical application of bPNAs as a new class of URIL-targeting
reagents. Furthermore, functional assays indicate that good
RNA binding activity can be attained with 4 M bPNAs with
diverse peptide backbone topology, enabling future work to be
carried out on compact RNA URIL motifs with synthetically
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accessible 2—3 residue peptides. Given the diversity of U-/A-/
AU-rich elements in regulation,ég’é9 we anticipate that the
further engineering of bPNAs will lead to useful reagents for
the modulation of critical processes such as transcript
stabilization.'

B MATERIALS AND METHODS

General. All chemicals were used without further purification from
commercial sources unless otherwise noted. DNAs and RNAs were
purchased from Integrated DNA Technologies (IDT), and SYBR gold
was purchased from Thermo Fisher Scientific. Stock solutions (DNA,
RNA) were serially diluted in deionized water, and concentrations
were determined by UV (260 nm) with a Thermo Fisher Nanodrop
2000. RNA constructs were prepared by in vitro transcription except
where noted.

Solid Phase bPNA Synthesis and Purification. The peptide
synthesis of bPNAs was performed manually using Rink-amide resin
(100—200 mesh, 0.3 mmol/g, 150 mg per batch) and standard Fmoc
chemistry protocols. Coupling steps were carried out at a 0.2 M
amino acid final concentration with 1 equiv of PyAOP and DIEA in 2
mL of NMP. Dyes were coupled on-resin using three equivalents of
dye, 3.3 equiv of HBTU, and 3.3 equiv of DIEA in 2 mL of DMF.
Fmoc cleavage was performed with 2 mL of piperidine/NMP (1:1)
with 3% DBU. Acetyl capping was performed with 2 mL of acetic
anhydride/pyridine (3:2) in NMP. Coupling reagents were prereacted
(15 min) before addition to resin. Peptides were cleaved from solid
support (95% trifluoroacetic acid (TFA), 5% H,0) over 2 h, and the
peptide was precipitated and washed with cold Et,O two times and
dried over a vacuum. Crude peptides were dissolved in solvent A and
purified to homogeneity by high performance liquid chromatography
(HPLC) (semiprep C18, 8 mL/min, 230/238 nm, solvent A = 0.1%
TFA in water, solvent B = 0.07% TFA, 90% acetonitrile, 10% water),
as judged by MALDI-TOF and analytical HPLC. Peptides were
biotinylated in solution (0.02 M purified bPNA, 0.2 M biotin-PEG-
NHS ester, 0.2 M DIPEA, 500 uL of DMF, ON, RT) and purified by
HPLC.

Preparation of RNAs. MALAT1 triplex and URIL duplex RNA
were synthes1zed by T7 in vitro transcription from PCR-amplified
DNA templates."® Typical PCR protocol: The final concentration
template was 1 ng/uL with 0.2 mM dNTP mix, 0.5 #M forward and
reverse primer, 0.01 unit/uL Pfu,”® which were mixed in 1X Pfu buffer
(20 mM Tris-HCl, pH 8.8, 10 mM KCl, 10 mM (NH,),SO,, 2 mM
MgSO,, 0.1% Triton X-100 and 0.1 mg mL™" nuclease-free BSA) and
thermocycled (98 °C/30 s, 40x (98 °C/30 s, 48 °C/15 s (URIL
duplex) or 50 °C/15 s (ENE+A), 72 °C/30 s, 72 °C/2 min, hold 4
°C). Samples were combined and purified using a MinElute PCR
Purification Kit (Qiagen) and quality-checked (1.5% agarose gel,
EtBr, S0 bp DNA ladder, Invitrogen). The concentration of PCR
products was determined by UV. Typical transcription protocol: RNA
transcription buffer 10X: 1 M HEPES-KOH pH 7.5, 20 mM
Spermidine-HCl, and 400 mM DTT. Transcription was performed
with 1X buffer with an additional 10 mM DTT, 50 mM MgCl,, 20
mM rNTP, 10 ng/uL PCR product, 2 uL of 100 U/mL inorganic
yeast pyroghosphatase (New England Biolabs), and § uL of T7
polymerase’ stock per 100 uL of transcription reaction solution
(conditions subject to optimization on the basis of sequences).
Transcription was incubated at 37 °C overnight and then treated with
DNase 1 (New England Biolabs, 30 min, 37 °C), quenched with
EDTA (1.5 equiv), and extracted (phenol/chloroform/isoamyl
alcohol, 25:24:1, pH 6.7/8.0 saturated liquid, Fisher BioReagents).
An equal volume of 2X TBE/urea loading buffer was added, and the
sample was then heated (95 °C, 10 min), cooled in ice, and loaded
onto 20% (19:1 acrylamide/bis(acrylamide)) 8 M denaturing gel (8.3
cm X 7.3 cm X 1.5 mm). The RNA was visualized by UV shadowing,
and desired gel bands were cut and RNA electroeluted from gel slices
(Spectra/Por-3 Standard RC Dry Dialysis Tubing, Spectrum
Laboratories, 1X TBE buffer, 150 V, 2 h). RNA solution was
removed from dialysis tubing and precipitated (NaOAc, 0.3 M final
concentration, 2.5 volumes of 200 proof ethanol, —20 °C, > 2 h).

