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This study introduces guanidinium morpholino RNA (GMO-RNA), an
RNA analogue with enhanced cell permeability, nuclease resistance
and RNA interference activity. Self-penetrating GMO-RNA chimeras
leverage guanidinium-mediated endocytic uptake across multiple
cell lines. Thermal studies validated duplex stability, and Eg5-
targeting GMO-siRNA achieved effective gene silencing in cervical
cancer cells, demonstrating therapeutic potential.

Chimeric oligonucleotides have emerged as superior alterna-
tives to conventional oligonucleotide designs, with versatile
properties which can be tuned with suitable combinations as
per necessity." Though chimeric structures have mainly been
associated with single-stranded antisense oligonucleotides,>
siRNAs may also benefit from the incorporation of short
stretches of a suitable modification at positions which do not
hinder Argonaute 2 (Ago2, the effector complex for RNA inter-
ference) loading and catalytic activity. Apart from lipophilic
conjugations such as fatty acids® which increase their bioavail-
ability, siRNAs may also be modified with guanidinium groups,
which are known for inducing endocytosis.* Cationic oligonu-
cleotides, particularly those with guanidinium linkages, exhibit
enhanced binding affinity, nuclease resistance, and improved
cellular uptake.>® However, possibilities of unfavourable elec-
trostatic interactions of the positively charged guanidinium
groups with the negatively charged backbone remain, which
may hinder the siRNA activity.” On the other hand, incorpora-
tion of guanidinium groups as linkages (GMO) in phosphor-
odiamidate morpholino oligonucleotides (PMOs),® with neutral
backbones, is known to facilitate their uptake and enhance
antisense activity while modulating the net charge and global
conformation.” ' As linkages between a 5’ primary amine and
3’-secondary amines of morpholinos, guanidinium groups have
lower flexibility than deoxyribonucleic guanidines (DNGs),"
with reduced possibility for intra/inter-strand interactions.
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Fig. 1 General structure of (a) DNA/RNA, (b) DNG, (c) GMO-PMO and (d)
GMO-DNA/RNA.

In this study, we report GMO-DNA and GMO-RNA chimeras
with four GMO units incorporated at the 3’-end in the conven-
tional 3’ to 5’ direction (Fig. 1). By introducing the GMO moiety,
we aimed to enhance the cellular permeability and nuclease
resistance of the modified oligonucleotides while maintaining
the catalytic activity (Ago2 loading) when incorporated in the
antisense strand of an siRNA.

For synthesis of GMO, morpholino monomers were synthe-
sized from ribonucleoside (1) using standard protection and
deprotection chemistry (Fig. 2 and Schemes S1, S2, SI). To
adapt the protocol for automated DNA/RNA synthesis, the GMO
stretch was incorporated at the 3’ end by manual coupling
steps, utilizing morpholino monomers (2, 3 and 4) with a
5’-amino terminal. The at-a-stretch synthesis began by attach-
ing an Fmoc-protected linker 5 to LCAA CPG resin followed by
Fmoc deprotection and coupling of monomer 3 using HgCl,
and N-ethyl morpholine (NEM) in NMP as the solvent.’® How-
ever, trityl assays showed low coupling efficiency, likely due to
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Fig. 2 Structure of the morpholino monomers and linker used in chimera
synthesis.
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Scheme 1 Solid-phase synthesis of GMO-DNA and GMO-RNA chimera. Reagents and conditions: step | (a) coupling: (i) FmocNCS (5 equiv.) in dry DCM
(3 times 30 min = 90 min), (i) 5'-NHTrt protected morpholino monomer 2 (5 equiv.), HgCl, (5 equiv.), NEM (5 equiv.), NMP, (3 times 2 h = 6 h); in step Il
coupling was done by 5'-DMTr protected morpholino monomer 4. (b) Capping: (1:1) 20% Ac,O in NMP and 20% DIPEA in NMP (3 times 1 min = 3 min);
(c) deblocking: CYPTFA (3-cyano pyridine, TFA, CFzCOOH, DCM) (for Tr) or 3% TCA in DCM (for DMTr), (5 times 2 min = 10 min).

the morpholino ring nitrogen interfering with carbodiimide
intermediate formation. To address this, an alternative approach
was implemented where FmocNCS reagent was added to the solid
support before coupling monomer 2 under the same conditions,
improving the yield to 93% (Scheme 1).

