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Off-target effects represent one of the major bottle-
necks for RNA interference (RNAi) technology. To address this
issue, we present a novel strategy by combining seed-region chemical
modification with an extended 3’-overhang on the sense strand (SS)
to mitigate SS-mediated and miRNA-like nontargeted interactions.
To modify the seed-region, we developed a novel 2’-diol
modification that was selectively installed at different positions
within the seed-region of siRNA. For this purpose, we synthesized
universal 2'-diacetate phosphoramidites that yielded a free 2’-diol
functionality after standard deprotection of oligonucleotides. The 2'-
diol moieties with single (positions 3—7) and dual (6 + 7) insertions
in the seed-region decreased the melting temperature (T,,) by ca. —1
to —4.0 °C, imposing thermodynamic asymmetry. To improve the
end-asymmetry of siRNA, we developed a structurally unsymmetrical siRNA (US-siRNA) design (five-nucleotides at the 3'-
overhang region of SS), which together with seed-region modifications significantly increased the relative RISC loading of antisense
strand (AS) with respect to their canonical sense variants. Overall, our rational design of chemical modifications of the seed-region
with a 2’-diol moiety, in concert with the US-siRNA design, furnishes a simple, modular strategy to minimize off-target effects while
maintaining the on-target RNAI activity.
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NA interference (RNAi) employing small interfering The selection of the correct strand by the RISC is dependent
RNA (siRNA) and microRNA (miRNA) has emerged as on differences in thermodynamic asymmetry at the two ends of

a promising technology for the treatment of a variety of the sequence. The MID domain of Ago2 selectively binds to
diseases.’ Currently, there are seven siRNA-based drug the thermodynamically less stable 5'-end of siRNA, thereby
formulations (extensively 2'-F and 2’-OMe modified siRNA) regulating this selection process.”

that are approved for clinical use to address rare genetic, Today, there are advanced siRNA design algorithmsg_n that
metabolic, and hematologic disorders.” Although these enable the selection of highly specific siRNA with natural

strategies are primarily designed to address the in vivo stability
aspects rather than siRNA-based off-target effects, it should be
noted that such modifications impart a sequence-dependent
effect on RNAi potency.” The siRNA structure consists of a
double stranded sequence composed of sense (passenger) and
antisense (guide) strand that undergoes a natural selection
process by interacting with proteins such as DICER, TRBP,
and Argonaute2 (Ago2), forming a RNA induced silencing
complex (RISC) that is responsible for cleaving the target
mRNA (mRNA) in a sequence-dependent manner.” This

thermodynamic asymmetry and minimal homology with other
targets, thereby limiting nontargeted knockdown of gene
transcripts. Nevertheless, the strand selection is not exclusive
and SS is always recruited to some extent.'” Another concern
of RNAi is miRNA-like off-target effects that require partial
complementarity with the seed-region (2—8 nucleotides from
the 5'-end) of the AS, which governs the target recognition
and gene silencing."’

results in post-transcriptional gene silencing with high December 26, 2025
efficiency and at very low concentrations due to the catalytic January 30, 2026
activity of the activated RISC.” In the natural gene silencing February 3, 2026
event, the sense strand (SS) is degraded by Ago2 while the February 9, 2026

antisense strand (AS) is selectively recruited into RISC, which
then binds to a cognate mRNA in a sequence-specific manner.’
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To improve the strand selection, several approaches have
been pursued, 1nc1ud1ng developing asymmetric siRNA,' "
dicer substrate RNA,'® blocking phosphorylation at the '-end
of the SS,"” fork siRNA,"® 4’-guanidinium-modified siRNA,"
and single-stranded RNA.* We also recently reported that
structural modifications of miRNA induce thermodynamic
asymmetry to modulate selective strand recruitment (miR or
miR*) into RISC by incorporating extended overhangs at the
3'-ends of either strands.”’ To reduce miRNA-like off-target
effects, several approaches were implemented that aimed to
lower the melting temperature (T,,) within the seed-region.””
Seed-region modifications included incorporating deoxy
nucleotides,” unlocked nucleic ac1d (UNA),** glycol nucleic
acid (S-GNA),” spacer amidite,”® 2'-formamidino,”” 2'-deoxy-
2'-a-F-2'-f-C-methyl pyrimidine, 28 alkyl phosphonate,29 and
amide internucleoside linkages.”” These modifications miti-
gated the off-target effects in a T,-dependent manner.
Incorporation of 2'-O-methyl (2'-OMe)’" and locked nucleic
acids (LNA)* in the seed-region had positional effects with
LNA modification showing detrimental impact on the RNAi
activity. Thus, we envisaged the design of a modified siRNA
that addresses both sense-mediated and miRNA-like off-target
effects without compromising the RNAi activity. For this
purpose, we developed the 2’-diol chemical modification that
was coupled with a structurally modified unsymmetrical siRNA
(US-siRNA) design with an extended SS overhang (Figure 1).
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Figure 1. Schematic representation of the 2’-diol modified US-siRNA
that mitigate the SS-mediated and miRNA-like off-target effects by
improving the relative AS loading ratio and thermally destabilizing the

seed-region.

