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neutral phosphate triester-modified siRNA

- R1 and R2 exhibit excellent
carrier-free gene silencing

- improved strand selection

ABSTRACT: Short interfering RNAs (siRNAs) show promise as gene-silencing therapeutics, but their cellular uptake remains a
challenge. We have recently shown the synthesis of siRNAs bearing a single neutral phenylethyl phosphotriester linkage within the
sense strand. Here, we report the synthesis of siRNAs bearing three different hydrophobic phosphate triester linkages at key
positions within the sense strand and assess their gene silencing in the absence of a transfection carrier. The best siRNAs bearing
hydrophobic phosphate triester tails were not aromatic and exhibited effective gene silencing (ICs, & 56—141 nM), whereas the
aromatic derivative with three hydrophobic tails did not exhibit carrier-free gene silencing.
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hort interfering RNAs (siRNAs) work within the native

RNA interference pathway to specifically suppress the
expression of target genes by cleaving a complementary
messenger RNA (mRNA) sequence and inhibiting trans-
lation.' ™ Because of this gene-silencing capability, siRNAs
have been investigated as therapeutics in the treatment of rare
genetic disorders, with much promise.4’5 Since 2018, three
siRNA-based drugs have been approved by the U.S. Food and
Drug Administration (FDA), and many other candidates are in
late and early clinical trials.”"® Despite this success, there are
still numerous challenges associated with the inherent
properties of siRNAs, including susceptibility to nuclease
cleavage and poor cellular uptake due to the presence of the
anionic phosphodiester backbone.”'’ Chemical modifications
can be incorporated within the siRNA backbone and can
mitigate some of these limitations.""'> One of the most
common types of backbone modifications is the phosphoro-
thioate modification, which has been used in FDA-approved
siRNA and antisense drugs.'”"*

This modification improves the siRNA’s resistance against
enzymatic degradation by nucleases, as the native phosphate
backbone is the substrate for these enzymes.'> Despite the
increase in stability, phosphorothioate linkages retain a
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negative charge. One way to overcome this negative charge
within siRNAs involves replacing the phosphate backbone with
neutral backbone moieties such as amides, triazoles, and other
functional groups within siRNAs.'®™>° Another way involves
using neutral triester phosphate backbones.”’ These mod-
ifications more closely resemble the natural phosphodiester
backbone by retaining the overall structure of the phosphate
group. Despite these properties, these groups have largely not
been studied within siRNAs until relatively recently. In 2020,
our group developed a chemical synthesis for siRNAs bearing a
neutral phenylethyl phosphotriester linkage within the sense
strand.”” The resulting siRNAs showed excellent gene silencing
and improved siRNA strand selection. However, these siRNAs
required a transfection agent to localize them into the cell to
elicit their biological effect. Thus, improvements in the
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structure of neutral triester phosphate backbones are necessary
to potentially improve gene silencing without a transfection
agent carrier.

To expand and compare from this previous study, this paper
reports the synthesis and biological evaluation of a small library
of siRNAs bearing three novel hydrophobic neutral phosphate
triester linkages at key positions within the sense strand
(Figure 1). The first derivative, dU,dU, includes a stearyl
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Figure 1. Structure of chemical modifications incorporated within
siRNAs in this study (dU,dU, dU,dU, and dU,dU). The dU,dU
modification is from our prior study.””

phosphate ester group. The second derivative, dU,dU,
contains a 2,3-distearyloxypropyl phosphate ester group.
Finally, the third derivative, dU;dU, contains a 3,4,5-tris-
(stearyloxy)phenethyl phosphate ester group. The dU,dU
modification contains a phenylethyl modification that was
based on our prior study.”’ Given our success with triester
phosphate backbone siRNAs with the phenylethyl modifica-
tion, the goal of this study is to expand the carbon repertoire of
phosphate triesters within siRNAs to examine siRNA strand
selection and to improve gene silencing without a transfection
carrier. Our data suggests that many of these siRNAs displayed
excellent gene-silencing activity and improved siRNA strand
selection when compared to wild-type (wt) siRNA. Fur-
thermore, several of them displayed effective gene silencing
without the use of a transfection carrier reagent.

