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L-Oligonucleotides (ONs), the synthetic enantiomers of native p-nucleic acids, are being increasingly
utilized in the development of diverse biomedical technologies, including molecular imaging tools,
diagnostic biosensors, and aptamer-based therapeutics. Nevertheless, our understanding of how L-ONs
behave in living systems falls far short of native p-ONs. In particular, despite the potential for an
abundant L-ON-protein interactome, the extent to which L-ONs bind to endogenous proteins and the
consequences of these interactions are unknown, posing a major hurdle towards engineering functional
L-ONs with predictable intracellular behaviours. Towards closing this knowledge gap, we now report the
first L-ON—-protein interactome, revealing that a wide-range of nuclear proteins have the potential to
bind L-RNA. Importantly, by focusing our study on cytotoxic single-stranded G-rich L-RNA sequences,
our data reveal key protein interactions that contribute to the cytotoxicity of these sequences.
Furthermore, we show that introducing 2'-O-methyl modifications into single-stranded G-rich L-RNA
can decrease its cytotoxicity through reducing L-RNA—-protein interactions, thereby demonstrating that
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chiral mirror. Overall, these findings greatly deepen our understanding of the intracellular behavior of L-

ONs and provide valuable guidance for the future development of safe and effective L-ON-based
biomedical technologies.
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further optimization.** Furthermore, :-ONs cannot form Wat-
son-Crick (WC) base pairs with native nucleic acids, signifi-

Introduction

Nucleic acids, as chiral molecules, have enantiomers known as
t-nucleic acids (Fig. 1). r-Oligonucleotides (ONs) offer unique
advantages compared to their native counterparts. One of the
most notable features is their resistance to nucleases, providing
remarkable biostability even under harsh biological conditions,
including within living organisms.'* Additionally, .-ONs exhibit
identical hybridization thermodynamics and kinetics to their
native counterparts, allowing for easy adaptation without
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cantly reducing the potential for in vivo off-target effects.>*”
These properties have led to the increasing use of 1-ONs in
various biomedical technologies, including diagnostic biosen-
sors,* aptamers,'*™** live cell imaging probes,”*** and drug
delivery agents.’** Notably, r-aptamers (also referred to as
Spiegelmers) have shown promise as drugs, with several
examples currently undergoing clinical trials.**

Despite the enormous promise of 1-ONs in research and
medicine, we are still just beginning to understand how -ONs
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Fig. 1 1-ONs are the synthetic enantiomers of natural b-ONs.

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://crossmark.crossref.org/dialog/?doi=10.1039/d5sc00596e&domain=pdf&date_stamp=2025-04-26
http://orcid.org/0000-0002-9002-3702
http://orcid.org/0000-0002-9275-2597
https://doi.org/10.1039/d5sc00596e
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc00596e
https://pubs.rsc.org/en/journals/journal/SC
https://pubs.rsc.org/en/journals/journal/SC?issueid=SC016017

Open Access Article. Published on 20 March 2025. Downloaded on 10/26/2025 10:18:08 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Edge Article

behave in living systems. In particular, while many biological
interactions are stereospecific, a large number of proteins are
capable of binding nucleic acids in a “promiscuous” manner
that may be independent of chirality.”” Indeed, several nucleic
acid-binding proteins have been shown to bind 1-ONs, and in
some cases, they bind equally well to both enantiomers of their
targets.”*** For example, we showed that polycomb repressive
complex 2 (PRC2), a promiscuous RNA-binding protein (RBP)
with important gene regulatory functions, can bind G-rich RNA
sequences irrespective of chirality.” It is therefore reasonable to
predict that .-ON-protein interactions could be widespread in
vivo, potentially leading to undesired effects.

Consistent with this notion, we recently investigated the
impact of chirality on the behavior of ONs in living cells,
revealing that L.-ONs have the potential to be highly cytotoxic.?®
Notably, we found that .-RNA sequences rich in guanines (e.g.,
L-1(GA),o) were substantially more cytotoxic than other
sequence contexts tested. Furthermore, p-RNA, 1-DNA, and bp-
DNA versions of the same guanine (G)-rich sequences showed
mild or no cytotoxicity, suggesting that G-rich L.-RNA sequences
have unique cytotoxic potential. Importantly, the cytotoxicity of
G-rich L-RNA sequences was dependent on their structure.
Potent cytotoxicity was observed for single-stranded G-rich
sequences regardless of their potential to form G-quadruplexes
(G4s), indicating that the cytotoxic effects were mostly inde-
pendent of G4s. However, a G-rich duplex structure wherein
the majority of G residues were base paired was nontoxic.
Thus, we concluded that the deleterious interactions require
unpaired Gs. Although the majority of cytotoxic sequences
tested were 30-40 nt in length and contained 40-50% G, single-
stranded 1-RNA sequences with as little as 25% G-content and
as short as 10 nt (e.g., 1-1(GA);) exhibit some adverse cellular
effects. We showed that the cytotoxic effects of single-stranded
G-rich L-RNAs were accompanied by dramatic perturbations in
gene expression levels and stimulation of an innate immune
response. Because 1-ONs are believed to be incapable of
hybridizing with endogenous nucleic acids, these effects are
most likely the results of yet to be revealed L-RNA-protein
interactions.