To introduce 2'-diol chemical modifications on oligonucleo-
tides, 2'-diacetate-modified phosphoramidites of adenine (A),
uracil (U), guanine (G) and cytosine (C) were synthesized
from their respective nucleosides 1 (A, U, G and C) with N°-
benzoyl (Bz), N’-isobutyryl (iBu), and N*acetyl (Ac)
protection on the A, G, and C nucleobases, respectively.
Briefly, the 3’-S’ hydroxyls were protected by TIPS (1,1,3,3-
tetraisopropyldisiloxane) to obtain nucleosides 2. The free 2'-
hydroxyl of 2 was activated with carbonyldiimidazole (CDI) to
yield compounds 3, which were directly treated with 1-
aminoglycerol to obtain 4. Free diols in compounds 4 were
protected with an acetyl protecting group to obtain
compounds 5. The TIPS group was deprotected using
triethylamine trihydrofluoride to generate the 5’- and 3'-
dihydroxy compounds 6. The S$'-hydroxyl groups of com-
pounds 6 were exclusively protected using 4,4’-dimethoxytrityl
chloride (DMT-CI) to yield the DMT-protected nucleosides 7,
which were subsequently treated with 2-cyanoethyl N,N-
diisopropylchlorophosphoramidite (CEP-Cl) to generate
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phosphoramidites of the respective nucleobases (compounds
8, Scheme 1). These phosphoramidite building blocks were
purified, dried, and directly used to generate 2'-diol-modified
oligonucleotides by standard solid-phase oligonucleotide
synthesis. The incorporation of diacetate protecting groups
on the 2’-diol moiety streamlines the solid-phase oligonucleo-
tide synthesis, as the acetates are quantitatively removed under
standard deprotection conditions to regenerate the free 2'-diol
functionality in the fully deprotected oligonucleotide.

As a model siRNA sequence, we chose a therapeutic siRNA
against signal transducer and activator of transcription 3
(STAT3) mRNA, which is known for its oncogenic role in
various cancer models.”> The SS of the STAT3 siRNA was
structurally modified with three additional deoxy-thymidine
(dT) overhangs at the 3’-end to induce structural asymmetry,
and the AS strands were chemically modified with a single 2'-
diol insertion at positions 3, 4, 5, 6, 7 and dual substitutions at
positions 6 and 7 to impart thermodynamic asymmetry and
selective destabilization of the seed-region (Table 1). The
various combinations of siRNA duplexes with SS overhang
(SdT, and SdT;) and AS seed-region (ASdT,, AS3, AS4, ASS,
AS6, AS7, and AS67) variants were annealed together for
subsequent biophysical and biochemical evaluations (Table
S1).

To determine the thermal asymmetry, we performed duplex
melting studies for various combinations of chemically and
structurally modified siRNA duplexes (Table 2). The
incorporation of 2'-diol moieties within the AS seed-region
progressively induces thermal destabilization, yielding a larger
T, drop as the modification is moved from position 3 toward
position 7 (—1.2 to —2.5 °C) and culminating in a 4 °C drop
when dual modifications at positions 6 and 7 are introduced.
As anticipated, structurally modified US-siRNA with canonical
AS (siRyg) lowered the T, by 0.6 °C, suggesting
thermodynamic asymmetry as a result of extended overhang
(Table 2).>* While the AT,, of —0.6 °C is modest for US-
siRNA alone, the convergence of chemical and structural
perturbations act synergistically, where the flexible extended
overhang amplifies the thermodynamic destabilization intro-
duced by the 2'-diols, thereby exhibiting a greater net T, drop
of =2.3 to —S5.1 °C. Notably, the US-siRNA exhibits a
pronounced T, drop (up to —1 °C) with respect to their
canonical sense variants (structurally unmodified SS), making
them particularly interesting candidates for further evaluation
of RNAI activity and relative RISC loading.

