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The beauty of symmetry: siRNA phosphorodithioate
modifications reduce stereocomplexity,
ease analysis, and can improve in vivo potency
Sophie Schöllkopf,1,2 Stefan Rathjen,1,2 Micaela Graglia,1 Nina Was,1 Eliot Morrison,1 Adrien Weingärtner,1

Lucas Bethge,1 Judith Hauptmann,1 and Marie Wikström Lindholm1

1Silence Therapeutics GmbH, Robert-Rössle-Street 10, 13125 Berlin, Germany
Phosphorothioates (PSs) can be essential in stabilizing thera-
peutic oligonucleotides against enzymatic degradation. How-
ever, unless synthesis is performed with stereodefined amidites,
each PS introduces a chemically undefined stereocenter, result-
ing in 2n unique molecules in the final product and affecting
downstream analytics and purification. Replacing the second
non-bridging oxygen with sulfur results in phosphorodithioate
(PS2) linkages, thereby removing the stereocenter. We describe
synthesis and analytical data for N-acetylgalactosamine
(GalNAc)-conjugated small interfering RNAs (siRNAs) with
PS2 in the GalNAc cluster and at the siRNA termini. All siRNA
conjugates with PS2 internucleotide linkages were produced
with good yield and showed improved analytical properties.
PS2 in the GalNAc cluster had no, or only minor, effect on
in vitro and in vivo activity. Except for the 50-antisense position,
PS2 modifications were well tolerated at the siRNA termini,
and a single PS2 internucleotide linkage gave similar or
improved stabilization and in vitro activity as the two PSs typi-
cally used for end stabilization. Surprisingly, several of the PS2-
containing siRNA conjugates resulted in increased in vivo ac-
tivity and duration of action compared to the same siRNA
sequence stabilized with PS linkages, suggesting PS2 linkages
as interesting options for siRNA strand design with a reduced
number of undefined stereocenters.
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INTRODUCTION
Therapeutic small interfering RNAs (siRNAs) are frequently stabilized
against in vivo degradation to exert the intended effect. This is essential
for siRNA conjugation to, for instance, N-acetylgalactosamine
(GalNAc), which requires position-dependent siRNA strand stabiliza-
tion to resist nuclease-mediated degradation during delivery to its
cytosolic mRNA target site. siRNAs are frequently stabilized with
phosphorothioate (PS) internucleotide linkages. The exchange of
one non-bridging oxygen in the phosphodiester bond breaks the sym-
metry of the linkage between the nucleotides.1 Independent of the cho-
sen stabilization chemistry, an additional stereocenter is created. If the
absolute configuration of the P(III)-triester species during coupling is
not controlled before it is oxidized to the P(V)-triester, both isomers
with the resulting Sp and Rp configuration will be formed,2,3 resulting
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in a complex isomeric mixture of the oligonucleotide product. siRNAs
with stereodefined PSs can exhibit different levels of efficacy in vitro
and in vivo in a position-specific manner.2–4 For example, Rp isomers
aremore prone to enzymatic degradation than Sp isomers,5 and Rp iso-
mers at the 50-antisense termini are preferred for improved interac-
tions with Ago2.2–4 Such stereoisomer species also feature varied phys-
icochemical properties, resulting in complex and broadened
chromatographic peak structures that in turn can negatively impact
purification efficacy and downstream analysis of the product. If con-
trol methods to analyze the detailed diastereomer distribution are lack-
ing, it is possible that batch-to-batch variability in the content of
certain stereoisomer species in the oligonucleotide product could go
unnoticed.6 Although the use of PSs with uncontrolled stereochemis-
try for PS linkages has already led to the development of safe and effec-
tive medicines approved for indications with prior unmet medical
need,7 individual siRNA strands could further benefit from optimized
oligonucleotide synthesis with a controlled absolute configuration for
the reasons outlined above. Using chiral amidites, it is possible to syn-
thesize each PS internucleotide linkage in an RP or SP configuration,
and several approaches to this end have been published recently.8–10

However, this may require a large set of compounds to be synthesized
and screened to establish optimal conformation for each sequence. An
alternative approach to introduction of stereodefined PS internucleo-
tide couplings is to replace the second non-bridging oxygen with a sul-
fur, which results in a phosphorodithioate (PS2) internucleotide link-
age. This approach, in part with the rationale of removing undefined
stereocenters, was already described in 1989 by Caruthers et al.,11 sug-
gesting that PS2 can be an attractive analog to phosphodiester. PS2 has
since been reported to provide strong metabolic stability and func-
tional tolerance in siRNAs, although mainly in the context of unmod-
ified siRNAs and with no clear positional dependence.12–15 Addition-
ally, only relatively small, low-complexity screens are required to
explore the full property space. We sought to explore the use of PS2
py: Nucleic Acids Vol. 35 December 2024 ª 2024 The Author(s).
r Inc. on behalf of The American Society of Gene and Cell Therapy.

1

-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

https://doi.org/10.1016/j.omtn.2024.102336
mailto:m.lindholm@silence-therapeutics.com
http://crossmark.crossref.org/dialog/?doi=10.1016/j.omtn.2024.102336&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


A B

C

GalNAc cluster

2'-F

PS2
PS (all Rp/Sp mix)/

antisense

sense

5'

3'

2'-OMe/2'-F
2'-OMe
5'-VP-2'-OMe-U

1

2

3

4

5

6

siRNA-1
(Baseline design)

siRNA-2
(PS2 at siRNA strand termini)

siRNA-6
(PS2 in GalNAc cluster)

3'

5'

PS at the 5'-exit

Figure 1. Baseline design, end-stabilization pattern, and building-block synthesis

(A) Baseline design of a GalNAc-conjugated siRNA and chemical structure of the GalNAc cluster that have been used to introduce phosphorodithioate modifications. (B)

Examples of condensed cartoons representing siRNA conjugate design with PS and PS2 linkages for end stabilization (siRNA-2) and GalNAc-cluster modification (siRNA-6).