If 1-ONs are to be routinely employed in living systems,
especially as drugs, then it is imperative that we characterize
their protein interactomes. Indeed, efforts to define the protein
interactome of p-ON-based drugs, such as antisense oligonu-
cleotides (ASOs),?”** have greatly benefited the clinical trans-
lation of these reagents. However, the extent to which 1-ONs
bind to endogenous proteins and the consequences of these
interactions have not been carefully studied. This knowledge
gap represents a major roadblock towards engineering func-
tional r-oligonucleotides with predictable intracellular behav-
iours and the future development of safe and efficacious L-ON-
based therapeutics, such as Spiegelmers. Towards closing this
knowledge gap, we now report the first 1-ON-protein inter-
actome, revealing that a wide range of nuclear proteins have the
potential to bind t-RNA, including Spiegelmers. Importantly, by
focusing our study on cytotoxic single-stranded G-rich L-RNA,
our data reveal key mechanisms of cytotoxicity for these
sequences and insights into mitigating their deleterious effects.
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Overall, these findings provide valuable guidance for the future
development of 1-ON-based therapeutics and other biomedical
technologies.

Results and discussion
A nuclear protein interactome for G-rich .-RNA

We previously reported that single-stranded G-rich .-RNAs are
cytotoxic and immunogenic when transfected into human cells,
effects that were attributed to protein binding.?® Thus, we chose
to focus our initial .-ON-protein interaction studies on single-
stranded G-rich L-RNA. Not only did we expect these sequences
to have an abundant protein interactome, but we also envi-
sioned that the identities of bound proteins would shed light
on potential mechanisms of cytotoxicity, as well as strategies
for mitigating these effects. To this end, we employed stable
isotope labeling by amino acids in cell culture (SILAC)-based*
quantitative proteomics to identify the proteins capable of
interacting selectively with cytotoxic single-stranded G-rich t-
RNAs (Fig. 2a). We prepared 3’-biotin labelled 1-1(GA),, (EC5o =
28 nM (ref. 26)) as a representative cytotoxic G-rich sequence
(Table S1t). We and others have previously shown that this
sequence, regardless of its chirality, is essentially unstructured
in solution.?*?*** We also prepared L-r(GC/GC) as the nontoxic
control bait (Fig. S1at). 1-r(GC/GC) contains the same fraction
of G residues as 1-1(GA),, but it forms a tight double-stranded
hairpin structure and shows no adverse cellular effects, which
we attribute to fewer protein interactions.”® By comparing
protein interactomes between cytotoxic L-r(GA),, and the non-
toxic control, we expected to identify proteins that bound
selectively to the cytotoxic, single-stranded, G-rich sequence,
which could point to potential mechanisms of cytotoxicity and
provide further insights into the role of L-RNA structure. We
obtained nuclear lysates from HeLa cells that had been
cultured separately in a heavy or light SILAC medium. Nuclear
lysates were used because cytotoxic L-RNAs were previously
shown to localize strongly to the nucleus upon transfection.*®
Equal amounts of heavy and light extracts were incubated with
1-1(GA),, or the 1-r(GC/GC) control, respectively, followed by
pull-down with streptavidin beads. Three biological replicates
were carried out, as well as a fourth replicate done in the reverse
orientation to minimize experimental bias associated with
SILAC labeling. Proteins that remained bound to the beads
following extensive washing were eluted, digested with trypsin,
and subjected to LC-MS/MS analysis. The proteomics results
showed a strong correlation in SILAC protein ratios between
forward and reverse experiments, with a Pearson correlation
coefficient of 0.8601 (Fig. S1b¥). In addition, we showed previ-
ously that similar experimental conditions yielded a labeling
efficiency of at least 99%.>* These results suggest a nearly
complete heavy isotope labeling in our SILAC experiments and
the reliability of our affinity pull-down procedures. We identi-
fied 86 nuclear proteins that were significantly enriched for
cytotoxic 1-r(GA),, over the hairpin control, indicating that
a wide range of nuclear proteins interact selectively with the
cytotoxic, single-stranded sequence (Fig. 2b, S$2-S8, and
ESIt File 1). Gene ontology analysis for molecular function
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Fig. 2 An L-RNA-protein interactome. (a) Schematic of the SILAC-based proteomics experiment employed in this study. (b) A volcano plot
showing proteins enriched by L-r(GA),q over the L-r(GC/GC) hairpin control (n = 4). Proteins with log, fold change >1.5 are shown as solid circles.
(c) and (d) Gene ontology (GO) analysis of 86 proteins enriched for L-r(GA),o over L-r(GC/GC). The top five GO terms in molecular function (c) and
biological process (d) are listed. (e) RNA-binding domain (RBD) analysis of proteins enriched for L-r(GA),q over L-r(GC/GC). RBD analysis was
conducted using NCBI batch-CD search and referenced to the Pfam database.*® RRM: RNA recognition motif; KH: K-homology; DEAD: DEAD/
DEAH box helicase domain; CCCH: zinc finger, CCCH-type; dsrm: double-stranded RNA-binding motif; WD-40: WD40 domain; Helicase_C:

helicase, C-terminal domain-like; AAA_33: AAA domain.

revealed nucleic acid binding and, specifically, RNA binding,
among the top five enriched terms for proteins bound selec-
tively to cytotoxic L-r(GA)y, (Fig. 2c). Moreover, biological
process analysis revealed that proteins enriched by L-r(GA),,
were primarily involved in mRNA processing and splicing
(Fig. 2d). Interestingly, a large portion of the proteins enriched
by L-1(GA),o (25 out of 86) contained one or more RNA recog-
nition motifs (RRMs), suggesting that proteins containing this

7562 | Chem. Sci, 2025, 16, 7560-7572

common RNA-binding domain may be prone to deleterious
interactions with single-stranded G-rich L-RNA (Fig. 2e).