This procedure was repeated to incorporate three GMO units,
followed by coupling with 5'OH containing monomer 4, to enable
the continuation of DNA and RNA synthesis via standard
phosphoramidite chemistry to obtain GMO-DNA and GMO-
RNA chimeras (Scheme 1 and Scheme S3, SI). 2’-Substituted
(OMe and F) amidites were used for the latter. In this way, a
total of four guanidinium groups were incorporated in line with
our previous study of IGT conjugated siRNA."* The oligonucleo-
tides were cleaved using standard conditions, purified by
HPLC (Fig. S1-S6, SI), and characterized using MALDI-TOF
(Fig. S7-S10, SI). The synthesized oligo sequence and HPLC
yield are summarized in Tables S1 and S2, SI. Unfortunately,
the GMO part was fragmented during MALDI analysis (Fig. S8b,
SI). The biophysical properties (thermal melting and circular
dichroism) of the synthesized chimeric oligonucleotides were
analysed and compared to their unmodified DNA and RNA. For
this, a model 14-mer sequence was chosen for comparison
in DNA (ON1 vs. ON2), 2’-OMe substituted RNA (ON3 vs. ON4)
and alternatively substituted 2’-OMe/2’-F RNA (ON5 vs. ON6)
backbones with complementary strands (both DNA and 2'-OH
RNA). The latter is frequently used in therapeutic siRNAs for
improved stability and RISC loading. The results revealed that
the GMO incorporation in all backbones destabilized the
duplex in comparison with the unmodified oligonucleotides,
with the effect being more pronounced with complementary
RNA. However, the destabilization in the 2’-OMe/2’-F RNA
backbone (common for siRNAs) was lower than that in the
2'-OMe RNA backbone (common for antisense oligonucleo-
tides). Interestingly, GMO incorporation partly in the over-
hang of a full-length siRNA duplex (cMyc R-OF vs. GR-OF) did
not affect the Watson Crick base pairing but the T}, decreased
for GMO analogues (Table 1 and Fig. S11-S18, SI). In circular
dichroism study, the duplex formed by the 14-mer oligonu-
cleotides with complementary DNA and RNA showed charac-
teristic positive peaks at approximately ~265 nm and ~212 nm
and a negative band at ~245 nm except for the the regular DNA,
which indicated a B type helical structure, while GMO-siRNAs
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Table 1 Sequences of oligonucleotides used in the study and their
thermal melting analysis with complementary DNA/RNA

T (C) T () pp
Entry Sequences (3 - 5) DNA AT, (°C) RNA (°C)
ON1 ttttgtctttacag 40 40
ON2 TTTTgtctttacag 37 3 36.5 3.5
ON3 UUUUGTCUUUACAG 30.5 53
ON4 TTTTGTCUUUACAG np.t. e g5 P
ON5 UUUUGUCUUUACAG 33 56
ON6 TTTTGUCUUUACAG 25 8 46.5 95
cMyc  5-AACAGAAAUGUCCUGAGCAAU-3’ o
R-OF  3-ttUUGUCUUUACAGGACUCGUUA-S’
cMyc  5-AACAGAAAUGUCCUGAGCAAUt-3’ o 1
GR-OF  3-TTTTGUCUUUACAGGACUCGUUA-5’
SIRNA g 5. CAACAAGGAUGAAGUCUAU-3*
R- OF 3’- GUUGUUCCUACUUCAGAUA -5’ 73
Eg5 5-CAACAAGGAUGAAGUCUAU-3’ 12
GR-OF 3- GTTGUUCCUACUUCAGAUA -5’ 61

Conditions: 40 mM phosphate buffer (pH 7)/100 mM NaCl, with
concentration of 2 uM (each strand). T,, values reported are the
averages of two independent experiments that are within +1.0 °C.
AT, values are calculated w.r.t. melting temperatures of the corres-
ponding analogue with no GMO modification; n.t.: no clear transition
observed; red represents the guanidinium morpholino oligonucleotide
(GMO) part, blue for 2’-OMe, green for 2’-F monomers, and lowercase
indicates 2-deoxy monomers.

adopt similar global geometry as unmodified partners
(Fig. $19, SI).

The stability of oligonucleotides towards serum nucleases is
critical for the development of therapeutic oligonucleotides.
These studies were performed on the model 14-mer sequences
in the presence of 10% FBS (fetal bovine serum) or 3’-exo-
nuclease. Remarkably, the modified oligonucleotides exhibited
greater stability compared to their unmodified counterparts,
with significant improvement in DNA and 2’-OMe/F RNA back-
bones (Fig. 3 and Fig. S20, SI). The resistance to enzymatic
digestion can be attributed to the presence of the unnatural
rigid guanidinium linkage in the GMO moiety. In line with our
objective, the cellular internalization properties of a 23-mer
GMO-modified oligonucleotide (GR-2’-OMe, ONS8, see SI for
sequence) with FAM conjugation was studied in multiple