All condensed cartoons specify where the siRNAs differ from the baseline design. (C) Reaction schemes for building blocks for the GalNAc clusters modified with phos-

phorodithioate.
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internucleotide linkages to reduce the number of stereoisomer species
in the final oligonucleotide product. Here, we give examples of synthe-
sis, analytics, stability, and pharmacokinetic-pharmacodynamic (PK-
PD) properties for variants of a GalNAc-siRNA targeting anti-
thrombin III (AT3)16 replacing PS with PS2 at different terminal
positions of the siRNA strands, and in some cases also replacing PS
by phosphodiester (PO). In contrast to others,17 we are using a
solid-phase phosphoramidite synthesis approach to build the trianten-
nary GalNAc cluster, which leads to the opportunity to use PS linkages
for further stabilization. Due to the branching nature of the GalNAc
cluster, up to four thiolations can be introduced in the cluster alone;
to explore the effect of reducing and/or replacing PS linkages in the
cluster, several dithiolated cluster candidates were synthesized. The
properties of these molecules, including siRNA analytics, siRNA sta-
bility, in vitro activity, and in vivo performance, were assessed and
2 Molecular Therapy: Nucleic Acids Vol. 35 December 2024
compared to a baseline design featuring a total of ten undefined PS
stereocenters (Figures 1A and 1B). Overall, introducing PS2 to reduce
the number of undefined stereocenters in either the sequence termini
or the GalNAc cluster had a position-dependent effect on synthesis,
analytics, metabolic stability, and in vitro as well as in vivo activity.
The effect was most pronounced when PS2 was introduced at the
siRNA strand termini, with only minor effects in the GalNAc cluster.
Notably, the new designs include examples wherein siRNA end stabi-
lization by two PS internucleotide linkages can be replaced by one sin-
gle PS2 with retained or improved molecular properties. These results
indicate that the introduction of PS2 in selected positions of GalNAc-
conjugated siRNAs provides a viable option to minimize undefined
stereocenters and simplify the stereoisomer mixture of the oligonucle-
otide product while maintaining, or even enhancing, functional prop-
erties of the molecule.
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Figure 2. PS2 modifications reduce stereocomplexity and simplify analysis

of GalNAc-siRNA conjugates

Chromatograms obtained by AEX analytical method e (Table S1) showing the

different peak shapes of PS-modified (stereomixed) and PS2-modified (stereopure)

antisense (A1, A2) and GalNAc-conjugated sense (B9, B11) strands.
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RESULTS
Synthesis of PS2-modified GalNAc clusters and

oligonucleotides

The synthesis of PS2-modified oligonucleotides was achieved using
thiophosphoramidites with a standard phosphoramidite-based oligo-
nucleotide solid-phase synthesis cycle with slight alterations. While
20-OMe- and 20-F-modified RNA-phosphoramidites and thiophos-
phoramidites are commercially available, additional synthesis of the
branching and GalNAc building blocks was required. Synthesis of
the trebler-phosphoramidite (2, Figure 1C) and GalNAc-phosphora-
midite (5, Figure 1C) was achieved in good yield and purity as
described elsewhere.18 Literature-reported synthesis routes for nucle-
oside thiophosphoramidites19 could be adopted for the generation of
the trebler-phosphoramidite (3, Figure 1C) and GalNAc thiophos-
phoramidite (6, Figure 1C). Both thiophosphoramidites 3 and 6
showed relatively poor chemical stability at ambient conditions.
Therefore, during oligonucleotide synthesis, both amidite solutions
were freshly prepared prior to their use in the coupling step. Using
the aforementioned protocol, synthesis of PS2-containing GalNAc
clusters was executed successfully, albeit with reduced coupling effi-
ciency and crude yield.

The reported lower coupling efficacy of thiophosphoramidites
made it necessary to optimize the coupling cycle for their addition.
In contrast to literature reports,20 we found 0.3 M
5-benzylthiotetratzole (BTT) to be the most effective activator in
the coupling of thiophosphoramidites. Coupling efficacy was addi-
tionally improved when a double equivalent supply over standard
nucleoside phosphoramidites split in a triple couple-wash cycle of
3 � 20 min was used. The coupling of 20-OMe-rG(ibu) remained
poor even under these conditions.

PS2 linkages improved peak shapes in oligonucleotide analytics

The distribution of different isomers in an oligonucleotide with PS
linkages can be revealed by chromatographic anion exchange chroma-
tography (AEX) methods. Here, a DNA Pac PA200RS column was
used, as it can separate and distinguish oligonucleotide diastereomers
(method e, Table S1).21 The antisense strand of our baseline design
with two PS in each terminus and, hence, 24 isomers, was compared
to an antisense strand with a single PS2 at each terminus (Figure 2,
strands A1 and A2). The baseline design resulted in a broad (over
1 min) and complex peak shape. Replacing PS with PS2 and PO results
in a narrow and sharp peak shape. The same result can be achieved
with the sense strand. Here, in the sense strand B9 PS modifications
are placed on the 30 end in the strand (2� PS) as well as in the
GalNAc cluster (4� PS). This way, the peak shape is heavily broadened
and shows a quaternary peak (Figure 2, strand B9). Once all undefined
stereocenters are replaced by either PO or PS2 linkages, the peak shape
is improved to a single peak (Figure 2, strand B11). As both PS and PS2
modifications have been described to affect thermal properties of
siRNAs,22,23 the PS2-modified siRNA conjugates were subjected to
thermal stability measurements (Figure S1). All duplexes showed a
sigmoidal curve when absorption wasmeasured at 260 nmwith a tem-
perature ramp (Figure S1). Interestingly, measured and calculated Tm
values differ around±1 K per siRNA. In general, it could be shown that
replacing two PSs by one PS2 at the strand termini barely affected ther-
mal stability of the duplex.

PS2 modification of the GalNAc cluster affects conjugate

stability in a position-dependent manner

The “baseline design” introduced here is a blunt-ended 19-mer
siRNA with all riboses modified with 20-OMe or 20-F, with two PS
internucleotide linkages stabilizing the 50 antisense, 30 antisense,
and 30 sense strands, respectively, and with four PS linkages in the
GalNAc cluster (siRNA-1, Figures 1A and 1B). All investigated vari-
ations of the baseline design were blunt-ended 19-mers with the same
ribose-modification pattern, i.e., based on siRNA-1. To investigate the
impact of PS2 in the GalNAc cluster, PSs were replaced by PO, after
which PS2 modifications were introduced to the GalNAc cluster in a
stepwise manner. To eliminate the impact of PS groups in sense and
antisense strands, we designed a set of molecules that had no unde-
fined stereogenic centers in the siRNA strands (siRNA-2 to
siRNA-8, Figure 3A), allowing for us to test whether PS2 is tolerated
Molecular Therapy: Nucleic Acids Vol. 35 December 2024 3
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Figure 3. In vitro serum and tritosome stability and in vitro efficacy of PS2 GalNAc-cluster variants

(A) Cartoon representations of GalNAc-cluster variants. Half circles depict PS and full circles PS2. PAGE analysis after (B) serum and (C) tritosome stability assays run for 0,

24, and 96 h. (D) Knockdown efficacy in mouse primary hepatocytes after 24 h. AT3 expression was normalized to ApoB and actin. Data represent the geometric mean (SD)

of three technical replicates. UT, untreated sample; NTC, non-targeting control.
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or possibly beneficial in an internucleotide position at the 50 end of the
passenger strand, or between the final 50 passenger strand ribose po-
sition and the GalNAc cluster, or within the GalNAc cluster.