To quantify the effect of chemical and structural
modification on RNAIi activity, we determined the STAT3
expression levels by quantitative PCR analysis in a human
osteosarcoma cell line (MG63). We first quantified the effect
of seed-region modification on the RNAi activity. For this
purpose, we evaluated STAT3 knockdown levels of different
2’-diol-modified siRNA sequences siR3, siR4, siRS, siR6, siR7,
and siR67, having modifications at the 3, 4, S, 6, 7, and 6/7
positions, respectively (Table S1). Interestingly, these
modifications retained full gene silencing potency across
three concentrations (50, 10, and 1 nM) identical to canonical
siRNA (siR). However, at 0.1 nM all 2’-diol variants exhibited
a position-dependent reduction in knockdown relative to siR
(Figure 2A). Interestingly, this position-dependent reduction
in knockdown was circumvented when structurally unsym-
metrical design was incorporated within these sequences
(siRyg, siR3yg, siR4yg, siRSyg, siR6ys, siR7ys, and siR67yg).
This indicates that although the seed-region destabilization can
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Scheme 1. Synthesis of 2'-Diacetate Phosphoramidites”

“Reagents and conditions: (i) CI-TIPS-Cl, dry pyridine (Py), 0

NHBz

2 o <’f) (M/J\\ <’1)L (l

NHAc

B = A/U/GIC

°C to room temperature (rt), 16 h; (ii) CDIL, dry DCM, rt, 16 h; (iii) 1-

aminoglycerol, Py, DIPEA, rt, 2 h; (iv) acetic anhydride, DMAP, Py, rt, 16 h; (v) triethylamine trihydrofluoride, Py, rt, 16 h; (vi) DMT-C], Py, rt,
16 h; (vii) DIPEA, CEP-Cl, DCM, rt, 3 h. B = different nucleobases (A, U, G and C).

Table 1. Structural and Chemical Design of Various SS and
AS Sequences Designed against STAT3“

Strand Sequence (5' —3")
SS GGAAGCUGCAGAAAGAUACATAT
(5dT)
(Si"sl" ) GGAAGCUGCAGAAAGAUACATATdTdTdT
5
AS
(ASdT) GUAUCUUUCUGCAGCUUCCATdT
AS GUAMUCUUUCUGCAGCUUCCATAT
(AS3)
AS GUAU™CUUUCUGCAGCUUCCATAT
(AS4)
AS GUAUC"UUUCUGCAGCUUCCATAT
(AS5)
AS GUAUCU™UUCUGCAGCUUCCATAT
(AS6)
AS GUAUCUU™UCUGCAGCUUCCATAT
(AS7)
AS m m
(AS67) GUAUCU™U"UCUGCAGCUUCCATAT

“A, U, G, and C indicate the RNA bases, whereas dT indicates the
deoxy-thymidine nucleotide. A™, U™, and C™ indicate the 2’-diol
modification of the respective nucleobases.

trim the RNAi potency at subnanomolar dose, the structural
modification on the SS overhang restores the functional
performance and is well tolerated by RNAi machinery (Figure
2B and Figure S32).

To probe the mechanism, we employed the stem-loop RT-
qPCR assay to determine if our chemical and structural design
has any influence in relative abundance of AS or SS post-
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Table 2. Melting Temperatures (T,,) of Chemically and
Structurally Modified Duplexes®

siRNA T, (°C) AT, (°C) siRNA T, (°C) AT, (°C)
siR 67.6 + 0.1 siRys 67.0 £ 0.0 0.6
siR3 664 + 03 -12 siR3ys 653 + 0.1 -2.3
siRé 659 + 0.0 -17 siR4ys 652 + 0.1 —2.4
siRS  66.0 + 0.2 -16 siRSys  65.5 + 0.0 2.1
siR6 652 + 0.1 2.4 siR6ys 643 + 0.0 -33
siR7 651+ 0.1 -2.5 siR7ys 647 + 0.2 -2.9
siR67  63.6 + 0.1 —4.0 siR67ys  62.5 + 0.2 -s.1

“Thermal melting obtained by plotting the absorbance of the siRNA
duplex (0.5 M) at 260 nm against temperature in 10 mM phosphate
buffer (pH 7.4) and 50 mM NaCl. T,, was calculated by determining
the maximum of the first derivative of the melting curve. T, values
with standard deviations were reported as the average of 3
independent experiments. AT,, is the change in T,, with respect to
canonical siRNA (siR). For duplex nomenclature, please see Table S1
in the Supporting Information.

transfection.”® The stem-loop experiment with both chemically
and structurally modified siRNA revealed that the incorpo-
ration of the 3’-overhang itself resulted in an increase of in AS
loading from 6.2 to 12.8 for siR and siRyg. This suggests that
our unsymmetrical design itself has an effect on selective AS
loading. However, the insertion of 2’-diol in the seed region
resulted in a modest reduction of relative AS/SS ratios to ~4,
~6, ~4, ~5, ~2.5, and ~2 for siR3, siR4, siRS, siR6, siR7, and
siR67, respectively, despite their lower T, values. This
apparent discrepancy suggests that the overall reduction in
T, does not necessarily create the end-focused thermodynamic
asymmetry, which is essential for the recognition by the MID-
domain for selective strand selection. Interestingly, structurally
modified US-siRNA sequences with 2'-diol insertions further
augmented the AS/SS RISC loading ratios significantly with
respect to their canonical sense variants by reaching ~21 for
siR3yg, ~15.5 for siR4ys, ~16.5 for siRSyg, ~17.5 for siR6ys,
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Figure 2. In vitro evaluation of chemically and structurally modified
siRNA. (A) % of STAT3 mRNA knockdown (KD) at different
concentrations (50, 10, 1, and 0.1 nM) of different 2’-diol AS-
modified siRNA sequences (siR, siR3, siR4, siRS, siR6, siR7, and
siR67). (B) % of STAT3 mRNA KD at 0.1 nM concentration of all
siRNAs with both chemical and structural modifications. (C) AS to
SS RISC loading ratio of all chemically and structurally modified
siRNAs. All gene KD experiments were carried on MG63 cells for 24
h, and the observed values with standard deviation were reported as
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Figure 2. continued