In order to incorporate the hydrophobic moieties within the
siRNA backbone, three novel monoalcohols (compounds 5—
7) were first synthesized (Scheme 1), starting with our recently
published methodology to generate unsymmetrical dinucleo-
tide 1.”” In order to generate the compounds 2—4 from 1, a
solution of toluene with the alcohol, 1,5,7-triazabicyclo[4.4.0]-
dec-S-ene (TBD), and MS4A were added and allowed to mix
for 30 min, followed by the addition of the dinucleotide 1 at 0
°C. To afford compound 2, stearyl alcohol was added to the
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Scheme 1. Synthesis of DMT-Protected Hydrophobic
Phosphotriester Dinucleotide Monoalcohols
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solution, and the reaction was then quenched after 3 h with an
acetic acid/toluene solution to generate the compound in an
excellent 80% yield. In order to make compound 3, the stearyl
alcohol was substituted with (S)-2,3-bis(octadecyloxy)propan-
1-ol, which has a branched chain hydrophobic tail. After the
reaction was quenched with acetic acid, compound 3 was
obtained in a yield of 71%. The final monoalcohol 4 was
produced using 2-(3,4,5-tris(octadecyloxy)phenyl)ethan-1-ol
to give an aromatic ring substituted with three hydrophobic
tails in a yield of 72%. Each compound was then treated with
hydrofluoric acid (HF) to remove the TBS protecting group to
afford the monoalcohols 5—7 in excellent yields (81—91%).
Each compound $5—7 was then further deprotected by
treatment with tetrakis(triphenylphosphine)palladium,
triphenylphosphine, and diethylammonium hydrogen carbo-
nate to restore the uracil nitrogenous base back to its original
form to generate compounds 8—10 in high yields (89—93%).

Once obtained, each monoalcohol 8, 9, and 10 was treated
separately with a phosphitylating reagent under inert
conditions to produce our DMT-phosphoramidite building
blocks in good yields (Scheme 2). Each reaction had an overall
yield of 88%, 95%, and 95% for phosphoramidite compounds
11, 12, and 13, respectively. Each phosphoramidite was
immediately used for solid-phase RNA synthesis.

The resulting oligonucleotides were cleaved from the solid
support and deprotected following standard procedures.
Oligonucleotide sequences are reported in Table 1. We then
purified each single strand using reverse-phase HPLC and
characterized it by mass spectrometry (Supporting Information
Table S-1) prior to annealing it with its complementary
antisense sequence. Circular dichroism studies were then
performed to confirm that each duplex adopted the typical A-
form helical conformation of siRNAs (Supporting Information
Figure S-1). The A-form major groove of the helix is
recognized by the RNA-induced silencing complex (RISC)
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Scheme 2. Synthesis of DMT-Protected Hydrophobic
Phosphotriester Dinucleotide Phosphoramidites
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Table 1. siRNA Sequences, ICy,, and T, Values”
. ICs Tm
# siRNA sequence o
a (nM) _(°C)

wt 5-CUUACGCUGAGUACUUCGAATAT-3' NA 76
3-dTdTGAAUGCGACUCAUGAAGCU-5'

1 5' CUUACGCUGAGUACUUCGAdU+dU 3' 56 72
3-dTdTGAAUGCGACUCAUGAAGCU-5'

2 5-CUUACGCUGAGUACdU1dUCGAdTdT-3" 69 68
3-dTdTGAAUGCGACUCAUGAAGCU-5'

3 5'-CdU1dUACGCUGAGUACUUCGAdTAT-3' 141 70
3-dTdTGAAUGCGACUCAUGAAGCU-5'

4 5-CUUACGCUGAGUACUUCGAdU2dU-3' 33 58
3'-dTdTGAAUGCGACUCAUGAAGCU-5'

5 5' CUUACGCUGAGUACdU2dUCGAdTdT 3' 1002 62
3-dTdTGAAUGCGACUCAUGAAGCU-5'

6 5' CdU2dUACGCUGAGUACUUCGAdTAT 3' 99 59
3-dTdTGAAUGCGACUCAUGAAGCU-5'

7 5" CUUACGCUGAGUACUUCGAdUzdU 3' NA 77
3-dTdTGAAUGCGACUCAUGAAGCU-5'

8 5' CdUxdUACGCUGAGUACdUxdUCGAdTdT 3' NA 72
3-dTdTGAAUGCGACUCAUGAAGCU-5'

9 5' CUUACGCUGAGUACUUCGAdUxdU 3’ NA 74
3-dTdTGAAUGCGACUCAUGAAGCU-5'

“dU,dU (in red) corresponds to the deoxyuridine-based modification
with a single long alkyl chain (—CjsH,;); dU,dU (in blue)
corresponds to the deoxythymidine-based modification with two
long alkyl chains (—OC gH,); dU;dU (in purple) corresponds to the
deoxythymidine-based modification with three long alkyl chains
(—OCygH,,) attached to an aromatic group; dUxdU (in brown)
corresgonds to the phenylethyl modification from our previous
study.”> The top strand is the sense strand; the bottom strand is the
antisense strand. The antisense strand is S’-phosphorylated. ICs,
values were calculated from luciferase data in the absence of a
transfection carrier. NA = not applicable.