A closer look at the proteins enriched by L-1(GA),, revealed
that 19 of the 86 (22%) are associated with nuclear paraspeckles
(Fig. 2b), including the essential paraspeckle proteins p54nrb/
NONO, splicing factor proline and glutamine rich (SFPQ/PSF),
and fused in sarcoma (FUS).***® Enrichment of 1-r(GA),, by
paraspeckle-associated proteins is consistent with the prior

© 2025 The Author(s). Published by the Royal Society of Chemistry
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observation that this sequence localizes into discrete nuclear
foci upon transfection into HeLa cells, whereas hairpin v-1(GC/
GC) does not.>® Moreover, paraspeckle-associated RNAs often
contain single-stranded GA-rich domains arranged in tandem,*
indicating that such sequences, regardless of chirality, may
have an intrinsic affinity for paraspeckle proteins. Importantly,
several studies have shown that off-target interactions of
phosphorothioate antisense oligonucleotides (PS-ASOs) involve
paraspeckle proteins, resulting in their localization to nuclear
paraspeckles.>?! In particular, the interaction of PS-ASOs with
p54nrb, SFPQ and FUS has been associated with the cytotoxic
effects of these reagents. Binding of 1-1(GA),, to these same
proteins suggests a common mechanism of cytotoxicity, which
we explore in detail below.

Overall, these results demonstrate that a wide range of
nuclear proteins have the potential to interact with r-RNA
despite their inverted sugar backbones and, for 1-r(GA),,, reveal
an interactome reminiscent of cytotoxic ASOs. To the best of our
knowledge, this is the first reported protein interactome of an r-
ON.

Validation of .-RNA-protein interactions in vitro

To directly characterize these newly identified .-RNA-protein
interactions, we performed electrophoretic mobility shift assays
(EMSAs) for several readily available proteins that were enriched
by 1-1(GA), in the SILAC experiment, including FUS, nucleolin
(NCL) and heterogeneous nuclear ribonucleoprotein R
(HNRNPR) (Fig. S9at). Consistent with our proteomics data, all
three proteins bound much more tightly to 1-r(GA),, (Kq < 10
nM) compared to the control -r(GC/GC) hairpin (Fig. 3a, b and
S9bt). In addition to 1-r(GA),o, we also examined binding to
another cytotoxic sequence r-r(GGAA)g.>* All three proteins
bound tightly to 1-r(GGAA); as well (Fig. 3a and b), suggesting
that the protein interactome for L-r(GA),, extends to other G(A)-
rich sequences. Interestingly, the affinity of these proteins
towards L-r(GA),, and -1(GGAA)g was found to be similar to that
of their native enantiomers, p-r(GA),, and p-r(GGAA)s (Fig. 3a
and b), indicating that they have a promiscuous mode of
binding with respect to chirality.>**

To further probe the generality of the interactions observed
in the proteomics experiment, we carried out a more extensive
survey of L-RNA-protein interactions via pull-down assays using
biotinylated RNAs in combination with Western blotting. Nine
L-RNA sequences were tested, including several additional G-
rich 1-RNAs, poly[A], and three published Spiegelmers, L-Apt12-
6, AptamiR-155.2, and NOX-A12 which contain 59%, 41% and
33% G, respectively (Fig. 3c and Table S11)."** L-r(GGAA)g and r-
r(G3A4)s were previously shown to form G-quadruplex (G4)
structures in solution,**** whereas the Spiegelmers are predi-
cated to adopt diverse secondary structures (Fig. S107). Each -
RNA was separately incubated with HeLa cell nuclear lysates
and bound proteins were captured by a biotin pull-down using
streptavidin beads, followed by elution and immunoblotting for
six proteins enriched by 1-r(GA),, in the proteomics experiment
(Fig. 3c). As expected, all proteins tested were strongly precipi-
tated by L-r(GA),, and exhibited little to no interactions with the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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L-1(GC/GC) control, consistent with the results of our proteo-
mics study. FUS bound strongly to all G-rich sequences tested
(3-6), but less so to 1-rAs, and the more strongly structured
Spiegelmers (8-10). While transcriptome-wide binding maps for
FUS indicate a preference for binding short G-rich motifs, in
vitro binding assays show that FUS RNA-binding is dependent
on the structure, including among different G4 RNAs.***** Thus,
our results likely reflect this nuanced mode of RNA recognition.
RBM15 and ALYREF bound all sequences tested to some extent
(except the hairpin control (L-r(GC/GC))), consistent with their
broad RNA-binding potential previously observed for p-RNA.****°
HNRNPR also bound all sequences tested to some extent, but
had a clear preference for r-r(GA)y,. SFPQ and p54nrb are
considered homologues, and thus, it is not surprising that they
had similar interaction profiles with the L-RNA sequences tested
herein (Fig. 3c). Both proteins bound all G-rich sequences (3-6),
as well as L-rA;,. However, weaker binding was observed for the
L-RNA Spiegelmers (8-10), which was correlated with G content
(i.e., greater G content led to stronger binding). Prior work has
shown that SFPQ and p54nrb have a general G-rich RNA binding
capacity, including G-quadruplexes, but bind weakly to double-
stranded RNA.***’ Given the inability of these proteins to bind
the hairpin control and their comparably weaker interactions
with the Spiegelmers, our results with 1-RNA are mostly
consistent with these prior observations.