the average of 3—4 independent experiments. Statistics: Student’s
unpaired Welch’st-test with significance: *P < 0.05, **P < 0.01 and
*#%p < 0.001.

~14.5 for siR7ys, and ~7 for siR67yg (Figure 2C). Although
the relative abundance of a single strand in the cell lysate does
not directly demonstrate the RISC loading of that strand, given
the low enzymatic stability of unmodified single-stranded
RNA, the observed increase implies stabilization of a specific
strand by an intracellular mechanism, presumably RISC,
imparting catalytic activity. The observed improvement of
relative AS recruitment with US-siRNA reveals the preserva-
tion of the thermodynamic end-asymmetry that is augmented
with 2'-diol substitutions, producing a synergistic enrichment
of guide strand recruitment with improved RNAI activity. Such
enrichment of guide strand recruitment can potentially
minimize SS-mediated off-target effects, analogous to previous
observation with UNA.*

Furthermore, to assess the capacity of 2'-diol modifications
to discriminate against near-complementary off-targets, we
introduced a single nucleotide bulge by omitting the uridine
nucleoside at position 7 of the SS and annealed each
chemically modified AS variant (Figure 3). Although the

GG AAGCENGCAGAAAGANUACSI SIS

RdTdTC C U U C G,AC G U C U UUCUAUGH

seed region

Antisense strand

Figure 3. Schematic illustration of the bulged siRNA duplex with a 2-
dT overhang.

bulge lies distal to the diol insertions, all 2'-diol modified
duplexes exhibited increased the T, drop relative to the
canonical siRNA, with dual substitutions producing the
greatest effect with an exceptional T, drop of —10.3 °C.
This indicates that the 2’-diol modification amplifies the
destabilizing effect even for sequences that has remote bulged
regions (Table 3). Introducing a bulge together with an

Table 3. Thermal Melting Analysis of Bulged siRNA
Duplexes with Chemical and Structural Modifications®

AS T,, (°C) Bulge AT, T,, (°C) Bulge AT,
modification 5 (°C) SdT; (°C)
ASdT2 61.8 + 0.2 —-5.8 59.4 + 0.1 —10.8
AS3 60.4 + 0.2 —7.2 56.8 + 0.0 —11.2
AS4 589 + 0.2 —8.7 564 + 0.2 —-11.2
ASS 59.6 + 0.4 —8.0 564 + 0.5 —-12.1
AS6 593 £ 0.3 —-8.3 55.5 £ 0.1 —-11.5
AS7 592 £ 0.2 —8.4 56.1 + 0.1 —-13.7
AS67 573 £ 0.1 —10.3 539 +£ 02 —-13.7

°AT, is change in T,, with respect to canonical siRNA (siR).

extended SS overhang better models partial miRNA-like
pairing and amplified the mismatch discrimination, leading to
even stronger thermal penalties for imperfect pairing (Table 3,
T,, drops up to —13.7 °C). Such pronounced destabilization is
expected to minimize undesired binding with nontargeted
mRNA transcripts, thereby maintaining on-target knockdown
and thermodynamically discriminating the off-target effects.
While T, measurements alone cannot predict the RISC-
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mediated targeting outcomes, these findings suggest that such
chemical and structural modifications enhance the discrim-
ination against imperfectly paired interactions, representing an
intriguing avenue for future studies on off-target modulation.

In summary, we developed a rational siRNA design by
combining chemical modifications in the seed region with a
structural modification at the 3’-end of the SS. This strategy
not only enhanced thermodynamic asymmetry but also
improved the biophysical and biochemical properties of the
siRNA. The 2’-diol substitutions thermodynamically destabi-
lized the seed region and increased discrimination against
imperfect duplex pairing, but when applied alone they lowered
the relative RISC loading of the AS and reduced RNAi on-
target activity. Remarkably, introducing an extended 3’-
overhang on the SS restored end-focused thermodynamic
asymmetry, thereby boosting AS loading while maintaining on-
target activity. Together, these complementary modifications
represent a promising design framework for future studies to
evaluate their applicability across diverse siRNA sequences,
enabling safer and more efficient gene silencing. Future work
will focus on systematically exploring the sequence dependence
of these modifications, elucidating their RISC-mediated off-
target effects, and assessing their impact through tran-
scriptome-wide assays. Such chemically and structurally
engineered siRNAs could be readily integrated into current
clinical modalities to achieve sustained, target-specific silencing
with reduced side effects.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacsau.5c01765.