during the RNA interference pathway, making this con-
formation desirable for proper siRNA activity.””*> We also
assessed the thermal stability of each duplex by measuring its
melting temperature (T,). The incorporation of the dU,dU
modification at the 3’-end of the sequence (siRNA 1) did not
cause a significant destabilizing effect (AT, = —4 °C).
Additionally, this modification had only a moderate effect on
the duplex’s thermal stability when placed internally (siRNA 2)
or at the 5’-end (siRNA 3) (AT, = —8 and —6 °C,
respectively). On the other hand, the incorporation of the
dU,dU modification led to significant thermal destabilization
at all positions (siRNAs 4—6) (AT,, between —18 and —14
°C). In contrast, the siRNA bearing the aromatic dU,dU
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modification (siRNA 7) showed a slight increase in thermal
stability (AT,, = +1 °C), whereas the aromatic dU,dU
modification (siRNAs 8 and 9) imparted only a slight
destabilizing effect (AT, between —4 and —2 °C). In general,
the long alkyl modifications on siRNAs 1—3 had moderate
destabilization at all positions. The modifications on siRNAs
4—6 had high levels of thermal destabilization. And finally, the
aromatic modifications from siRNAs 7—9 had minimal effects
on destabilization, perhaps due to favorable aromatic stacking
interactions with neighboring bases. Only one siRNA from the
dU,dU modification was generated (siRNA 7: 3’-end of the
sense strand) due to low stability issues with the phosphor-
amidite 13.

Since all siRNAs target firefly luciferase, we assessed their
gene-silencing activity using a standard Dual-Luciferase
Reporter Assay (Promega). We first confirmed the biological
activity of all siRNAs in HeLa cells using Lipofectamine 2000
as a transfection carrier. All siRNAs showed dose-dependent
knockdown comparable to that observed with wt siRNA, as
illustrated in Figure 2. Given our interest in the design of these
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Figure 2. Relative expression of firefly luciferase after treatment with
modified wild-type and modified siRNAs 1—7 using Lipofectamine
2000. Each value is the average of at least three biological replicates,
and error bars indicate standard deviation.

neutral phosphate triester derivatives, we assessed their ability
to silence gene expression in the absence of a transfection
carrier. As can be seen in Figure 3, siRNAs containing the
single long alkyl chain triester phosphate (the dU,dU
modification) exhibited effective gene silencing, thus suggest-
ing that they were easily taken up by HeLa cells without the
need of a transfection reagent. Regardless of the position of the
dU,dU modification on the sense strand, this led to potent
gene-silencing activity (ICs, = 56, 69, and 141 nM for all three
siRNAs 1, 2, and 3, respectively). With respect to the 2,3-
distearyloxypropyl phosphate ester group, the incorporation of
the dU,dU modification at the 3’-end (siRNA 4) or at the 5'-
end (siRNA 6) led to potent activity (ICg, = 33 and 99 nM,
respectively). However, placing this modification within the
central region impacted the siRNA’s gene-silencing activity
compared to the other positions (IC5, = 1002 nM). It is not
entirely clear why this is the case with the centrally modified
siRNA, but perhaps the large, sterically demanding long alkyl
chain at the central region is interfering with RISC loading.
Despite the reduction in potency compared to that of siRNAs
4 and 6, siRNA 5 still exhibits a remarkable potency and a low
ICs. In contrast to the above siRNAs, siRNAs incorporating
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Figure 3. Relative expression of firefly luciferase after treatment with
modified wild-type and modified siRNAs in the absence of a
transfection carrier. Each value is the average of at least three
biological replicates, and error bars indicate standard deviation.

both the aromatic modifications dU,dU (siRNA 7) and dU,dU
(siRNAs 8 and 9) did not exhibit any noticeable gene
silencing, thus suggesting that they were not taken up by HeLa
cells in the absence of a transfection reagent.

We were not surprised that siRNAs 8 and 9 did not exhibit
any gene-silencing activity, because the phenylethyl group is
relatively small. However, we were surprised that the 3,4,5-
tris(stearyloxy)phenethyl phosphate ester modification
(dU,dU) did not exhibit activity. Given that siRNA 7 does
work well in the gene-silencing assay with the transfection
agent Lipofectamine 2000 (Figure 2), it is likely that siRNA 7
does not pass the cell membrane well, perhaps due to the three
hydrophobic tails adopting a conformation that prevents its
uptake. Finally, as a control and as expected, the wt siRNA,
which lacks a hydrophobic tail to aid in cellular uptake, did not
show any activity.