To predict the stability in circulation, GalNAc-siRNA conjugates
were incubated for 0 or 24 h in fetal bovine serum (FBS) at 37�C. Sub-
sequently, electromobility was compared in PAGE analysis. For all
tested conjugates, band intensities between the 0- and 24-h time
points did not change substantially, suggesting that the conjugates
are stable in serum for the time frame relevant for circulation and up-
take (Figure 3B).24

After endocytosis, GalNAc-siRNA conjugates are assumed to disso-
ciate from the receptor and are intracellularly processed for degrada-
tion via the endolysosomal pathway.25,26 To mimic the endo-lyso-
somal milieu, we challenged the stability of siRNA conjugates by
incubation in acidified rat liver tritosome lysates for up to 4 days at
37�C with subsequent PAGE analysis (Figure 3C). In contrast to
serum, all tested conjugates showed a characteristic band shift
when incubated in rat liver tritosomes comparing 0 and 24 h time
points. As reported earlier, this can be explained by glycosidic bond
cleavage of GalNAc sugars from the linker (Figure S2).26,27 After
96 h in rat liver tritosomes, most siRNA conjugates did not show
further band shifts, suggesting longer-term stability of the siRNA
duplex in the endolysosomal pathway (Figure 3C). Baseline design
siRNA-1 revealed a decreased band intensity after 96 h, and
4 Molecular Therapy: Nucleic Acids Vol. 35 December 2024
siRNA-6 showed a quicker decay already starting after 24 h. Among
the tested conjugates, siRNA-4 was the only conjugate with a different
band shift, suggesting a different stable metabolite. In high-perfor-
mance liquid chromatography (HPLC) coupled with mass spectrom-
etry (MS), we were able to identify masses that correlate with the loss
of the GalNAc cluster and up to two nucleotides at the 50 end of the
sense strand (Figure S2A). siRNA-4 is strongly degraded after 96 h of
tritosome incubation, suggesting that either the 50 end or the 50 exit of
the sense strand require stabilization by PS2.

To analyze the impact of PS2-containing GalNAc variants on activity
of GalNAc-conjugated siRNA, we addressed knockdown efficacy in
primary hepatocytes via receptor-mediated uptake. After 24 h of in-
cubation with the indicated siRNA conjugates at concentrations
ranging from 0.03 to 100 nM, mRNA levels of AT3 were measured
by qPCR. Overall, all conjugates showed a concentration-dependent
knockdown of AT3, decreasing the target mRNA level by about
50% at 4 nM siRNA concentration. All PS2-containing GalNAc-clus-
ter variants were well tolerated, with no effect on the in vitro knock-
down efficacy (Figure 3D).

50-Sense strand stabilization is required for in vivo activity for

PS2 in GalNAc cluster

With all GalNAc-cluster variants showing similar in vitro efficacy,
in vivo activity for the different variants was tested in wild-type
mice. C57BL/6 male mice were administered subcutaneously
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Figure 4. In vivo siRNA efficacy in liver and siRNA content analysis in liver and kidney

(A) In vivo study design. Male C57BL/6 mice (n = 4/group) were injected subcutaneously with 0.3 mg/kg GalNAc-siRNA conjugates. Plasma AT3 and liver and kidney siRNA

levels were analyzed as indicated. (B) Plasma AT3 levels were normalized to individual pre-dose as well as to the mean of PBS-treated animals at the respective time point.

Data represent the mean (SD). One-way ANOVA statistical analysis was performed comparing the mean rank of siRNA-2 against PBS by Kruskal-Wallis test with Dunn’s

multiple comparison at respective time points. Asterisks indicate number of digits after the decimals for p values. The levels of the siRNA antisense strand in (C) liver and

(D) kidney lysates were determined by stem-loop RT-qPCR 6 weeks after treatment. Shown are medians in box and whiskers. One-way ANOVA statistical analysis was

performed by comparing the mean rank of each treatment cohort against every other by Kruskal-Wallis test with Dunn’s multiple comparison at respective time points.

Asterisks indicate digits after the decimals for p values.
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0.3 mg/kg GalNAc-siRNAs targeting AT3 (Figure 4A). EDTA-plasma
levels of AT3 were measured over the time course of 6 weeks (Fig-
ure 4B). AT3 plasma levels correlate well with AT3 mRNA levels in
liver, thus providing a biomarker of effect.16 The PBS group and
plasma samples from 7 days before injection were used for normali-
zation. Overall, the nadir of AT3 plasma protein level was reached
Molecular Therapy: Nucleic Acids Vol. 35 December 2024 5
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1 week after injection. Two to four weeks after treatment, only
siRNA-2 and siRNA-3 demonstrated significant downregulation of
AT3 plasma levels when normalized to respective pre-dose level
and to PBS control levels at each time point (Figure 4B). Following
week 1, AT3 plasma levels started to return to baseline. This finding
confirms the importance of 50-strand end or 50-exit stabilization, as
indicated by the tritosome stability analysis (Figure 3C). At the final
time point, only siRNA-2 demonstrated significant knockdown,
ending the study at 74% ± 10.3%AT3 levels, suggesting a longer dura-
tion of action (Figure 4B). We next asked whether siRNA activity
correlated with the amount of siRNA present in tissue. For this, the
level of siRNA antisense strand in liver lysates was quantified in tissue
samples from day 43 by stem-loop RT-qPCR (Figures 4C and 4D). At
this time point only cohorts treated with siRNA-2 (105.7 ± 50.1 ng
siRNA/g liver), siRNA-3 (82.3 ± 36.8 ng siRNA/g liver), and
siRNA-7 (73.7 ± 19.5 ng siRNA/g liver) were significantly different
from the PBS group (Figure 4C). Although plasma AT3 protein
reduction correlated well for siRNA-2 with remaining siRNA in total
liver lysate, this was not the case for siRNA-3 and siRNA-7.

The amount of siRNA in the kidney 6 weeks after injection was also
quantified (Figure 4D). Overall, the siRNA content was two to three
times higher in kidney than in liver. As the target gene, AT3, is not
expressed in kidney, functional knockdown could not be assessed
in this tissue. However, previous studies with a ubiquitously expressed
target did not show functional knockdown in kidney (data not
shown). siRNA-7 with a PS-stabilized GalNAc cluster and siRNA-2,
the highly potent, stereopure conjugate featuring a PO cluster,
showed the highest levels of kidney accumulation at 350.9 ±

113.7 ng siRNA/g and 340.0 ± 46.6 ng siRNA/g kidney, respectively.
Overall, kidney accumulation does not seem to be determined by the
GalNAc-cluster thiolation or the lack thereof.

Taking everything together, GalNAc clusters where GalNAc building
blocks were linked by non-stereogenic POs and PS2 modification
were placed at the 50-sense strand end or the 50-sense strand exit
that links to the trebler (siRNA-2 and siRNA-3) performed best
compared to PS-linked stereomixed GalNAc clusters (siRNA-7 and
siRNA-8) or PS2-modified GalNAc clusters (siRNA-4, siRNA-5,
and siRNA-6). However, it must be stated that PS2 modifications
are as well tolerated as PS modifications in the GalNAc cluster as
long as sufficient overall metabolic stability of the conjugate is
achieved. The non-thiolated cluster with 50-sense strand end stabili-
zation (siRNA-2) outperformed the thiolated clusters in initial knock-
down efficacy, duration of action, and enhanced liver accumulation.