Materials and methods, experimental section, NMR
analysis data, oligonucleotide mass analysis data, and
melting curves (PDF)

Oommen P. Varghese — Translational Chemical Biology,
Science for Life Laboratory, Department of Chemistry,
Angstrom Laboratory, Uppsala University, 751 21 Uppsala,
Sweden; ® orcid.org/0000-0001-8872-9928;

Email: oommen.varghese@kemi.uu.se

Rohith Pavan Parvathaneni — Translational Chemical
Biology, Science for Life Laboratory, Department of
Chemistry, Angstrém Laboratory, Uppsala University, 751
21 Uppsala, Sweden

Nithiyanandan Krishnan — NATA MRC, Rutherford
Appleton Laboratory, Harwell, Oxon OX11 OFA, UK;

orcid.org/0000-0002-5651-1008

Nikolai Hempel — Department of Chemistry, Johannes
Gutenberg University Mainz, 55128 Mainz, Germany;

orcid.org/0009-0008-2448-3314

Oommen P. Oommen — School of Pharmacy and
Pharmaceutical Sciences, Cardiff University, Cardiff CF10
3NB, UK.

Complete contact information is available at:
https://pubs.acs.org/10.1021/jacsau.5¢01765

799

The authors declare no competing financial interest.

We gratefully acknowledge Prof. Jan Eriksson, Department of
Molecular Sciences, Swedish University of Agricultural
Sciences (SLU), Uppsala, for his expert assistance with the
HRMS analyses. Financial assistance for this research was
provided by the European Union’s Horizon 2020 Marie
Sklodowska-Curie H2020-MSCA-ITN-ETN-2020 (no.
955335), Swedish Strategic Research “Stem Therapy” (Dnr
2009-1035), and the Swedish Research Council (Dnr 2020-
04025).

(1) Kanasty, R; Dorkin, J. R; Vegas, A.; Anderson, D. Delivery
Materials for siRNA Therapeutics. Nat. Mater. 2013, 12 (11), 967—
977.

(2) Xiao, B.; Wang, S.; Pan, Y.; Zhi, W.; Gu, C,; Guo, T.; Zhai, J.; Li,
C; Chen, Y. Q; Wang, R. Development, Opportunities, and
Challenges of siRNA Nucleic Acid Drugs. Mol. Ther Nucleic Acids
2025, 36 (1), No. 102437.

(3) Foster, D. J.; Brown, C. R;; Shaikh, S.; Trapp, C.; Schlegel, M.
K,; Qian, K; Sehgal, A; Rajeev, K. G.; Jadhav, V.; Manoharan, M,;
Kuchimanchi, S.; Maier, M. A.; Milstein, S. Advanced SiRNA Designs
Further Improve In Vivo Performance of GaINAc-SiRNA Conjugates.
Mol. Ther. 2018, 26 (3), 708—717.

(4) Zamore, P. D.; Tuschl, T.; Sharp, P. A; Bartel, D. P. RNAi:
Double-Stranded RNA Directs the ATP-Dependent Cleavage of
MRNA at 21 to 23 Nucleotide Intervals. Cell 2000, 101 (1), 25—33.

(5) Dykxhoorn, D. M.; Lieberman, J. The Silent Revolution: RNA
Interference as Basic Biology, Research Tool, and Therapeutic. Annu.
Rev. Med. 2005, 56, 401—423.

(6) Matranga, C.; Tomari, Y.; Shin, C.; Bartel, D. P.; Zamore, P. D.
Passenger-Strand Cleavage Facilitates Assembly of SiRNA into Ago2-
Containing RNAi Enzyme Complexes. Cell 2005, 123 (4), 607—620.

(7) Khvorova, A.; Reynolds, A.; Jayasena, S. D. Functional siRNAs
and MiRNAs Exhibit Strand Bias. Cell 2003, 115 (2), 209—216.

(8) Schwarz, D. S.; Hutvégner, G.; Du, T.; Xu, Z,; Aronin, N,;
Zamore, P. D. Asymmetry in the Assembly of the RNAi Enzyme
Complex. Cell 2003, 115 (2), 199—208.

(9) Reynolds, A.; Leake, D.; Boese, Q.; Scaringe, S.; Marshall, W. S.;
Khvorova, A. Rational siRNA Design for RNA Interference. Nat.
Biotechnol. 2004, 22 (3), 326—330.