1606

RNA was centrifuged down at high speed (20 min, 4 °C), and the
pellet was washed (500 uL of cold 70% ethanol) and centrifuged
again at a high speed (10 min, 4 °C). RNA concentration was
determined by UV (Nanodrop) using extinction coefficients
determined by the IDT OligoAnalyzer. Sequence length and purity
were checked by gel (20% PAGE TBE-urea).

Thermal Denaturation (UV). Melts were carried out on a Cary-
100 UV—vis spectrometer with Peltier temperature control (1 °C/
min) and monitored at 260 nm. Samples were freshly annealed (95
°C, S min followed by slow cool) in 20 mM HEPES-KOH, pH 7.4, 1
mM Mg** before measurement in the same.

Radiolabeling. RNA was dephosphorylated using CIAP (Calf
Intestinal Alkaline phosphatase) following Invitrogen protocol (150
pmol of RNA, 1.5 units CIAP, 75 uL of 1X CIAP buffer/1 M
diethanolamine, 10 mM 4-nitrophenyl phosphate, 0.25 mM MgCl,,
pH 9.8). The reaction was incubated (37 °C, 15 min), heat-
inactivated (65 °C, 20 min), extracted with phenol/chloroform/
isoamyl alcohol (25:24:1, v/v) (Invitrogen) and ethanol precipitated
to remove CIAP. End labeling was performed according to NEB
protocol: 150 pmol of RNA, 30 pmol [y-**P] of ATP (250 uCi, 3000
Ci/mmol 10 mCi/ml, PerklinElmer), 3 uL of T4 PNK kinase (10,000
units/mL), and 50 uL of 1X T4 PNK Reaction Buffer (70 mM Tris-
HCl, pH 7.6, 10 mM MgCl,, S mM DTT). The reaction was
incubated (1.5 h, 37 °C) and heated (20 min, 72 °C), and then,
excess radiolabel was removed using a P30 spin column. Stock
concentrations were determined by UV (260 nm).

EMSA: Binding and Displacement. Samples were prepared by
mixing varying concentrations of bPNA with a constant concentration
of RNA in 1X DPBS buffer. Samples were annealed (95 °C, S min,
slow cool), run on 15% native acrylamide gel (150 V, 4 °C), stained
with SYBR gold, and imaged. Radiolabeled oligo-A strands (see
Supporting Information for sequences) were mixed in varying
concentrations with a constant concentration of MALAT1 URIL
duplex (50 nM, 1X binding buffer: 25 mM sodium cacodylate, pH 7.0,
50 mM KCl, 1 mM MgCl,). Samples were heated (95 °C, S min),
snap cooled, and run on 10% native acrylamide gel (120 V, 4 °C).
Gels were exposed, imaged, and quantified using Image] to determine
percentage bound A-strand. For displacement gels, MALAT URIL
and radiolabeled oligo-A (WT) were mixed at 1:1 stoichiometry (3
uM) in 1X binding buffer (25 mM sodium cacodylate pH 7.0, S0 mM
KCl, 1 mM MgCl,), heated (95 °C, S min), and slow cooled. The
complex was diluted into varying concentrations of bPNAs in the
binding buffer (up to 4 uM final concentration) to yield a final RNA
concentration of 100 nM, incubated (RT, 30 min), and analyzed on
10% native acrylamide gel (120 V, ice). ECy, values were determined
by fitting’” to an [agonist] vs response—variable slope model:

Y = bottom + (X"1P¢) % (top — bottom)/(X"loPe 4 EC?SHSI‘)P )

Exonuclease Assays. For exo T, radiolabeled (y->P) MALAT1
triplex RNA (100 nM) was annealed as described and reacted with
bPNA (2 uM) in 0.5 U/uL exo T (NEB BioLabs) in 1X NEB buffer 4
(50 mM KOAc, 20 mM Tris-acetate, 10 mM Mg(OAc)Z, 1 mM DTT,
pH 7.9) at 25 °C. For time-course studies, 15 uL aliquots were taken
at 0, 0.25, 0.5, 1, 1.5, 2, 2.5, 3, 3.5, and 4 h, overnight. Reaction was
quenched by the addition of 2X TBE urea loading dye (Biorad) and
heating (95 °C, 3 min). Samples were analyzed by gel and quantified
as described above. Exo T guided binding was followed by
fluorescence studies with CyS-bPNA (1.5 uM), ENE+A triplex
RNA (300 nM), and exo T (0.5 U/uL) in 1X NEB buffer 4 at 25 °C,
with CyS fluorescence measured every 15 min (Bio-Rad CFX96). For
RNase R, radiolabeled (y-**P) triplex RNA was annealed by dilution
to 3 uM in 1X RNase R buffer (20 mM HEPES-KOH, pH 7.4 with 1
mM Mg**), heating (95 °C, 3 min), and slow cooling to RT (1 h).
Digestion reactions were carried out (100 nM RNA, 400 nM bPNA)
with RNase R (0.1 U/uL, Lucigen) in 1X RNase R buffer (37 °C),
and 15 uL aliquots taken at the following time points: 0, 0.25, 0.5, 1,
2, 3, 4, 6, and 8 h, overnight. Reactions were quenched by the
addition of 2X TBE-urea loading dye (Biorad) and heating (95 °C, 3
min). Reactions with K*MAK?™ bPNA were also carried out at half
concentration: 200 nM bPNA and 0.05 U/uL RNase R, with time