In vitro analysis of GalNAc-siRNA conjugates with siRNA strand

PS2 modifications

Next, it was explored whether PS2 linkages could functionally substi-
tute for PS linkages used for stabilization of the siRNA termini,
thereby possibly improving stability and/or activity due to reduced
stereoisomeric complexity. All investigated variations of the baseline
design (Figure 1A) were blunt-ended 19-mers with the same ribose-
modification pattern, i.e., based on siRNA-1. GalNAc-siRNA conju-
6 Molecular Therapy: Nucleic Acids Vol. 35 December 2024
gates with 2� PS, 1� PS, and 1� PS2 at each of the non-conjugated
ends were tested in stability assays with rat liver tritosomes (Fig-
ure 5A). Interestingly, tritosome stability of siRNA conjugates with
single terminal PS2 linkages was comparable to that of conjugates
with two terminal PS linkages (siRNA-1 and siRNA-9), whereas an
siRNA conjugate with one terminal, PS showed reduced stability
(siRNA-10). Stability of the siRNA conjugate was additionally
improved when an additional PS2 was used at the linker-conjugated
terminus (siRNA-11). The GalNAc cluster of this conjugate did not
contain any PS stabilizations (siRNA-2, Figure 3A). Next, the
compatibility of PS2 modifications at the individual siRNA termini
with RNAi function was investigated. To this end, GalNAc-siRNA
conjugates with 2� PS at the individual termini were tested while
all other termini were modified with 1� PS2 (Figure 5B). Knockdown
activity of these siRNA conjugates was tested in mouse primary hepa-
tocytes by receptor-mediated uptake, and target mRNA reduction
was strongest when there was no PS2 at the 50 antisense (siRNA-
12). All other variants had comparable activity (Figure 5B). Taken
together, these experiments suggest that 1� PS2 can substitute for
2� PS at the siRNA termini, and that PS2 is not well tolerated at
the 50 end of the antisense strand.

As the stereopure PS2 end stabilization was well tolerated at all siRNA
termini but that of the 50-antisense strand, an alternative way to re-
move the remaining stereogenic center at the 50 end of the antisense
strand was considered. One preferred modification at this site is 50-E-
vinylphosphonate (VP), which has been reported to confer both sta-
bility and, as a stable mimic of 50-antisense phosphorylation,
increased binding affinity to the MID domain of Ago2.28–30 We
have previously observed that with our baseline modification patterns
the greatest improvement, when including VP in the 50 antisense po-
sition, to on-target activity was achieved when PS internucleotide
linkages at the neighboring nucleotides were replaced with PO link-
ages.31 Tritosome stability of the siRNA duplex was enhanced when
PS2 and VP were combined, with no PS or PS2 needed for additional
stabilization of the 50 antisense (Figure 5C). The stability of siRNA-1
was used as a baseline for all comparisons. Modification with VP at
the 50 antisense increased tritosome stability (siRNA-16, Figure 5C).
Likewise, tritosome stability of the siRNA conjugate with PS2 modi-
fications at all tolerated ends was further increased when combined
with VP at the 50 antisense (compare siRNA-17 to siRNA-12, Fig-
ure 5C). We tested RNAi activity of these conjugates after receptor-
mediated uptake in mouse primary hepatocytes (Figure 5D). The
50-VP modification improved knockdown activity of both the PS-
modified and the PS2-modified conjugates (Figure 5D). Importantly,
siRNA-17 reduced target gene levels at least as much as siRNA-16
(Figure 5D). Taken together, a GalNAc-siRNA conjugate without un-
defined stereogenic centers and with enhanced stability and improved
on-target activity in vitro was identified.

In vivo analysis of GalNAc-siRNA conjugates with siRNA strand

PS2 modifications

To test whether the enhanced stability and knockdown activity for
PS2- and VP-modified siRNA conjugates observed in vitro
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Figure 5. Single PS2 internucleotide linkages

stabilize siRNA conjugates at their termini and

increase activity in vitro

(A) Tritosome stability of siRNA conjugates with 2 PS, 1

PS, or 1 PS2 at the indicated siRNA termini. PS2-stabi-

lized siRNA conjugates were tested with a PS-containing

GalNAc cluster and with a PO-containing GalNAc cluster.

Data for siRNA-1 are identical in (A), (C), and Figure 3C; all

tritosome stability analyses used for these figures were

run in the same experiment with the same siRNA-1 data

as baseline control. (B) Functional tolerance for PS2 at

the individual termini was analyzed by receptor-

mediated uptake of the siRNA conjugates in mouse

primary hepatocytes and analysis of target gene

repression. AT3 expression was normalized to ApoB

and actin. Data represent the geometric mean (SD) of

three technical replicates. (C) Tritosome stability of

siRNA conjugates with combinations of VP, PS2, and

PO-containing GalNAc moiety as indicated. (D) The

in vitro activity of siRNA conjugates with the indicated

combinations of VP, PS2, and PO-containing GalNAc

moiety was analyzed by receptor-mediated uptake in

mouse primary hepatocytes. AT3 expression was

normalized to ApoB and actin. Data represent the

geometric mean (SD) of three technical replicates. UT,

untreated sample; NTC, non-targeting control.
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translates to an in vivo context, c57BL/6 mice were treated subcuta-
neously with 1 mg/kg of the previously described GalNAc-siRNA
conjugates (Figure 6A). Target knockdown was followed by quanti-
fication of AT3 protein in EDTA-plasma over 49 days (Figure 6B).
The PS-stabilized siRNA conjugate (siRNA-1) showed the least
knockdown activity. Substitution of 50-antisense PS by VP
(siRNA-16) or replacing all 30-PSs and the 50-sense PS by single
PS2 linkages, and replacing PS in the GalNAc-linker by PO
(siRNA-12), resulted in approximately the same improvement in
knockdown. AT3 knockdown was most pronounced for the combi-
nation of VP at the 50 end of the antisense with PS2 at all other
termini and the PO GalNAc-cluster (siRNA-17), possibly due to
an additive improvement by combining VP and PS2. For this dose
Molecular The
the maximum detected knockdown was
reached 7 days after treatment. Overall, PS2-
stabilized siRNA conjugates showed a stronger
initial knockdown and a longer duration of ac-
tion compared to PS-stabilized siRNA conju-
gates (Figure 6B).