(10) Ui-Tei, K; Naito, Y.; Takahashi, F.; Haraguchi, T.; Ohki-
Hamazaki, H.; Juni, A;; Ueda, R; Saigo, K. Guidelines for the
Selection of Highly Effective siRNA Sequences for Mammalian and
Chick RNA Interference. Nucleic Acids Res. 2004, 32 (3), 936.

(11) Amarzguioui, M.; Prydz, H. An Algorithm for Selection of
Functional siRNA Sequences. Biochem. Biophys. Res. Commun. 2004,
316 (4), 1050—10S8.

(12) Gu, S,; Jin, L; Zhang, F.; Huang, Y.; Grimm, D.; Rossi, J. J;
Kay, M. A. Thermodynamic Stability of Small Hairpin RNAs Highly
Influences the Loading Process of Different Mammalian Argonautes.
Proc. Natl. Acad. Sci. U.S.A. 2011, 108 (22), 9208—9213.

(13) Jackson, A. L.; Burchard, J.; Schelter, J.; Chau, B. N.; Cleary,
M,; Lim, L; Linsley, P. S. Widespread siRNA “off-Target” Transcript
Silencing Mediated by Seed Region Sequence Complementarity. RNA
2006, 12 (7), 1179—1187.

(14) Sun, X;; Rogoff, H. A; Li, C. J. Asymmetric RNA Duplexes
Mediate RNA Interference in Mammalian Cells. Nat. Biotechnol.
2008, 26 (12), 1379—1382.

(15) Chang, C. IJ; Yoo, J. W.; Hong, S. W,; Lee, S. E.; Kang, H. S,;
Sun, X,; Rogoff, H. A; Ban, C; Kim, S; Li, C. J; Lee, D. K
Asymmetric Shorter-Duplex siRNA Structures Trigger Efficient Gene
Silencing with Reduced Nonspecific Effects. Mol. Ther. 2009, 17 (4),
7285.

https://doi.org/10.1021/jacsau.5c01765
JACS Au 2026, 6, 795—-800


https://pubs.acs.org/doi/10.1021/jacsau.5c01765?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/jacsau.5c01765/suppl_file/au5c01765_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Oommen+P.+Varghese"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-8872-9928
mailto:oommen.varghese@kemi.uu.se
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rohith+Pavan+Parvathaneni"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nithiyanandan+Krishnan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-5651-1008
https://orcid.org/0000-0002-5651-1008
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nikolai+Hempel"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0009-0008-2448-3314
https://orcid.org/0009-0008-2448-3314
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Oommen+P.+Oommen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.5c01765?ref=pdf
https://doi.org/10.1038/nmat3765
https://doi.org/10.1038/nmat3765
https://doi.org/10.1016/j.omtn.2024.102437
https://doi.org/10.1016/j.omtn.2024.102437
https://doi.org/10.1016/j.ymthe.2017.12.021
https://doi.org/10.1016/j.ymthe.2017.12.021
https://doi.org/10.1016/S0092-8674(00)80620-0
https://doi.org/10.1016/S0092-8674(00)80620-0
https://doi.org/10.1016/S0092-8674(00)80620-0
https://doi.org/10.1146/annurev.med.56.082103.104606
https://doi.org/10.1146/annurev.med.56.082103.104606
https://doi.org/10.1016/j.cell.2005.08.044
https://doi.org/10.1016/j.cell.2005.08.044
https://doi.org/10.1016/S0092-8674(03)00801-8
https://doi.org/10.1016/S0092-8674(03)00801-8
https://doi.org/10.1016/S0092-8674(03)00759-1
https://doi.org/10.1016/S0092-8674(03)00759-1
https://doi.org/10.1038/nbt936
https://doi.org/10.1093/nar/gkh247
https://doi.org/10.1093/nar/gkh247
https://doi.org/10.1093/nar/gkh247
https://doi.org/10.1016/j.bbrc.2004.02.157
https://doi.org/10.1016/j.bbrc.2004.02.157
https://doi.org/10.1073/pnas.1018023108
https://doi.org/10.1073/pnas.1018023108
https://doi.org/10.1261/rna.25706
https://doi.org/10.1261/rna.25706
https://doi.org/10.1038/nbt.1512
https://doi.org/10.1038/nbt.1512
https://doi.org/10.1038/mt.2008.298
https://doi.org/10.1038/mt.2008.298
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.5c01765?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

(16) Kim, D. H.; Behlke, M. A;; Rose, S. D.; Chang, M. S.; Choi, S.;
Rossi, J. J. Synthetic dSRNA Dicer Substrates Enhance RNAi Potency
and Efficacy. Nat. Biotechnol. 2005, 23 (2), 222—226.