https://doi.org/10.1021/acschembio.1c00575
ACS Chem. Biol. 2021, 16, 1600—1609


https://pubs.acs.org/doi/suppl/10.1021/acschembio.1c00575/suppl_file/cb1c00575_si_001.pdf
pubs.acs.org/acschemicalbiology?ref=pdf
https://doi.org/10.1021/acschembio.1c00575?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Chemical Biology

pubs.acs.org/acschemicalbiology

points taken at 0, 0.25, 0.5, 1, 2, 3, 4, S, 6, and 8 h. Samples were run
10% denaturing PAGE, imaged, and quantified to determine
[MALAT1] over time. Half-life was determined by fitting to a
single-phase exponential decay: Y = (Y, — plateau) X exp(—K X X) +
plateau. For concentration-dependence studies, bPNAs were serially
diluted and reactions were carried out with 0.1 U/uL RNase R. All
reactions were quenched and analyzed at 3 h as described.

Native MALAT1 Pulldown from Total RNA with Biotin-
bPNA. Streptavidin-agarose resin (EMD Millipore) was spun down
(500g) and buffer exchanged to 1X DPBS. To 1 mL of resin slurry
(500 L settled, 42.5 nmol of free biotin binding capacity), 212.5
nmol of biotin-PEG;-K*AK*™ was added. The mixture was spin-
mixed (4 h, RT), the unbound btn-bPNA in supernatant was
removed, and the resin was washed (1X wash with 5X DPBS, 0.5%
Triton X-100; 3X wash with 10 mM sodium phosphate, pH 7) and
resuspended in 500 uL of 1X DPBS. Total RNA was extracted from
PANC-1 cells with TRIzol (Invitrogen protocol) and diluted to a final
concentration of 100 ng/uL with 1X DPBS to final volume of 1 mL.
The mixture was spin-mixed for 1 h at 4 °C. Unbound total RNA in
the supernatant was removed, and the resin was washed (2X wash, ice
cold 1X DPBS, 3X wash, water) and resuspended in 1 mL of water.
Resin samples (20 yL obtained from 40 uL of resin slurry upon
removal of 20 uL of water), 20 uL of supernatant, and total RNA (no
treatment) were prepared. cDNA synthesis was carried out with M-
MuLV Reverse Transcriptase (NEB protocol) with random hexamer
priming (SO uL, Thermo Fisher Scientific). The freshly synthesized
cDNAs were heat-treated (65 °C, 20 min) and directly subjected to
qPCR analysis (Bio-Rad CFX96 touch Real-Time PCR) with Power
SYBR Green PCR Master Mix (Applied Biosystems). Relative
abundance of MALAT1/GAPDH in resin-released RNA, and total
RNA was compared.

MALAT1 Knockdown in PANC-1 Cells with bPNA. PANC-1
cells were purchased from the American Type Culture Collection
(ATCC) with cell line authentication provided and cultured in
Dulbecco’s modified eagle medium (DMEM) supplemented with
10% FBS, passaged at 60% confluency with trypsin/EDTA, and
seeded on a 24-well culture plate to 1 X 10° cells/mL the day prior to
treatment. Treatment protocol: media was removed and cells were
washed (1X DPBS, fresh media with 1% FBS) and bPNA was added
(final concentration 1 gM). Cells were harvested after 1 and 2 days of
bPNA incubation with bPNA by washing (1X DPBS twice),
treatment with TRIzol (ThermoFisher), RNA extraction by chloro-
form, and sequential precipitation according to manufacturer
protocols. Reverse transcription to obtain ¢cDNA was performed
using M-MuLV Reverse Transcriptase (NEB), and 500 nM gene
specific primers for both target gene (MALAT1) and housekeeping
gene (GAPDH) and qRT-PCR were carried out as described above.

Cell Viability. PANC-1 cells were seeded onto a 96-well tissue
culture plate with 10° cell/mL and 100 L of total volume. Cells were
treated with a series diluted bPNA and incubated for 2 days in a
humidified tissue culture incubator (5% CO,). Cell viability reagent
alamarBlue (Thermo Fisher Scientific) was added to each well and
incubated at 37 °C for 3 h. Fluorescence was measured (560/590
nm) and plotted.
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