To investigate this further, we quantified anti-
sense strands in plasma, liver, and kidney by
size-coded ligation-mediated PCR in tissue
lysates at various time points following sub-
cutaneous administration. Exploratory
plasma sampling at 30 min to 4 h (n = 2) after
injection suggested a similar clearance rate for
all tested compounds, with a maximal plasma
concentration at the earliest tested time point
(data not shown). Although siRNA was detectable in plasma up to
day 21 post treatment, the concentration at 4 h after treatment was
almost 100-fold lower than at cmax (data not shown). In liver and
kidney, initial levels of 4–10 mg siRNA/g tissue were reached after
24 h (Figures 6C and 6D). At later time points, PS2-stabilized
siRNA-12 and siRNA-17 remained at higher concentrations in
liver and kidney than PS-stabilized siRNA-1 and siRNA-16
(Figures 6C and 6D). The effect was even more pronounced in kid-
ney, where 6 weeks after administration about 5 mg of siRNA/g
kidney was still detectable. Following day 7, elevated siRNA levels
of VP- and PS2-modified siRNA-17 in liver correlated well with
improved reduction in circulating AT3 protein (Figures 6B
and 6C).
rapy: Nucleic Acids Vol. 35 December 2024 7
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levels were normalized to individual pre-dose level as

well as to the mean of PBS-treated animals at the

respective time points. Data represent the mean (SD).

One-way ANOVA was performed by comparing the

mean rank of each treatment cohort against that of

siRNA-1 by Kruskal-Wallis test with Dunn’s multiple

comparison at respective time points. Asterisks indicate

the number of digits after the decimals for p values. AT3

antisense strands were quantified in liver (C) and kidney

(D). Data represent the mean (SD). One-way ANOVA

was performed comparing the mean values of each

treatment group with the mean of siRNA-1 cohort at the

respective time point by Brown-Forsythe ANOVA test

and Welch’s ANOVA test with Dunnett’s T3 multiple

comparisons test. Asterisks indicate the number of

digits after the decimals for p values.
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DISCUSSION
Here, we aimed to reduce the number of undefined stereocenters in a
GalNAc-conjugated siRNA (Figure 1A) by substituting stereochemi-
cally undefined PS linkages for symmetric non-stereogenic PS2 or
PO linkages. Synthesis of such PS2-modified oligonucleotides was pre-
viously reported only at very small scales (0.2–1.3 mmol) and required
the use of a high excess of respective building blocks (40�) to yield reli-
able results.20 In this work, we demonstrate a way to improve the intro-
duction of PS2 in the siRNA strands and the GalNAc cluster during
solid-phase synthesis. We synthesized and tested GalNAc-siRNA con-
jugates with PS2 at different positions of the GalNAc cluster. In vitro
activity of these conjugates was comparable to that of molecules with
PO or PS linkages (Figure 3). In addition, we tested the stability of
GalNAc cluster variants in serum and rat liver tritosomes to simulate
their behavior in blood and the endolysosomal pathway, respectively.
While all tested compounds were stable in serum, the rapid loss of
GalNAc sugars in tritosome extracts was not prevented by the intro-
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duction of PS2 at any site. In the tested siRNA
conjugate lacking PS or PS2 stabilization at either
the 50 end or 50 exit, the whole GalNAc cluster
and parts of the sense strand were lost
(siRNA-4 in Figures 3 and S2A), almost
completely disabling in vivo activity of this mole-
cule and highlighting the necessity for stabiliza-
tion in these positions (Figure 4). Furthermore,
unexpected degradation was observed when
PS2 was placed at the 50 exit together with PS2
in the GalNAc branches (siRNA-6 in Figure 3C).
This could be due to PS2 distance effects, poten-
tially in combination with increased hydropho-
bicity and altered protein-binding properties.
Further investigation is needed to explain this observation, especially
in light of the observed in vivo activity of this molecule (Figure 4B).

Surprisingly, a single PS2 at the 50 end of the sense strand provided
long-term stability and good performance in vivo (Figures 3 and 4).
Notably, the four remaining POs in the GalNAc cluster did not
require additional stabilization. Similarly, an additional PS2 at the
50 end combined with a PS cluster did not further improve stability
or activity of the siRNA conjugate. From a synthesis point of view,
the PO cluster variant with PS2 at the 50 end of the sense strand is ad-
vantageous, as it avoids the difficult synthesis of PS2-linked trebler
and GalNAc and the use of materials with short shelf lives.

Terminal PS2 modifications can stabilize siRNA conjugates and

increase RNAi activity

In our approach to specifically substitute stereochemically unde-
fined PS linkages by defined PS2 or PO linkages, we identified



www.moleculartherapy.org
two novel molecular designs with increased RNAi activity: siRNA-
12, with PS2 at all tolerated termini and 2 PS at the 50-antisense ter-
minus, and siRNA-17, which is VP modified at the 50-antisense ter-
minus and does not contain any undefined PS linkages. Notably,
both end stabilization with PS2 and modification with VP indepen-
dently increase RNAi activity, and an siRNA conjugate with com-
bined PS2 and VP showed an additional increase in performance
(Figure 5B). This may be due to a combination of improved stability
by PS2 and VP, increased binding affinity to Ago2 by VP, and
improved interactions of the siRNA termini with the MID and
PAZ domains of Ago2.

PS2 modifications have previously been shown to be well tolerated at
specific positions in both strands of an siRNA.13,14 In addition,
siRNAs containing combined PS2 and 20-OMe modifications have
been shown to be more active and associate stronger with Ago2
than unmodified siRNAs, likely due to hydrophobic interactions
with the PAZ domain of Ago2.12,32 While PS orientation in the sense
strand does not seem to significantly impact functional properties of
the molecule,3,4 it has been demonstrated that the Rp isomer is
preferred at the 50 end and the Sp isomer is preferred at the 30 end
of the antisense strand.2–4 Molecular models suggest that this could
be driven by differential hydrogen bonding of the Rp- and Sp-config-
ured oxygens with neighboring amino acid side chains in the MID
and PAZ domains and by weaker hydrogen bonding of the sulfur
in the respective positions.4 As hydrogen bonds are present for
both Rp and Sp isomers at the 50-antisense terminus, this is in line
with the observation that PS2 is less tolerated at this end. It may be
that neither the Rp nor Sp diastereomer of the PS linkage is optimally
tolerated here and that a PO linkage could be the structurally favored
arrangement. In addition to improved binding of VP to the MID
domain,28–30 our molecular design without PS linkages at the VP-
modified 50-antisense terminus is likely to support hydrophilic inter-
actions here. In addition, it has been suggested previously that the
preference of Rp isomers at the 50-antisense terminus may be a conse-
quence of retained 50-antisense phosphorylation.2 However, Yang
et al. demonstrated that neither PS nor PS2 modification affects
50-antisense phosphorylation in vitro.13

For binding of the antisense 30 end to the PAZ domain, both hydro-
philic and hydrophobic models have been proposed.3,4,32 It may be
that hydrophobic interactions of PS2 at the 30 antisense contribute
to increased activity in vivo. More likely, PS2 at this position confers
increased stability. As Rp isomers are more prone to enzymatic degra-
dation than Sp isomers,5 it has also been suggested that the preference
of Sp at the 30 antisense is governed by its higher nuclease stability.2

This raises the question of how the stabilities of PS2, PS Rp isomers,
and PS Sp isomers relate to each other. It may be that PS2 confers
the greatest nuclease stability, followed by the Sp isomer, and finally
the Rp isomer. It should be noted that this study was conducted
with antisense strands 19 nt in length and that the exact position of
PS2 toward the PAZ domain may vary with siRNA length. Hence,
siRNA length may be an additional feature defining the influence of
favorable PAZ-domain interactions and siRNA conjugate stability.
Here, we have used PS or VP to stabilize the 50 end of the antisense
strand where PS2 is not tolerated. Likewise, additional ribose modifi-
cations beyond 20-OMe and 20-F may also result in sufficient meta-
bolic stability to allow for removal of PSs in certain positions. For
example, 50-ribose vinylphosphonate modification28 or bridged nu-
cleic acids such as locked nucleic acid have been reported to increase
the metabolic stability of oligonucleotides,33,34 although such im-
provements need to be tested in the context of the siRNA sequence
and design. The resulting complexity of this approach is largely deter-
mined by the availability of modified building blocks for oligonucle-
otide synthesis.

