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Abstract

RNA interference (RNAi) is a well-established research tool and is also maturing as a novel 

therapeutic approach. For the latter, microRNA-like off-target activity of short interfering RNAs 

(siRNAs) remains as one of the main problems limiting RNAi drug development. In this 

Communication, we report that replacement of a single internucleoside phosphodiester in the seed 

region (nucleotides 2 to 7) of the guide strand with an amide linkage suppressed the undesired 

microRNA-like off-target activity by at least an order of magnitude. For the specific siRNA 

targeting the PIK3CB gene, an amide modification between the third and fourth nucleotide of the 

guide strand showed the strongest enhancement of specificity (completely eliminated off-target 

silencing) while maintaining high on-target activity. These results are important because off-target 

activity is one of the main remaining roadblocks for RNA based drug development.
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RNA interference (RNAi) has become a powerful and broadly applicable tool for functional 

genetics and basic biology research. RNAi has also become a novel therapeutic approach.1,2 

Since the approval of the first RNAi drug, patisiran in 2018, Alnylam has introduced four 

other short interfering RNAs (siRNAs) for clinical use to treat liver associated diseases. 

Gene silencing through the RNAi mechanism is mediated by two classes of small RNAs: 

1) microRNAs (miRNAs) that are endogenous regulators of gene expression, and 2) short 

interfering RNAs (siRNAs) that in mammalian cells are exogenous regulatory molecules. 

Because they share the same gene silencing machinery, siRNAs can inherently act as 

miRNAs resulting in a sequence-dependent off-target activity that may cause false-positives 

in RNAi assays and toxicity in clinical trials.3,4 While careful selection of siRNA sequences 

may reduce some of the off-target activity, it cannot be completely eliminated and remains 

a significant concern for RNAi-based assays and a limitation in therapeutic development of 

siRNAs.

Chemical modifications of siRNAs such as 2′-OMe, 2′-F, locked (LNA) and unlocked 

(UNA) nucleic acids, and phosphorothioate linkages (Figure 1) are widely used to 

increase metabolic stability, decrease immune stimulation, and modulate binding affinity 

of siRNAs.5,6 Chemical modifications of siRNA can also be used to optimize specificity of 

siRNA by decreasing the miRNA-like off-target activity. Jackson and co-workers showed 

that miRNA-like off-target activity of siRNAs was widespread7 but could be at least partially 

mitigated by a single 2′-OMe modification at the second nucleotide of the guide strand.8

Later studies by several groups showed that a single UNA modification at position 7 of the 

seed region (nucleotides 2–8 of the guide strand) strongly reduced miRNA-like off-target 

activity while maintaining the desired on-target activity of siRNAs.9,10 The authors proposed 

that UNA modification reduced the off-target activity by thermodynamic destabilization 

of the seed-mRNA complex, which at position 7 was more critical for the partially 

complementary miRNA off-targets than for the fully complementary siRNA targets.9,10 

Consistent with this notion, other thermally destabilizing modifications, such as 2′-F/Me at 

position 7 (Figure 1)11 or substitution of all eight seed ribonucleotides with DNA12 reduced 

the miRNA-like off-target activity of the modified guide strands. Beal and co-workers 

showed that the 1-ER triazole nucleobase substitution (Figure 1) at the first position of 

the guide strand (G1) improved siRNA specificity by reducing the miRNA-like off-target 

activity while improving the on-target activity.13 The latter study was a rare example of 
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using nucleobase modification to modulate siRNA-protein interactions to improve siRNA 

specificity.

Recent Alnylam studies provided compelling evidence that miRNA-like off-target activity 

is a major cause of hepatotoxicity of some siRNA sequences in rodents.14,15 The authors 

showed that a single glycol nucleic acid (GNA, Figure 1) between nucleotides 5 and 8 of 

the guide strand significantly reduced the miRNA-like off-target activity and toxicity of 

these siRNAs in animal models,14,15 allowing Alnylam to reintroduce a previously toxic 

siRNA in clinical trials after GNA modification at position 6.15 Taken together, previous 

studies illustrate that chemical modifications of the seed region can have strong impact on 

specificity of siRNAs.

In our earlier studies, we found that replacement of the internucleoside phosphates with 

amide linkages had a surprisingly small effect on the structure and thermal stability of 

double helical RNA.16–18 We19,20 and others21 have studied amide modifications in siRNAs. 

Isolated amide linkages were well tolerated in siRNA guide strands, except at the first 

position (G1), and at some positions, even increased the RNAi activity of the modified 

siRNAs.19,20 When placed at the first position, a single amide linkage completely eliminated 

the undesired activity of an siRNA’s passenger strand.22 Our results suggested that the 

latter was due to conformational rigidity of the amide linkage that prevented a backbone 

twist required for docking of the first nucleotide in the MID domain of Ago2. This result 

inspired a hypothesis that amide modifications elsewhere in the guide strand might disfavor 

conformational transitions required to accommodate the partially complementary miRNA 

off-targets, which would improve the specificity of the modified siRNAs. In the present 

study, we show that amide modifications at positions G2, G3, G6, and G7 in the seed 

region improved specificity of an siRNA by reducing the miRNA-like off-target activity 

while in some cases also slightly improving the on-target activity. Beneficial effects were 

also observed at positions G12, G18, and G20. Our results suggest that amide linkages at 

certain positions of the guide strand can be used to optimize siRNA specificity and may be 

promising modifications to suppress the off-target activity of therapeutic siRNAs.