Taken together, these results demonstrate that interactions
between 1-RNA and nuclear proteins are not limited to the
sequences employed in our proteomics study, but extend to other
G-rich sequences, as well as Spiegelmers having mixed sequences
and diverse secondary structures. While G-rich .-RNAs appear
capable of binding a wide range of nuclear proteins, these data
also show that their precise protein interactomes will depend on
their sequence and structure. Moreover, L-rA;, and L-Apt12-6 were
reported to have mild or no cytotoxicity despite our finding that
they bind tightly to several of the proteins identified by cytotoxic
1-1(GA),, (Fig. 3¢).** Thus, the cytotoxicity of single-stranded G-
rich 1-RNA relative to nontoxic sequences is likely dependent on
their specific interaction profiles, including with proteins that
were not examined discretely here. Interestingly, for most of the
proteins tested, their preferences for binding 1-RNA align with
previous studies involving p-RNA. Indeed, we found that FUS,
NCL, and HNRNPR bound the p-RNA and 1-RNA versions of
1(GA),o and r(GGAA); with similar affinity when measured by
EMSA (Fig. 3b). Considering that similar observations have been
made for other proteins not identified herein (e.g., PRC2),** the
stereochemical promiscuity among RNA-binding proteins may be
wide-spread, especially for those with RRMs. Knowledge of these
“ambidextrous” proteins and their substrate preferences will
undoubtably aid the design of future 1-ON-based biomedical
technologies.

Cytotoxic G-rich L-RNAs delocalize paraspeckle proteins to
nucleoli

The studies above show that G-rich .-RNAs bind to essential
paraspeckle proteins p54nrb and SFPQ. PS-ASOs have been
shown to bind these same proteins, and in the case of cytotoxic

Chem. Sci., 2025, 16, 7560-7572 | 7563
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Fig. 3 The diversity of L-RNA—protein interactions. (a) Saturation plot for FUS, NCL, and HNRNPR binding to different - and L-RNAs. Data are
mean + S.D. (n = 3). Representative EMSA data are shown in Fig. S9b.1 (b) Equilibrium dissociation constants (Ky) determined for FUS, NCL and
HNRNPR binding to different RNAs. Data are mean + S.D. (n = 3). (c) Representative Western blot analysis of the indicated protein following pull-
down by different L-RNAs. The lane key is offset to the left. 2% of the input lysate was loaded as the control (lane 1).

sequences, these interactions cause them to delocalize into
nucleoli, resulting in nucleolar stress and eventual
apoptosis.*** Therefore, we asked whether cytotoxic G-rich r-
RNAs cause a similar delocalization of p54nrb and SFPQ. HeLa
cells were transfected with Cy5-labled 1-r(GGAA)g or L-1(GA),
(200 nM) and protein localization was visualized by immuno-
fluorescence two hours later. As observed previously, both t-
r(GGAA)g and 1-1(GA),, formed discrete nuclear foci and accu-
mulated in the nucleolus (Fig. 4a and b). Importantly, compared
to the lipofectamine only controls, cells treated with 1-r(GA),,
showed strong nucleolar staining for both p54nrb and SFPQ,
indicating that treatment with cytotoxic 1-RNA resulted in
delocalization of these proteins to the nucleolus (Fig. 4c and
S11t). For SFPQ, this effect was concentration dependent, with
increasing concentrations of 1-r(GA),, leading to greater accu-
mulation of SFPQ in the nucleolus (Fig. S12t). Treatment of
cells with 1-1(GGAA)g also resulted in significant nucleolar
accumulation of SFPQ, but not p54nrb. This is inconsistent with
the pull-down assay above (Fig. 3c), which shows that both
proteins bind -r(GGAA)g, suggesting that other factors (e.g.,
protein-protein interactions, cellular localization, etc.)
contribute to the 1-RNA interactome within the complex envi-
ronment of the cell. Notably, p54nrb and SFPQ localization was
unaffected by p-r(GA),, and p-r(GGAA); (Fig. 4c and S1371), both
of which are far less toxic to cells than their .-RNA versions.*®
Thus, the cytotoxicity of 1-r(GA),, and 1-1(GGAA)g may be asso-
ciated with their unique ability to delocalize these (and possibly