(17) Chen, P. Y.; Weinmann, L.; Gaidatzis, D.; Pei, Y.; Zavolan, M.;
Tuschl, T.; Meister, G. Strand-Specific 5'-O-Methylation of siRNA
Duplexes Controls Guide Strand Selection and Targeting Specificity.
RNA 2008, 14 (2), 263.

(18) Hohjoh, H. Enhancement of RNAi Activity by Improved
siRNA Duplexes. FEBS Lett. 2004, 557 (1-3), 193—198.

(19) Nawale, G. N.; Bahadorikhalili, S.; Sengupta, P.; Kadekar, S.;
Chatterjee, S.; Varghese, O. P. 4’-Guanidinium-Modified siRNA: A
Molecular Tool to Control RNAi Activity through RISC Priming and
Selective Antisense Strand Loading. Chem. Commun. 2019, SS (62),
9112-9118S.

(20) Lima, W. F; Prakash, T. P.; Murray, H. M.; Kinberger, G. A,;
Li, W,; Chappell, A. E,; Li, C. S.; Murray, S. F.; Gaus, H.; Seth, P. P,;
Swayze, E. E.; Crooke, S. T. Single-Stranded siRNAs Activate RNAIi in
Animals. Cell 2012, 150 (5), 883—894.

(21) Kadekar, S; Nawale, G. N.; Karlsson, K; Alander, C.;
Oommen, O. P,; Varghese, O. P. Synthetic Design of Asymmetric
miRNA with an Engineered 3" Overhang to Improve Strand Selection.
Mol. Ther. Nucleic Acids 2019, 16, 597—604.

(22) Addepalli, H.; Meena; Peng, C. G.; Wang, G.; Fan, Y.; Charisse,
K,; Jayaprakash, K. N.; Rajeev, K. G.; Pandey, R. K; Lavine, G;
Zhang, L.; Jahn-Hofmann, K.,; Hadwiger, P.; Manoharan, M.; Maier,
M. A. Modulation of Thermal Stability Can Enhance the Potency of
siRNA. Nucleic Acids Res. 2010, 38 (20), 7320.

(23) Ui-Tei, K; Naito, Y.; Zenno, S.; Nishi, K; Yamato, K,;
Takahashi, F.; Juni, A,; Saigo, K. Functional Dissection of siRNA
Sequence by Systematic DNA Substitution: Modified siRNA with a
DNA Seed Arm Is a Powerful Tool for Mammalian Gene Silencing
with Significantly Reduced off-Target Effect. Nucleic Acids Res. 2008,
36 (7), 2136.

(24) Bramsen, J. B.; Pakula, M. M.; Hansen, T. B; Bus, C,;
Langkjer, N.; Odadzic, D.; Smicius, R.; Wengel, S. L.;
Chattopadhyaya, J.; Engels, J. W.; Herdewijn, P.; Wengel, J.; Kjems,
J. A Screen of Chemical Modifications Identifies Position-Specific
Modification by UNA to Most Potently Reduce siRNA off-Target
Effects. Nucleic Acids Res. 2010, 38 (17), 5761-5773.

(25) Egli, M.; Schlegel, M. K.,; Manoharan, M. Acyclic (S)-Glycol
Nucleic Acid (S-GNA) Modification of siRNAs Improves the Safety
of RNAi Therapeutics While Maintaining Potency. RNA 2023, 29
(4), 402.

(26) Lee, H. S.; Seok, H.; Lee, D. H.; Ham, J.; Lee, W.; Youm, E. M.;
Yoo, J. S; Lee, Y. S.; Jang, E. S.; Chi, S. W. Abasic Pivot Substitution
Harnesses Target Specificity of RNA Interference. Nat. Commun.
2015, 6, 10154.

(27) Nomura, K; An, S.; Kobayashi, Y.; Kondo, J.; Shi, T.; Murase,
H.; Nakamoto, K,; Kimura, Y.; Abe, N.; Ui-Tei, K.; Abe, H. Synthesis
of 2’-Formamidonucleoside Phosphoramidites for Suppressing the
Seed-Based off-Target Effects of siRNAs. Nucleic Acids Res. 2024, 52
(18), 10754—10774.

(28) Guenther, D. C; Mori, S.; Matsuda, S.; Gilbert, J. A,;
Willoughby, J. L. S,; Hyde, S.; Bisbe, A,; Jiang, Y.; Agarwal, S,;
Madaoui, M.; Janas, M. M.; Charisse, K,; Maier, M. A;; Egli, M,;
Manoharan, M. Role of a “Magic” Methyl: 2’-Deoxy-2'-a-F-2'-f- C-
Methyl Pyrimidine Nucleotides Modulate RNA Interference Activity
through Synergy with S’-Phosphate Mimics and Mitigation of Off-
Target Effects. . Am. Chem. Soc. 2022, 144 (32), 14517—14534.