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Stability of oligonucleotides in (A) serum and (B) 3’ exonuclease in
comparison to their unmodified counterparts represented in blue.
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cancer cell lines (prostate cancer: PC-3 and DU 145; breast
cancer: MDA-MB-231 and MCF7; liver cancer: HepG2) alongside
the FAM conjugated unmodified oligonucleotide (R-2’-OMe,
ON?7). A full 2’-OMe backbone (single strand as well as duplex)
was selected for this study because of its excellent stability,
which would enable a more accurate interpretation of uptake/
localization in the cells. Both single strand uptake and duplex
uptake were quantified (Fig. 4A). The single strand uptake was
variable across the studied cell lines, with greater selectivity
in the PC-3 and MCF7 cell lines over the unmodified oligo-
nucleotide. The internalisation of the duplex was then investi-
gated in these two cell lines with variation in serum composition.
It was found that the GMO duplex uptake was more efficient in
optimum serum conditions (10%) and this effect was more
enhanced in MCF7 cells. Furthermore, with MCF7 as the chosen
cell line, the intracellular localization of the FAM duplexes
was determined by confocal microscopy in live cells (Fig. 4B)
where it was found that the GR-2’-OMe duplex showed greater
accumulation, albeit having partial colocalization with the late
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Fig. 4 (A) Cellular internalization studies of single strand and duplex GMO modified 2’-OMe strands in multiple cell lines after 5 h of incubation.
Histogram plots and respective bar diagrams depict percentage uptake in comparison to untreated controls. Data presented as mean + SEM. *p < 0.05.

(B) Confocal images for FAM-conjugated duplexes in live MCF7 cells after

5 h in 10% serum. Scale bar 20 pm. (C) Western blot (WB) analysis for RISC

validation using cMyc siRNA (250 nM) with Lipofectamine. (D) WB analysis of Eg5 down regulation in Hela cells at varying time points and doses in
comparison with an unmodified duplex. Data presented as mean + SEM. *p < 0.05.
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endosomal/lysosomal marker LysoTracker Red (Pearson’s coeffi-
cient: 0.62 for GR-2’-OMe and 0.95 for R-2’-OMe). Overall, these
findings demonstrated the role of the guanidinium linkage in
facilitating cellular uptake and suggested that the GMO modifica-
tion could hold promise for enhancing the delivery and intracel-
lular localization of oligonucleotides for potential therapeutic
applications.

Lower duplex destabilization due to GMO incorporation in
the 2’-OMe/2'-F backbone prompted us to study its biological
effect in a model siRNA to determine whether this modification
could hamper the formation of the RNA induced silencing
complex (RISC) by compromising Ago2 loading. The 3’-end of
the antisense strand was chosen for GMO incorporation as it
has minimal effect on Ago2 loading®'® and a model siRNA
sequence against cMyc, a proto-oncogenic factor overexpressed
in cancer cells,"* was chosen for studying its activity in MCF-7
cells. Though the sequence was validated with a 2’-OH back-
bone,"” we adapted it to an alternating 2’-OMe/2'-F backbone,
which is more stable and mimics therapeutic oligonucleotides
more closely.'® For RISC validation, both duplexes were trans-
fected with Lipofectamine 3000 and the target suppression was
observed by western blotting. Almost ~50% knockdown was
observed at a 250 nM dose for both duplexes to a similar extent,
which signified that GMO incorporation did not hinder the
silencing ability of the duplex siRNA (Fig. 4C). cMyc related
markers such as N-Cad,"” E-Cad'® and lactate dehydrogenase-A
(LDHA)™ also exhibited the expected expression profiles in
response to c-Myc downregulation, confirming the efficacy of
the modified siRNA (Fig. S21A, SI). However, optimum silencing
could not be achieved at a lower dose (100 nM) with Lipofecta-
mine (Fig. S21B, SI). Moreover, no silencing activity of the siRNA
was observed on gymnotic uptake at different time points
(Fig. S21C, SI), up to the dose of 500 nM (Fig. S21D, SI) in
MCF?7 cells. This signified that the siRNA was not very active,
and probably the adaptation of the 2’-modifications hindered its
silencing ability.

To evaluate the effect of GMO modification on gymnotic
uptake, an established and potent siRNA sequence was chosen,
which targeted Eg5, also known as kinesin like protein KIF11,
in HeLa cells.”® The Eg5 GMO-siRNA duplex treatment was
performed in optimum serum at 50 nM & 100 nM doses at
24, 36, and 48-hour time points and untreated cells served as
positive controls (Fig. 4D). Transient knockdown was observed
at both doses, with maximal inhibition at 36 hours. Dose-
dependent inhibition studies at 36 h were further conducted
using 50 nM, 100 nM, and 200 nM GMO-siRNA against Eg5 and
the unmodified siRNA at the highest dose (200 nM) served as
the negative control. Eg5 protein expression was significantly
down regulated at 50 nM of the Eg5-GR-OF treatment but the
effect somewhat plateaued even on increasing the dose,>"?
which could be due to endosomal block. The negative control
did not show significant suppression even at the highest dose.

In conclusion, this study highlights the development of novel
GMO-DNA and RNA chimeras with improved nuclease and serum
stability. GMO incorporation in the 2’-OMe RNA backbone
enhanced its cellular uptake, whereas the Ago2 loading efficiency
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was unhindered in the 2’-OMe/2’-F RNA backbone. Notably, GMO
incorporation showed efficient gymnotic uptake with significant
target knockdown in an established Eg5 siRNA at low doses.
These findings underscore the potential of GMO as a promising
modification for creating stable, effective therapeutic siRNA
molecules with improved delivery.
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