7564 | Chem. Sci, 2025, 16, 7560-7572

other) paraspeckle proteins to the nucleolus. The nontoxic
hairpin 1-r(GC/GC), which localizes to the nucleolus but does
not bind tightly to p54nrb and SFPQ in vitro, also had no effect
on p54nrb and SFPQ localization (Fig. 4c), indicating that
a direct interaction between these proteins and the rL-RNA is
necessary for nucleolar accumulation. Delocalization of p54nrb
and SFPQ to nucleoli by .-r(GGAA)s and/or L-r(GA),, was not the
result of apoptosis, as pre-treating cells with the apoptosis
inhibitor Z-VAD-FMK? did not prevent their nucleolar accu-
mulation in the presence of the cytotoxic 1-RNA (Fig. S147).
Nucleolar disruption by cytotoxic .-RNA was also observed. The
subnucleolar localization of key nucleolar proteins fibrillarin
(FBL) and NCL was highly altered in cells treated with t-
1(GGAA)s and 1-1(GA),, compared to the controls (Fig. 4d),
indicating a loss of nucleolar structural integrity upon treat-
ment with cytotoxic 1-RNAs.*® Nucleolar reorganization and the
redistribution of FBL are hallmarks of nucleolar stress.** Taken
together, these data show that cytotoxic G-rich 1-RNA
sequences, but not their p-RNA equivalents, can recruit para-
speckle proteins to the nucleolus and cause the loss of nucleolar
integrity.

Cytotoxic G-rich L-RNAs cause splicing defects

The subcellular mislocalization of proteins can result in a loss
of function.®* Our results above show that p54nrb and SFPQ are
delocalized to the nucleolus following treatment with cytotoxic
1-RNAs. These proteins play an essential role in pre-mRNA

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Cytotoxic G-rich L-RNAs elicit delocalization of paraspeckle proteins to nucleoli. (a) and (b) Representative confocal fluorescence
microscopy images of Hela cells transfected with 200 nM of the indicated Cy5-labeled L-RNAs for 2 hours. p54nrb (a) and SFPQ (b) were stained
with the corresponding primary antibody and Cy3-labeled secondary antibody. The nucleus was stained with Hoechst. Scale bar: 5 pm. (c)
Nucleolar enrichment of p54nrb and SFPQ. Data are the mean fluorescence intensity within the nucleolus divided by the mean fluorescence
intensity within the nucleoplasm (n = 10 cells). ****P < 0.0001. (d) Representative confocal fluorescence microscopy images of Hela cells
transfected with 200 nM of the indicated Cy5-labeled L-RNAs for 2 hours. NCL and FBL were stained with the corresponding primary antibody
and Cy3- or Alexa488-labeled secondary antibodies, respectively. The nucleus was stained with Hoechst. Scale bar: 5 pm.

- 53,54

processing, suggesting that splicing could be disrupted
upon delocalization. Additionally, RNA splicing terms were
highly enriched in the gene ontology analyses of our proteomics
data (Fig. 2d), further indicating that splicing patterns may be
affected by cytotoxic L.-RNAs. We previously performed RNA-seq
analysis of the total RNA isolated from HeLa cells 12 hours after
treatment with either 1-r(GA)yy, L-1(GGAA)g or r-r(GC/GC).>®
Therefore, we reanalyzed these data by rMATs> for altered

© 2025 The Author(s). Published by the Royal Society of Chemistry

splicing. Indeed, compared to the nontoxic sequence r-r(GC/
GC), cells treated with the cytotoxic sequences L-r(GA),, and t-
r(GGAA)g had a much higher number of altered splicing events,
with skipped exon (SE) events occurring most frequently
(Fig. 5a). The percent spliced-in (PSI) score was decreased for
most SE events, indicating that 1-r(GA),, and r-r(GGAA)g
promote exon skipping. Sashimi plots generated for several SE
events confirmed this observation (Fig. S151). Among the 411
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and 381 SE events induced by L-r(GA),, and 1-1(GGAA)g,
respectively, approximately 40% (154 events) were shared
between the two (Fig. 5b). While some differences between r-
1(GA)y, and vL-1(GGAA)g were expected given their unique
sequences and structures—r-1(GGAA)g forms G4s, whereas -
r(GA),o does not**—the high degree of common SE events
suggests that these sequences share a large number of over-
lapping interactions, which may extend to other G(A)-rich .-RNA
sequences. Gene ontology analysis of transcripts with common
SE events revealed that the corresponding proteins were
primarily involved in cell cycle regulation and checkpoints, the
disruption of which could lead to apoptosis (Fig. S16t). For
example, MDM2 exon 4, which shows a high level of SE events
for both L-RNAs, codes for part of the p53 binding domain.*® The
loss of the p53 binding to MDM2 activates p53, leading to cell
cycle arrest and apoptosis.”” Nevertheless, whether splicing
defects at individual genes contributes to the observed cyto-
toxicity of these 1-RNAs requires further investigation.

Exon skipping at three highly altered transcripts (MDM2
exon 4, EIF4A2 exon 4, and UTP15 exon 2) was further validated
by RT-PCR using primers that span the up- and downstream
exons. Consistent with the rMATSs analysis, treatment of HeLa
cells with 1-1(GA),, and 1-r(GGAA)s led to increased exon

View Article Online
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skipping at MDM2 exon 4 and UTP15 exon 2 (Fig. 5¢ and S177).
Increased exon skipping was not observed at these transcripts
following treatment with arsenic or camptothecin, which
induce cell stress and apoptosis, respectively. This suggests that
exon skipping at MDM2 exon 4 and UTP15 exon 2 is the result of
direct interference of the .-RNA with the spliceosome at these
sites and is not due to a general stress response. In contrast,
increased exon skipping at EIF4A2 exon 4 was observed under
all conditions tested, including the lipofectamine only control,
indicating that the observed alteration is due to a general
response to stress.