We then examined the effect of the dU,dU and dU,dU
modifications on RISC strand selection using an assay we
developed that quantifies the relative amounts of antisense-
and sense-mediated gene silencing using quantitative reverse
transcriptase—polymerase chain reaction (qQRT-PCR).”® The
activity of a strand depends on efficient siRNA recognition,
preferential selection during RISC maturation, and target
recognition of the intended mRNA target.”” Chemical
modifications to an siRNA can either enhance or interfere
with any of these stages. Several modifications have been
designed specifically for this controlling strand activity;
however, the impact that novel modifications have on strand
activity is often hard to predict.”® Therefore, siRNAs which
showed carrier-free uptake were investigated for their impact
on strand activity, and the RNA was measured by qRT-PCR
(Figure 4). To omit any siRNA delivery variables, the strand
activity assay was performed with Lipofectamine 2000.

The goal for an applied siRNA is for the desired antisense
strand to be incorporated in higher abundance into the RISC
over the sense strand to minimize off-target effects. As shown
in Figure 4, the unmodified wt siRNA exhibits a large
preference for antisense strand uptake over sense strand uptake
at 8 pM. However, at concentrations of 80 pM and above, the
selectivity between antisense and sense strand uptake is
negligible, meaning that both strands are contributing to
their own gene silencing in roughly equal amounts.

SiRNAs bearing the single alkyl chain (dU,dU) modification
exhibited increased selectivity between the desired antisense
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Figure 4. Relative abundance of antisense and sense strand mRNA
target treatments with modified wild-type and modified siRNAs 1—6.

strand and the non-desired sense strand at all concentrations
and positions. The largest and best difference was with siRNA
2, where excellent gene silencing occurred at 80 pM and above
for the desired antisense strand but minimal gene silencing
with the sense strand. This is a large improvement in selectivity
compared to wt siRNA. SiRNAs bearing the larger double alkyl
modifications (dU,dU) exhibited patterns similar to those of
siRNAs 1—3; however, the largest difference in gene silencing
occurs with siRNA 4 from 80 to 800 pM. The modification of
this double alkyl chain of siRNA 4 is located at the 3’-end of
the siRNA.** In general, improvements in strand selection
occur with these modifications when they are placed at the 3’-
end and 5'-end positions of the sense strand. Finally, we
investigated the nuclease stability of the 3’-modified siRNAs 1,
4, and 7. However, there was no significant improvement in
nuclease resistance compared to the wt siRNA (Supporting
Information Figure S-2).

To conclude, we report the synthesis of three novel
dinucleotide phosphoramidite building blocks, with hydro-
phobic phosphate ester linkages, which were then used to
synthesize a small library of siRNAs. Although all siRNAs
showed good to excellent gene-silencing activity after trans-
fection with Lipofectamine 2000, only those bearing one or
two hydrophobic tail modifications (dU,dU and dU,dU)
displayed potent activity in our carrier-free studies. This is an
important observation because the delivery of large siRNAs
across the cellular membrane remains a current challenge in
the field, despite some recent breakthroughs with conjugates
such as GalNAc™ and fatty acids.’® The addition of a third
hydrophobic tail appears to interfere with cellular uptake
during the carrier-free assays. It is not entirely clear why this is
the case, but one possible explanation for this is that the
increase in hydrophobic tails (to n = 3) interferes with the
formation of a vesicle for endocytosis-mediated uptake or
prevents binding to the receptor in the case of receptor-
mediated uptake. We report that siRNAs 1—3, bearing a single
hydrophobic chain, displayed the lowest IC, values. Adding a
second carbon chain led to a small loss of activity, but the
resulting siRNAs were still quite effective in the absence of a
transfection carrier. In contrast, siRNA 7, which possessed
three long carbon chains attached to an aromatic phosphate
triester linker, showed no activity without a transfection carrier.
Previous data from siRNAs 8 and 9, bearing no long carbon
chains at the phosphate triester moiety, also failed to penetrate
the cell membrane.”” In addition, improved selectivity for
antisense to sense strand-mediated gene silencing was observed
for most siRNAs studied, thus highlighting improvements in
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strand selection and minimizing off-target effects. Future work
will include trying to further explore the mechanism of carrier-
free uptake through the use of imaging and novel chemical
modifications to the triester phosphate moieties.
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