To test our hypothesis that amide modification at selected positions of the guide strand 

may increase the specificity of siRNAs we chose a short fragment (positions 998 

to 1017) of human PIK3CB mRNA (Figure 2) previously used by others to study 

miRNA-like off target activity.8,13 This siRNA sequence has well-characterized off-target 

mRNAs, YY1 and FADD that provide convenient assays for the effect of chemical 

modifications on siRNA specificity.8,13 The siRNAs G0 through G20 were synthesized 

using AM1-linked dinucleoside phosphoramidites (Figure 2) following our previously 

reported methodology.19,20,22

The on- and off-target activity of G0-G20 was measured using a dual luciferase assay 

and three reporter plasmids (psiCHECK-2 vector) with the sequences of PIK3CB (a single 

copy), YY1 (four copies), and FADD (four copies) inserted into the 3′-UTR of the Renilla 

luciferase mRNA. In our study, we followed the methodology developed by Beal and 

co-workers13 that used four copies of YY1 and FADD sequences to facilitate detection of 

off-target activity. Firefly luciferase, also encoded in these plasmids, served for internal 
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normalization of data. This assay measures the production of protein (luciferase) and, 

hence, reports on various miRNA-like off target activity mechanisms, such as repression 

of mRNA translation and destabilization of mRNA.15 Full IC50 curves (Figures S29–S30) 

were constructed by testing siRNAs at eight or more concentrations; the IC50 values are 

summarized in Figure 3 and Table S1.

In our dual luciferase assay, the unmodified siRNA (G0) showed IC50 values of 25 pM 

(PIK3CB, Figure 3A), 130 pM (YY1, Figure 3B) and 90 pM (FADD, Figure 3C). For 

the on-target PIK3CB, the amide-modified siRNAs showed slightly increased activity with 

IC50 values ranging from 3 to 20 pM, except for G2, G3 and G15 that showed decreased 

activity with 60, 36 and 39 pM, respectively. For YY1 and FADD, amide modifications in 

G7 in the seed region decreased off-target activity while the apparent slight decrease for G6 

was not statistically significant. Amide modifications in G8-G20 had relatively small and 

sequence dependent effect on the silencing of YY1 and FADD off-targets. For YY1, G12 

and G14-G20 had slightly decreased activity, while for FADD, G8, G9, G18, and G20 had 

slightly increased activity. The sequence dependence was not surprising because YY1 and 

FADD differ significantly in mismatch positions (pink in Figure 2) at the 3′-end of guide 

strand.

Most interestingly, G2 and G3 caused strong suppression of miRNA-like activity for both 

YY1 and FADD off-targets. Except for IC50 of ~1000 pM for G2 in YY1, we could not 

calculate IC50 values because the expression of YY1 and FADD did not go below 60% even 

at the maximum siRNA treatment concentration (20 nM). While the amide modification in 

G2 also suppressed on-target activity (IC50 = 60), G3 was unique in causing a relatively 

small loss of on-target activity (IC50 = 36) combined with strong suppression of off-target 

activity for both YY1 and FADD (Figure 4).

To gauge the improvements in on-target specificity of amide-modified siRNAs, the IC50 

values of YY1 and FADD for each guide strand (G0-G20) were divided by the IC50 values 

of PIK3CB for each guide strand. These ratios were then normalized to unmodified siRNA 

(G0) and plotted in Figure 5, with values less than 1 indicating a decrease in specificity and 

values greater than 1 indicating an increase in specificity, relative to unmodified siRNA. The 

normalized selectivity ratios (Figure 5) showed strong effect of amide modification at the 

positions tested in the seed region (G2, G3, G6, and G7) as well as notable improvements at 

positions 12, 18, and 20.

The increase in specificity for G2 and G3 was driven entirely by suppression of off-

target cleavage of YY1 and FADD; however, this positive result was somewhat offset 

by concurrent decrease in on-target activity, especially for G2 (Figure 3). In contrast, 