PS2-containing siRNA conjugates show high liver and kidney

accumulation

We observed slower clearance of PS2-modified siRNA conjugates and
thus higher levels in liver and kidney relative to PS-modified mole-
cules 1–6 weeks following administration (Figure 6). Tissue accumu-
lation does not clearly correlate with RNAi activity and is therefore
likely not governed by increased binding to Ago2, although previous
work indicates improved Ago2 association by PS2.12,32 Beyond
siRNAs, PS2 modifications have also been applied to antisense oligo-
nucleotides (ASOs), short single-stranded oligonucleotides relying on
RNA cleavage by RNase H.35,36 PS2-modified ASOs, specifically
ASOs comprising four PS2 linkages, have been reported to show
higher levels of liver and kidney accumulation than the respective ol-
igonucleotides with PS,35 and introducing one, two, and four PS2
modifications into ASOs correlated with increased liver content.36

In the present work, PS2 modifications did not enhance liver uptake
but led to increased siRNA stability in vitro and in vivo. It remains to
be elucidated in future work whether this enhanced siRNA stability
contributes to a longer half-life of siRNA in an intracellular depot
before entering RNA-induced silencing complex (RISC) or addition-
ally extends the half-life of the formed RISC. The fact that PS2-modi-
fied siRNA conjugates showed increased accumulation in kidney and
drastically slower clearance rate in this compartment may point to-
ward a different mechanism in the two organs.

While the in vitro assays performed in this study to compare knock-
down efficacy in primary hepatocytes did not correlate well with the
in vivo effect of PS2 modifications, they were predictive for the in vivo
effect of VP. This discrepancy of assessing PS2 effects in vitro and
in vivo has been reported previously, when similar in vitro potencies
of 30-antisense Rp and Sp isomers differed significantly in vivo.2 This
may suggest that PS2 affects delivery and/or duration of action, neither
of which can be assessed in the in vitro assays used due to the simplified
milieu of 2D cell culture and the necessity for relatively short time se-
ries. However, the improvements in tritosome stability comparing PS-
and PS2-modified siRNA correlated well with in vivo stability as well as
with duration of action of in vivo knockdown of target transcript.2

PS2-modified siRNA conjugates as an option to reduce

undefined stereocenters

In this approach, we did not define PS linkages but substituted them
by the symmetric linkages PO and PS2 to achieve fully stereodefined
Molecular Therapy: Nucleic Acids Vol. 35 December 2024 9
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compounds. From a synthesis point of view, PS2 modifications can be
easily applied to the internucleotide positions at the siRNA termini.
Position-dependent characterization of the stabilization requirements
of the GalNAc cluster showed that the cluster does not require addi-
tional stabilization when PS2 is present at the 50 end of the sense
strand (Figure 3). Beyond that, we showed that one PS2 can substitute
for two PSs at the siRNA termini. In this regard, we reduced the num-
ber of PS modifications from ten in the reference design to two in
siRNA-12 and none in siRNA-17 (Figures 1A and 5) while intro-
ducing three PS2 modifications in both designs. Here, we show that
terminal PS2 modifications can positively affect stability and in vivo
activity of siRNA conjugates, which agrees with previously reported
Ago2 molecular modeling, compound stability, and tissue-exposure
studies.

Here, we report evidence supporting the use of PS2 internucleotide
linkages as a viable alternative to stereodefined amidites for mini-
mizing or eliminating undefined stereocenters, without the need for
large-scale synthesis and screening processes. Molecules incorpo-
rating PS2 linkages confer the synthetic and analytic advantages of
reduced undefined stereocenters while maintaining or, in several
cases, enhancing the molecule’s stability and in vivo activity in a po-
sition-dependent manner.

MATERIALS AND METHODS
Building-block synthesis

Syntheses of X4 trebler amidite (2) and GalNAc amidite (5) were con-
ducted according to earlier published procedures.18,27 The synthesis
routes described for nucleoside thiophosphoramidites11,12,19,37 are
adoptable for the purpose of making thiophosphoramidites of the
used trebler and GalNAc. Therefore, the previously described amidite
precursors18 1 and 4 were successively reacted with first tri(pyrroli-
din-1-yl)phosphane in presence of tetrazole and second with
N-TMS-imidazole and S-(2-mercaptoethyl)benzothioate in a two-
step single-pot reaction to form the desired thiophosphoramidites 3
and 6. Both thiophosphoramidites did not show great chemical stabil-
ity at ambient conditions. While the trebler thiophosphoramidite (3)
could be purified by column chromatography with some effort, the
GalNAc thiophosphoramidite (6) could only be obtained relatively
pure by precipitation from heptane (for a detailed description, see
supplemental information). Bis-pivaloyloxymethyl (POM)-protected
50-(E)-VP-20OMe-uridine phosphoramidite was prepared according
to earlier published procedures.38