In addition to direct interactions of G-rich 1-RNAs with
spliceosomal proteins, another possible explanation for exon
skipping is binding of the 1-RNA to the pre-mRNA at or near
the splice site. While it is generally accepted that .-ONs of
mixed sequences do not form stable duplexes with comple-
mentary p-ONs, earlier studies into heterochiral interaction
between ONs of opposite stereochemistry revealed the
formation of stable complexes between homopolymers of r-
DNA/RNA (e.g., 1-poly[A]) and their complementary natural
nucleic acids.”®*® Given that our t-RNAs contained only G and
A, we wondered whether the observed splicing defects could
arise from their interaction with U-rich sequences within the
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Fig. 5 Cytotoxic L-RNAs induce splicing defects. (a) Alternative splicing events in each splicing category upon treatment of Hela cell with the
indicated L-RNA (relative to the lipofectamine only control). Only significant events are shown (false discovery rate (FDR) < 0.05, APSI > 0.2 or
<-0.2). SE: skipped exon; A5SS: alternative 5’ splice site; A3SS: alternative 3’ splice site; MXE: mutually exclusive exon; RI: retained intron. (b) Venn
diagram of significant SE events for L-r(GA), and L-r(GGAA)g. (c) Percent SE of the indicated transcript following L-RNA treatment characterized
by RT-PCR. Data are mean + S.D. (n = 3). (d) K-Mer analysis (k = 5) conducted 150 bp upstream and downstream of skipped exons affected by -
RNA treatment. For the controls (Ctrl), the same analysis was carried out on all known exon skipping events from the exon skipping database
ExonSkipDB.
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Fig. 6 2'-OMe modifications reduce protein binding and cytotoxicity of L-RNA. (a) Sequences of the 2'-OMe modified L-RNAs used in this study.
Sequences are shown 5’ to 3’ and L-2'-OMe ribonucleotides are highlighted in red. Half maximal effective concentrations (ECsg) for the different
2'-OMe modified L-RNAs in Hela cells (48 hour treatment) are indicated. (b) Representative EMSA data for 2’-OMe modified L.-RNA sequences
binding to Hela cell nuclear lysate (0—10 mg mL™2). (c) Saturation plots for the binding of HelLa cell lysate to 2’-OMe modified L-RNAs. Data are
mean + S.D. (n = 3). (d) Representative fluorescence confocal microscopy images of Hela cells transfected with 200 nM of the indicated Cy5-
labeled L-RNA for 2 hours. The nucleolus was stained with an anti-fibrillarin antibody and Alexa488-labeled secondary antibody. The nucleus was
stained with Hoechst. Scale bar: 5 um. (e) Nucleolar localization of the 2’-OMe modified L.-RNAs. Data are the mean fluorescence intensity within
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pre-mRNA. To explore this possibility, we carried out a k-mer
analysis (k = 5) of intron sequences 150 bps upstream and
downstream of exons showing increased skipping in the
presence of L-r(GA),, and L-r(GGAA); (Fig. 5d). As a control, the
same analysis was carried out on all known exon skipping
events from the exon skipping database ExonSkipDB.®* While
introns are typically AU-rich,*** we found that intron
sequences adjacent to skipped exons affected by .-RNA treat-
ment were significantly enriched in U compared to the control,
with 5'-1(U)s being the most enriched k-mer for both L-RNAs.
Consistently, the sequence distribution among enriched k-
mers for .-RNA-affected exons was less than that of the control
(Fig. S18t). Together, this analysis supports the notion that
direct interactions between the G/A-rich L-RNAs tested herein
and U-rich sequences near the splice site contribute to the
observed splicing defects.

© 2025 The Author(s). Published by the Royal Society of Chemistry

2/-OMe modifications reduce G-rich .-RNA cytotoxicity

Previous work has shown that incorporation of 2’-modifications
into cytotoxic PS-ASOs can reduce protein interactions, atten-
uate nucleolar delocalization of paraspeckle proteins (e.g,
p54nrb), and mitigate cytotoxicity in vitro and in vivo.”® Given
the similarities between cytotoxic .-RNAs and PS-ASOs, such as
their propensity for binding nuclear paraspeckle proteins, we
hypothesized that incorporation of 2’-OMe modifications into
the L-ribose backbone of cytotoxic L-RNAs may similarly reduce
protein interactions and mitigate cytotoxicity. To test this, we
synthesized modified versions of the cytotoxic sequence r-
1(GA)y to contain either 50% (r-(mGrA);o) or 100% (L-m(GA);0)
1-2'-OMe ribonucleotides (Fig. 6a). We first confirmed by CD
spectroscopy that, like 1-1(GA)y, 1-7(GA)yo is unstructured in
solution and that this is unaltered by methylation (Fig. S197).
We also showed that the 2-OMe modification does not
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negatively impact cellular uptake (Fig. S20at). We then deter-
mined the ECs, values for the modified L-RNA via the CCK-8
assay. Compared to the unmodified 1-r(GA);, control, ECs,
values for 1-(mGrA);, and 1-m(GA),, increased 5-fold and 7.5-
fold, respectively (Fig. 6a and S20b¥), indicating that the 2’-OMe
modifications reduced the cytotoxicity of the .-RNA. Moreover,
EMSA of the modified 1-RNAs with HeLa cell nuclear lysates
showed that the 2’-OMe modifications reduced overall protein
interactions (Fig. 6b, ¢ and S217), further supporting a correla-
tion between protein-binding and toxicity. 2-OMe modifica-
tions also reduced the nucleolar localization of .-r(GA),, (Fig. 6d
and e) and led to noticeably less nuclear foci formation (Fig.
S20ct), consistent with the decreased interactions of the 2’-OMe
modified 1-RNA with paraspeckle proteins. Taken together,
these results demonstrated that incorporation of 2'-OMe
modifications into a cytotoxic L-RNA can decrease their cyto-
toxicity, possibly through reducing 1-RNA-protein interactions,
providing a promising solution for overcoming the off-target
effects of these reagents.