G6 showed ~10-fold increase in specificity over both off-targets largely due to increased 

on-target activity for PIK3CB (c.f., Figure 3A with 3B and 3C). G7 showed more balanced 

increase in specificity by increasing on-target and decreasing off-target activity. The increase 

in specificity shown by G12, G18, and G20 was also driven by increased on-target activity, 

enhanced by suppression of YY1 off-target cleavage (Figure 3).
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The increase in specificity was not due to destabilization of guide-mRNA complex. UV 

melting results (Table S2) showed that the single amide linkages caused relatively little 

change in thermal stability of siRNA duplexes (ΔTm varied from −0.5 to +1.0 °C). This was 

not unexpected because our previous studies had shown that a single amide modification 

had relatively little effect on thermal stability of siRNAs.19,20 The improvements of siRNA 

specificity did not correlate with Tm of amide-modified siRNAs. For example, G2 and G3 

had opposite ΔTm of −0.5 to +0.9 °C despite similar activity profiles. The effect of GNA 

modification was also suggested to be due to conformational flexibility rather than simple 

thermal destabilization of the seed.15

In the present model system, we systematically replaced the phosphates of the guide strand 

one by one with amide linkages. We did not test G1 because it was known from our previous 

studies to strongly inhibit on-target activity,22 and we were unable to test G4 and G5, 

and G16, G17 and G19 because the required GAM1G and GAM1A dimers have not been 

synthesized. Synthesis of amide-linked dimers containing guanosine is significantly more 

difficult than other dimers; so far, we have succeeded with preparation of AAM1G,23 which 

was also used in the present study. It is conceivable that G4 and G5 may also offer similar 

improvements in siRNA specificity as G3 and G6.

While complete understanding of the beneficial effect of amide modifications of the seed 

region will need additional structural studies, current and previous studies may offer some 

clues. Our previous molecular modeling and dynamics study showed that amides in G2 and 

G3 were not able to mimic original phosphate interactions with Ago2 amino acids at these 

positions.20 After conformational reorientation amide in G2 was able to recover hydrogen 

bonding to K566 of Ago2, while amide in G3 was only transiently able to re-establish 

hydrogen bonding with Y790 and R792 side chains of Ago2.20 It is conceivable that the 

conformational changes required to reorient amides in G2 and G3 were more unfavorable 

for the partially complementary miRNA off-target complexes than for the fully matched 

siRNA complex. Beneficial effect of G6 and G7 is most likely related to base pairing 

dynamics at the junction of seed and central regions. Helix-7 of Ago2 docks into minor 

groove between nucleotides 6 and 7 of the seed-target duplex probing an A-form duplex and 

disfavoring mismatches and non-canonical pairing.24 It is likely that amide modifications 

disfavor conformational transitions of partially complementary miRNA off-target complexes 

critical for displacement of helix-7 of Ago2 and ultimately the activity of miRNAs.

In conclusion, our study demonstrates that a single amide linkage in the seed region of 

a guide strand targeting PIK3CB strongly reduced microRNA-like silencing of known off-

targets YY1 and FADD. G3 was the best siRNA showing almost complete suppression of 

off-target silencing while having only slightly reduced on-target activity (IC50 increased 

from 25 to 36 pM). It is conceivable that for other siRNAs, as well as for other off-

targets, an amide modification at a different position may give the best result. Figure 5 

illustrates some of the sequence dependency of amide placement. For example, G2 strongly 

suppressed FADD while having relatively modest effect on YY1, but the benefits of G12, 

G18, and G20 were reversed. Most likely, amide-modification placement will have to be 

optimized for any new siRNA sequence and its specific application, as has been previously 

found for the GNA modifications.15 Brown and co-workers recently demonstrated that 
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amide linkages in DNA, when combined with other modifications such as LNA and 

phosphorothioates, improved metabolic stability and cellular uptake, and reduced toxicity 

of antisense oligonucleotides.25,26 Collectively, the present and previous studies,22,25,26 add 

AM1 amide linkages to the nucleic acid chemist’s toolkit of chemical modifications to 

modulate the specificity and optimize therapeutic potential of antisense oligonucleotides, 

siRNAs and crRNAs.

Supplementary Material
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Figure 1. 
Structures of RNA modifications to improve metabolic stability and on-target activity of 

siRNAs.
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Figure 2. 
Sequences of PIK3CB mRNA (on-target), AM1-modified siRNA guide strands, YY1 and 

FADD off-target mRNAs (off-target), and phosphoramidite building blocks to introduce 

AM1 modification. ‘G’ denotes guide strand targeting PIK3CB and the number denotes 

the position of AM1 modification; ‘p’ denotes phosphodiester and ‘a’ denotes amide 

internucleoside linkages; the mismatched nucleotides in YY1 and FADD sequences are 

highlighted in pink.
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Figure 3. 
Dual-luciferase assay IC50 values of unmodified (G0) and AM1-modified (G2-G20) siRNAs 

targeting PIK3CB (A), YY1 (B), and FADD (C). # indicates that IC50 values for G3 

targeting YY1 and G2 and G3 targeting FADD could not be calculated because the 

expression did not go below 60% at the maximum concentration (20 nM); when comparing 

the data with G0, * and ** indicate two-tailed P values of less than 0.05 and 0.01, 

respectively, as calculated using Student’s t-test.
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Figure 4. 
IC50 curves of dual luciferase assay of PIK3CB, YY1, and FADD silencing by G3. Lack 

of YY1 and FADD silencing below 70% even at 20 nM G3 indicates strong suppression of 

off-target activity.
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Figure 5. 
Normalized activity ratios show fold change in siRNA specificity compared to unmodified 

siRNA. # at G2 and G3 indicates that the high selectivity cannot be precisely calculated 

because of absence of IC50 values for YY1 and FADD.
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