Synthesis of GalNAc-conjugated siRNA

All oligonucleotides were synthesized on an ÄKTAOligopilot 10 syn-
thesizer using standard phosphoramidite chemistry. Commercially
available solid supports and 20-OMe nucleotide phosphoramidites,
20-F nucleotide phosphoramidites (all standard protection,
ChemGenes, LinkTech), were used according to the manufacturers’
recommended procedures. Ancillary reagents were purchased from
EMP Biotech and Biosolve. All other reagents and solvents were
commercially available and used in standard reagent quality. DMT
cleavage was achieved by treatment with 3% dichloroacetic acid in
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toluene. Coupling was performed using a 0.1 M solution of the phos-
phoramidite in dry acetonitrile, and BTT was used as activator (0.3 M
in acetonitrile). Coupling time was 10 min. Commercially available
nucleoside thiophosphoramidites (AM Biotechnologies), trebler thio-
phosphoramidite (3) and GalNAc thiophosphoramidite (6), were
coupled using a triple couple/wash cycle over a combined period of
60 min. After coupling, a Cap/OX/Cap or Cap/Thio/Cap cycle was
applied (Cap: Ac2O/NMI/lutidine/acetonitrile; oxidizer: 0.1 M I2 in
pyridine/H2O). PS and PS2 were introduced using 0.05 M ((dimethy-
lamino-methylidene)amino)-3H-1,2,4-dithiazoline-3-thione
(DDTT, Chemgenes). Upon completion of the programmed synthe-
sis cycles, a diethylamine (DEA) wash was performed. For 50-(E)-VP-
20OMe-uridine-modified oligonucleotides the DEA wash was
omitted, as it may lead to undesired side-product formation.39 All ol-
igonucleotides were synthesized in DMT-off mode. The single strands
were cleaved off the CPG by 40% aq. methylamine treatment. The re-
sulting crude oligonucleotide was purified by ion-exchange chroma-
tography (SourceQ, 7.5 mL, GE Healthcare) on an ÄKTA Pure HPLC
system using a sodium bromide gradient. Product containing frac-
tions were pooled, desalted on a size-exclusion column (Zetadex,
EMP Biotech), and lyophilized. All final single-stranded products
were analyzed by AEX-HPLC to prove their purity. Identity of the
respective single-stranded products was confirmed by LC-MS anal-
ysis (for detailed analytical method, data listing, and AEX-HPLC
chromatograms, see Tables S1 and S2; Figure S3).

Double-strand formation

To obtain double-strand conjugates, the necessary individual single
strands were dissolved in a concentration of 60 OD/mL in H2O.
Both individual oligonucleotide solutions were added to a reaction
vessel. For easier reaction monitoring, a titration was performed.
The first strand was added in 25% excess over the second strand as
determined by UV absorption at 260 nm. The reaction mixture was
heated to 80�C for 5min and then slowly cooled to room temperature.
Double-strand formation was monitored by native ion-pairing
reverse-phase (IP-RP) HPLC. From the UV area of the residual single
strand, the needed amount of the second strand was calculated and
added to the reaction mixture. The reaction was heated to 80�C again
and slowly cooled to room temperature. This procedure was repeated
until less than 5% of residual single strand was detected.

Analytical methods

All final single-stranded products were analyzed by AEX-HPLC to
quantify their purity. Purity is stated as the percentage of the UV
area under the assigned product signal in the UV trace of the AEX-
HPLC analysis of the final product. Identity of the respective sin-
gle-stranded products (non-modified, PS, PS2, and PS2-GalNAc-
conjugated oligonucleotides) was demonstrated by LC-MS analysis.
HPLC(-MS) analysis was performed on an Agilent 1260 Infinity II
(single quad MS) or on a Waters HClass 1 UPLC-MS instrument.
Double-strand purity was analyzed by native IP-RP HPLC and is
stated as the percentage of the UV area under the assigned double-
stranded product signal. Detailed analytical methods and siRNA con-
jugate characterization data are listed in Tables S1 and S2.
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Stereodefined single-strand analysis by anion exchange

chromatography

AEX separations were performed using an LC system Agilent 1200
equipped with a binary solvent delivery pump, a photodiode array de-
tector, and a temperature-controlled column compartment. Data
were acquired by OpenLab ChemStation software from Agilent.
DNAPac PA200 RS 4.6� 150mm, 4 mmparticle size (Thermo Fisher,
Darmstadt, Germany) was used as chromatographic column applying
the following gradient: 40% B hold for 1 min, from 40% to 100% B
over 13min at a flow rate of 0.5 mL/min at 30�C.Mobile phase A con-
sisted of 20 mM Tris (pH 9.0 with NaOH 1M) in H2O (v/v), and mo-
bile phase B consisted of 20 mM Tris (pH 9 with NaOH 1M), 1.25 M
NaCl in H2O (v/v) (method e, Table S1).

Quantification of oligonucleotides

Oligonucleotides were quantified by their UV absorption at 260 nm in
water using a NanoDrop Photometer (VWR, Darmstadt, Germany).
A conversion factor of 30 OD = 1 mg (33 mg = 1 OD) for single-
stranded RNA and 25 OD = 1mg (40 mg = 1 OD) for double-stranded
siRNA conjugates was used. Calculation and comparison of extinc-
tion coefficients by nearest-neighbor method confirmed the accuracy
of this method. Hyperchromicity experienced upon hybridization
also confirmed accuracy of the conversion factor for double-stranded
siRNA conjugates (data not shown). Concentration in mg/mL and
doses in mg/kg refer to the RNA part of the conjugate only, ensuring
equal molarity used in in vitro and in vivo experiments across all re-
searched conjugates.

Melting curve analysis

Melting curve experiments were performed on a Cary3500 (Agilent)
UV-vis spectrometer. Temperature ramp was set to 1 K per minute,
and the concentration was chosen to be at 0.5 absorption in the spec-
trometer in PBS buffer (Dulbecco’s PBS, MS01AM1007, BioWest).
siRNA conjugates were placed in a quartz cuvette (Hellma HL114-
10-40) with PBS buffer, and the thermal heating/cooling cycle was
applied three times. Any stated Tm values are the mean of three
repeated measurements.

In vitro siRNA treatment and RNA isolation

Cells were treated as previously described with minor changes.27 In
brief, plateable, male murine primary hepatocytes (MSCP10, various
lots; Thermo Fisher Scientific, Waltham, MA, USA) were thawed and
reconstituted in Williams E medium (A1217601; Thermo Fisher Sci-
entific) supplemented with primary hepatocyte thawing and plating
supplements (CM3000; Thermo Fisher Scientific). 25,000 mouse pri-
mary hepatocytes were plated into collagen I pre-coated 96-well
plates (Ref.: A11428-28-03; Life Technologies, Carlsbad, CA, USA).
siRNA was pre-diluted in the same medium (5� concentrated) for
each concentration and added to the cells at a final volume of
125 mL per well. An equivalent volume of water was used as an un-
treated control. Thereafter, cells were cultured at 37�C and 5%
CO2. The supernatant was discarded 24 h after treatment, cells
were washed in cold PBS, and 250 mL of RNA-Lysis Buffer S was
added. Following a 15-min incubation at room temperature, plates
were stored at �80�C until RNA isolation was performed according
to the manufacturer’s protocol (InviTrap RNA Cell HTS 96 Kit,
#7061300400, Stratec, Birkenfeld, Germany).