(29) Nikan, M.; Li, Q.; Tanowitz, M.; Li, H.; Damle, S.; Annoual,
M,; Galindo-Murillo, R.; Low, A.; Klein, S.; Quirk, C.; Vasquez, G,;
Wan, W. B,; Watt, A. T.; Migawa, M. T.; Swayze, E. E.; Prakash, T. P.
Single Alkyl Phosphonate Modification of the siRNA Backbone in the
Seed Region Enhances Specificity and Therapeutic Profile. Nucleic
Acids Res. 2025, 53 (14), gkaf692.

(30) Pal, C; Richter, M,; Harasgama, J; Rozners, E. Amide
Internucleoside Linkages Suppress the MicroRNA-like Off-Target
Activity of Short Interfering RNA. ACS Chem. Biol. 2025, 20 (2),
522-528.

800

(31) Jackson, A. L.; Burchard, J.; Leake, D.; Reynolds, A.; Schelter,
J.; Guo, J.; Johnson, J. M,; Lim, L.; Karpilow, J.; Nichols, K.; Marshall,
W.; Khvorova, A.; Linsley, P. S. Position-Specific Chemical
Modification of siRNAs Reduces “off-Target” Transcript Silencing.
RNA 2006, 12 (7), 1197—1205.

(32) Iribe, H.; Miyamoto, K.; Takahashi, T.; Kobayashi, Y.; Leo, J.;
Aida, M.; Ui-Tei, K. Chemical Modification of the siRNA Seed
Region Suppresses Off-Target Effects by Steric Hindrance to Base-
Pairing with Targets. ACS Omega 2017, 2 (S), 2055—2064.

(33) Hu, Y; Dong, Z; Liu, K. Unraveling the Complexity of STAT3
in Cancer: Molecular Understanding and Drug Discovery. J. Exp. Clin.
Cancer Res. 2024, 43, 23.

(34) Varghese, O; Oommen, O. Improved Small Interfering
Ribonucleic Acid Molecules. US 20170137808 Al, 2017.

(35) Cheng, A.; Vlassov, A. V,; Magdaleno, S. Quantification of
siRNAs In Vitro and In Vivo. Methods in Mol. Bio. 2011, 764, 183—
197.

(36) Snead, N. M.; Escamilla-Powers, J. R.; Rossi, J. J.; McCaffrey, A.
P. Unlocked Nucleic Acid Modification Improves siRNA Targeting.
Mol. Ther. Nucleic Acids 2013, 2, No. e103.

https://doi.org/10.1021/jacsau.5c01765
JACS Au 2026, 6, 795—-800


https://doi.org/10.1038/nbt1051
https://doi.org/10.1038/nbt1051
https://doi.org/10.1261/rna.789808
https://doi.org/10.1261/rna.789808
https://doi.org/10.1016/S0014-5793(03)01492-3
https://doi.org/10.1016/S0014-5793(03)01492-3
https://doi.org/10.1039/C9CC04141A
https://doi.org/10.1039/C9CC04141A
https://doi.org/10.1039/C9CC04141A
https://doi.org/10.1016/j.cell.2012.08.014
https://doi.org/10.1016/j.cell.2012.08.014
https://doi.org/10.1016/j.omtn.2019.04.012
https://doi.org/10.1016/j.omtn.2019.04.012
https://doi.org/10.1093/nar/gkq568
https://doi.org/10.1093/nar/gkq568
https://doi.org/10.1093/nar/gkn042
https://doi.org/10.1093/nar/gkn042
https://doi.org/10.1093/nar/gkn042
https://doi.org/10.1093/nar/gkn042
https://doi.org/10.1093/nar/gkq341
https://doi.org/10.1093/nar/gkq341
https://doi.org/10.1093/nar/gkq341
https://doi.org/10.1261/rna.079526.122
https://doi.org/10.1261/rna.079526.122
https://doi.org/10.1261/rna.079526.122
https://doi.org/10.1038/ncomms10154
https://doi.org/10.1038/ncomms10154
https://doi.org/10.1093/nar/gkae741
https://doi.org/10.1093/nar/gkae741
https://doi.org/10.1093/nar/gkae741
https://doi.org/10.1021/jacs.2c01679?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.2c01679?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.2c01679?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.2c01679?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1093/nar/gkaf692
https://doi.org/10.1093/nar/gkaf692
https://doi.org/10.1021/acschembio.4c00824?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acschembio.4c00824?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acschembio.4c00824?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1261/rna.30706
https://doi.org/10.1261/rna.30706
https://doi.org/10.1021/acsomega.7b00291?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.7b00291?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.7b00291?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1186/s13046-024-02949-5
https://doi.org/10.1186/s13046-024-02949-5
https://doi.org/10.1007/978-1-61779-188-8_12
https://doi.org/10.1007/978-1-61779-188-8_12
https://doi.org/10.1038/mtna.2013.36
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.5c01765?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