Conclusions

The routine use of 1-ONs in basic research and in clinical
settings will require an improved understanding of how they
interact with biology and the potential consequences. Indeed,
investigations into the mechanisms of action and off-target
interactions of p-ONs, such as ASOs*’~** and aptamers,®>*® have
greatly benefited the development and broader adoption of
these reagents. Although Spiegelmer therapeutics (ie., 1-
aptamers) have been the focus of several in vivo pharmacolog-
ical studies,” the majority of these reagents have been devel-
oped to target extracellular proteins. Consequently, little
attention has been paid to the behavior of L-ONs inside cells. As
the field of L-ONs continues to mature and therapeutic appli-
cations shift towards intracellular targets, it will become
increasingly important to understand how L-ONs behave in this
complex environment and, importantly, the extent to which
they interact with proteins.

Towards this goal, we have established the first .-ON-protein
interactome, revealing that a broad range of nuclear proteins
have the capacity to interact tightly with r-RNA. Our study
focused on single-stranded G-rich 1-RNAs due to their cytotoxic
effects and prior evidence of protein interactions.**** In
particular, by comparing protein enrichment by the cytotoxic,
single-stranded sequence 1-1(GA),, to that of a non-toxic hairpin
control, we identified 86 nuclear proteins that were significantly
enriched for the cytotoxic sequence. These proteins are involved
in a variety of important RNA-related processes, including
ribosomal biogenesis, mRNA processing, and nuclear archi-
tecture. Interestingly, we found that a large portion of proteins
selectively enriched by cytotoxic 1-r(GA),, contained RRMs,
suggesting that proteins containing this common RNA-binding
domain are prone to deleterious interactions with G-rich,
single-stranded L-RNA. RRMs commonly interact with short
stretches (2-8 nt) of single-stranded RNA through base-stacking
and other hydrophobic interactions that have been shown to
exhibit versatile molecular recognition activities.®”*®* However,
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future experiments are required to determine whether RRMs
are the structural domain responsible for binding 1-RNA. It is
important to note that both the toxic and nontoxic sequences
used in this study are G-rich, with the key difference being their
structures. While the cytotoxic sequence L-1(GA),, is mostly
unstructured, the nontoxic sequence vr-r(GC/GC) forms
a double-stranded hairpin structure such that the majority of G
residues are base paired (Fig. S1at).?® In general, hairpin -r(GC/
GC) was found to bind more weakly to the nuclear proteome,
and especially to key paraspeckle proteins, compared to t-
r(GA),, and several other single-stranded G-rich L-RNAs tested
(Fig. 3). These observations suggest that double-stranded
structures can hinder deleterious protein interactions with G-
rich L-RNA sequences, leading to reduced cytotoxicity, and
further highlight the importance of structure in the behavior of
G-rich 1-RNAs in cells. While we acknowledge that the results of
our proteomics experiment should not be generalized across all
L-RNA sequences, many of the proteins enriched by 1-1(GA),
bound tightly to other single-stranded 1-RNAs, including those
with the potential to form G4 structures (e.g., L-r(GGAA)g), as
well as Spiegelmers having mixed sequences and diverse
secondary structures. It is therefore reasonable to predict that
proteins enriched by 1-r(GA),, have the capacity to bind a large
variety of .-RNA sequences, and potentially .-DNA. In the future,
it will be important to expand our proteomics study to include
a more diverse set of L-RNA sequences and structures, as well as
L-DNA, in order to determine the generality of the G-rich L.-RNA-
protein interactions observed herein. Furthermore, acquiring
the structure of an L-RNA-protein complex, especially with an
RRM, could provide crucial information about chirality-inde-
pendent binding modes, while also providing additional miti-
gation strategies.