TaqMan analysis

For MultiPlex TaqMan analysis of AT3 and ActB or for AT3 and
ApoB, 10 mL of isolated RNA for each treatment group was mixed
with 10 mL of PCR master mix (UF-LP5X-RT0101; Eurogentec, Sera-
ing, Belgium) containing 400 nM AT3 primers and 300 nM ActB
primers or 300 nM AT3 primers and 300 nM ApoB primers, as
well as 100 nM of each probe, and 0.5 UM-MLV reverse transcriptase
(cat. #M368C; Promega, Madison, WI, USA). TaqMan analysis was
performed in a 384-well plate with a 10-min RT step at 48�C,
3 min initial denaturation at 95�C, and 40 cycles of 95�C for 3 s
and 60�C for 20 s in a QuantStudio 6 (Applied Biosystems, Waltham,
MA, USA) RT-cycler. TaqMan primer and probes were purchased
from BioTEZ (Berlin, Germany) or Eurogentec (Seraing, Belgium).
The following amplicon sets were used. AT3 upper: 50-CAT GGG
CCT CAT TGA TCT CTT C-30; AT3 lower: 50-GGT CGT CCC
TGC CTC CA-30; AT3 probe: 50-FAM-AGC CCT GAA AAG TCC
CAA CTC CCA GG-BHQ1-30. ActB upper: 50-CCT AAG GCC
AAC CGT GAA AAG-30; ActB lower: 50-AGG CAT ACA GGG
ACA GCA CAG-30; ActB probe: 50-YY-TGA GAC CTT CAA CAC
CCC AGC CAT GTA C-BHQ1-30. ApoB upper: 50-AAA GAG
GCC AGT CAA GCT GTT C-30; ApoB lower: 50-GGT GGG ATC
ACT TCT GTT TTG G-30; ApoB probe: 50-YY-CAG CAA CAC
ACT GCA TCT GGT CTC TAC CA-BHQ1-30. (FAM,
6-carboxyfluorescein; YY, Yakima yellow; BHQ1, Black Hole
Quencher 1).

Stability assays of GalNAc-siRNA conjugates

For in vitro stability analysis, siRNA conjugates were incubated in
serum or acidified tritosome lysates as described previously.27 For
serum stability assessment, 15 mL of FBS (cat. #P30-3306; PAN
Biotech, Aidenbach, Germany) was mixed with 5 mL of siRNA
(20 mM) and incubated for 24 h. siRNA conjugates were incubated
for 0, 24, or 96 h in Sprague-Dawley rat liver tritosomes (R0610.LT;
Sekisui Xenotech, Kansas City, MO, USA). To mimic the acidified
environment, tritosomes were mixed 10:1 with low pH buffer
(1.5 M acetic acid, 1.5 M sodium acetate, pH 4.75). 30 mL of these
acidified tritosomes was mixed with 10 mL of siRNA (20 mM) and
incubated for the indicated times at 37�C. For incubation times longer
than 24 h, fresh tritosomes were added every 24 h. Following incuba-
tion, RNA was isolated with the Clarity OTX Starter Kit-Cartridges
(KSO-8494; Phenomenex, Germany) according to the manufacturer’s
protocol for biological fluids. Lyophilized RNA was reconstituted in
30 mL of H2O, 12 mL of reconstituted RNA was mixed with 4 mL of
loading buffer (Novex TBE-Sample Buffer high density [5�], cat.
#LC6678; Thermo Fisher Scientific), and 5 mL was loaded into 20%
Tris-borate-EDTA (TBE)-PAGE for separation and qualitative
semi-quantitative analysis. PAGE was run at 120 V for 2 h, and
RNA was visualized with ethidium bromide solution (cat.
#15585011; Thermo Fisher Scientific) staining, with digital images ac-
quired with a Bio-Rad Gel Doc EZ Imager. LC-tandemMS analysis of
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the resulting metabolites was performed under denaturing conditions
(Table S1 and Figure S2).

In vivo experiments

In vivo experiments with C57BL/6 mice were performed at Experi-
mental Pharmacology & Oncology Berlin-Buch (EPO, Berlin, Ger-
many) in accordance with the United Kingdom Co-ordinating Com-
mittee on Cancer Research regulations for the Welfare of Animals
and of the German Animal Protection Law and approved by the local
responsible authorities. Compounds were injected subcutaneously at
the indicated concentration into the scapular region of mice. The
administration volume was adjusted according to the body weight
(10 mL/kg). Blood was collected by orbital sinus bleeding, and serum
was extracted by centrifugation using Microvette 500 Z-Gel (Sarstedt,
Nümbrecht, Germany) and transferred into Eppendorf tubes for stor-
age at �20�C. Serum AT3 levels in mice were analyzed with a mouse
ELISA kit (ab108800; Abcam, Cambridge, UK) according to the man-
ufacturer’s protocol. Typically, serum was diluted 1:8,000 up to
1:10,000 in the recommended diluent.

Stem-loop qPCR quantification of siRNA

For siRNA quantification, frozen tissue samples were weighed, and
per 1 mg tissue 7.5 mL lysis buffer (QuantiGene Sample Processing
Kit, tissues, cat. #QS0106; Thermo Fisher Scientific) was added
accordingly. Next, a tungsten carbide bead (ref. 69997; Qiagen, Venlo,
Netherlands) was added, and tissue lysed by applying 5 � 30-s 27.5-
Hz cycles in a TissueLyser (Retch Type MM300; Qiagen). Thereafter,
lysates were incubated for 30 min at 65�C, then for 10 min at room
temperature, and centrifuged at 21,000 � g. Each 50 mL of the super-
natant was aliquoted in 96-well plates and stored at �80�C or sub-
jected to further analysis. For quantitation of the antisense strand
in tissue lysates, three independent standard rows were generated
by serial dilution of respective siRNAs in the matrix of interest ob-
tained from the vehicle group. To assess precision of the assay and
determine the detection range, an independent serial dilution of the
same siRNA in respective matrix was generated as quality control
(QC). Upper and lower limits of detection were defined by less
than 30% deviation of QC from standard curve values. Unknown
antisense concentrations in tissue lysates were interpolated by non-
linear 5-parameter-fit with GraphPad Prism 10 (Dotmatics, Boston,
MA, USA) based on the standard curve generated. Stem-loop primers
were designed as described earlier.40,41 Standard, QC, and samples of
unknown siRNA concentration were processed in parallel in a two-
step RT-qPCR. For the RT reaction, lysate was diluted 400-fold in
H2O and 4 mL thereof was incubated in a 384-well cycler for
10 min at 95�C. Next, 6 mL master mix containing 0.5 pmol stem-
loop primer 50-GTC GTA TCC AGT GCA GGG TCC GAG GTA
TTC GCA CTG GAT ACG ACT TAA CA-30 was added and incu-
bated for 30 min at 16�C, 30 min at 42�C, 5 min at 85�C, and finally
at 4�C. Next, 5 mL of the RT samples was diluted in 20 mL H2O, and
5 mL of this diluted RT sample was added to 15 mL of qPCR reaction
mix containing 9 pmol 50-GTG CAG GGT CCG AGG T-30, 9 pmol
50-CGT TGA AGT AAA TGG TG-30, and 4 pmol 50-FAM-TCG
CAC TGG ATA CG-MGB-30. The PCR was conducted in a
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QuantStudio 6 real-time cycler (Thermo Fisher Scientific) with the
following program: 3 min at 95�C followed by 40 cycles of 3 s at
95�C and 20 s at 60�C.

Statistical analysis

One-way ANOVAwere performed using the Kruskal-Wallis test with
Dunn’s multiple comparisons (GraphPad Prism 10.1.2 [324];
Dotmatics).
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