A key goal of the study was to identify mechanisms under-
lying the cytotoxicity of single-stranded G-rich 1-RNAs. Our
results now point to nucleolar stress induced by .-RNA-protein
interactions as a key source of cytotoxicity for these sequences.
Nucleolar stress typically involves dysregulation of ribosome
biogenesis, which involves the disruption of ribosomal RNA
(rRNA) synthesis and processing. Indeed, a significant portion
of the proteins identified in our proteomics study (10 out of 86)
is involved in ribosomal biogenesis. One such protein is RPL11,
which together with RPL5 and the 5S rRNA, forms the 5S ribo-
nucleoprotein particle (RNP), an essential component of the
large ribosomal subunit.®* Impairment of RPL11 abrogates
ribosome biogenesis and protein synthesis, leading to nucleolar
stress signaling.”®”* RPL11 is also a key contributor to nucleolar
integrity, and knockdown of RPL11 leads to nucleolar
morphological defects,”” a hallmark of nucleolar stress.*
Consistently, HeLa cells treated with cytotoxic L.-RNA sequences
showed extensive nucleolar reorganization, which was accom-
panied by the .--RNA-mediated delocalization of key paraspeckle
proteins SFPQ and p54nrb to the nucleolus (Fig. 4). Very similar
observations have been made for cytotoxic PS-ASOs, for which
nucleolar stress is a major pathway of cytotoxicity.”>** Given that
cytotoxic PS-ASOs tend to be short (<20 nt), are diversely
modified, and contain relatively few Gs (<25%),* it is currently
unclear what features (e.g., topology, electronic structure, and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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hydrophobicity) might be shared between cytotoxic G-rich -
RNA and PS-ASOs that give rise to their binding to similar
proteins. Again, future structural studies aimed at character-
izing L-RNA-protein interfaces will be critical for answering this
question. Importantly, p-RNA versions of r(GGAA)s and r(GA)s,
which are far less toxic to cells compared to their .-RNA coun-
terparts, did not affect p54nrb and SFPQ localization. This
observation further points to the unique ability of G-rich L-RNAs
to drive the delocalization of paraspeckle proteins to the
nucleolus as a key mechanism of cytotoxicity. Furthermore,
while several different L.-RNAs were localized to the nucleolus
upon transfection, only those that bound SFPQ and/or p54nrb
in vitro resulted in their nucleolar accumulation and altered
nucleolar morphology in cells, suggesting that these L-RNA-
protein interactions contribute to nucleolar disruption. We
acknowledge that nucleolar stress may not be the only cause of
toxicity, and it is likely that no single mechanism of action can
completely account for all pertinent observations. For example,
we observed that cytotoxic G-rich L-RNAs caused significant
splicing defects, including exon skipping within the key p53
regulator MDM2.* Interestingly, our results suggest that the
altered splicing could be due, in part, to direct L.-RNA-pre-
mRNA interactions near the splice site (Fig. 5d). Future pull-
down experiments aimed at profiling the interactions of .-RNA
with endogenous nucleic acids are required to confirm this
mechanism. Other mechanisms for toxicity may involve protein
dysfunction due to unfavorable binding. For example, p54nrb is
a multi-functional RBP that is involved in transcription,
splicing, RNA stability, and DNA repair, and loss of p54nrb has
been shown to promote apoptosis.**”*

An important outcome of this work was demonstrating that
modification of the 2'-position can decrease single-stranded G-
rich L-RNA cytotoxicity through reduced protein interactions. To
the best of our knowledge, this is the first time the behavior of
2/-OMe modified 1-ONs has been explored inside live cells. This
approach was inspired by the observation that 2’-modifications
can reduce protein binding and attenuate nucleolar delocal-
ization of p54nrb when incorporated into cytotoxic PS-ASOs,
which behave similarly to cytotoxic G-rich 1-RNAs in terms of
protein interactions and nucleolar disruption.*** This high-
lights how a better understanding of the behavior of 1-ONs in
cells and the identification of underlying protein interactions
can inform the development of safer .-ON reagents. Moreover,
this work suggests that a well-established strategy for mitigating
the cytotoxic effects of therapeutic p-ONs (i.e., 2’-modifications)
can be translated across the chiral mirror.”*”® The ability to
borrow proven design strategies from the p-ON therapeutics
field is encouraging for the future development of therapeutic r-
ONs. While we acknowledge that the reduction in toxicity for G-
rich .-RNA was modest in response to 20 methyl groups, this is
the first demonstrated approach for mitigating the cytotoxicity
of 1-ONs and represents an important starting point for the
development of more effective strategies based on chemical
modifications. Future studies using a more diverse set of 2’
modifications (e.g., 2’-O-methoxyethyl) and a broader range of
cytotoxic L-RNA sequences are likely to reveal more effective
chemistries and may guide the rational design of functional t-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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ONs with minimal cytotoxic effects. Indeed, it may not always be
possible to avoid single-stranded G-rich sequences. Notably, the
majority of published r-aptamers and Spiegelmer therapeutics
contain high G content, several of which were shown herein to
bind proteins."*'***7%7° While selecting L-RNA aptamers using
reduced G-content libraries is a potential solution, it may not be
suitable for all applications. For example, nearly all r-RNA
aptamers raised against p-nucleic acid targets contain G-rich
motifs, including those that form G4 structures, suggesting that
guanines play an important role in these “cross-chiral” inter-
actions.””’®*® Therefore, incorporating 2’-modifications, either
during the in vitro selection process or in a site-specific manner
post-selection, provides a potential strategy for mitigating the
cytotoxic effects of G-rich motifs, which may prove valuable as
the field of Spiegelmer therapeutics advances towards intra-
cellular applications.

Overall, by revealing key L-RNA-protein interactions that
contribute to 1-RNA cytotoxicity, this work represents a major
advance in our understanding of the intracellular behavior of -
ONs. These insights also provide a mechanism-based approach
towards reducing L-RNA-protein interactions and the accom-
panying deleterious effects. These findings provide valuable
guidance for the future development of L-ON-based therapeutics
and other biomedical technologies.
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