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Reduction of matched and nearly complementary unintended transcripts was evaluated for 96 antisense oli-
gonucleotides (ASOs) and 832 nearly matched unintended transcripts. The ASOs were 16–20 nucleotide
‘‘gapmers’’ with a gap of 8–10 DNA residues and 2¢-O-methoxy-ethyl or constrained-ethyl substitutions in the
wings. Most unintended transcripts were not reduced or were reduced with a potency more than 10-fold weaker
than the intended transcript. For the unintended transcripts that were reduced, a strong correlation between
relative potency of the intended versus the unintended transcript with predicted free energy of hybridization was
observed. These results suggest ASO selectivity should be evaluated by testing for reduction of the unintended
transcripts predicted to bind most stably to the ASO.
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Introduction

Nucleic acid therapeutics exploit the exquisite spec-
ificity of Watson–Crick hybridization and have recently

resulted in approval of drugs for previously untreatable dis-
eases [1–4]. Whether the goal is therapeutic benefit, or de-
termining the function of a novel gene, affecting the transcript
without direct effect on other gene products is preferred and a
method for identifying selective compounds with no effect on
unintended transcripts is desired.

Despite the high selectivity of Watson–Crick hybridization,
antisense oligonucleotides (ASOs), small interfering RNAs
(siRNAs), CRISPR guide RNAs (sgRNAs), and ribozymes
can bind to nearly complementary unintended transcript sites
with the potential of activity at those sites. Specificity of these
compounds as well as specificity of nucleic acid probes has
been the subject of much research [5–26].

Although early studies with mismatched ASOs showed
antisense activity decreased with increasing mismatches
[27], antisense activity at nearly matched sites has been re-
ported [7,8]. These nearly complementary sites in the tran-
scriptome can be identified in silico using sequence
alignment tools [28–32]. For any ASO, not all these nearly
matched sites are effectively reduced, so methods for pre-
dicting activity of an ASO at a nearly matched nonintended

site would be useful to allow for design of ASOs with min-
imal off-target activity.

The most widely used mechanism for ASO inhibition of
gene expression requires hybridization of the ASO to its
complementary RNA target followed by RNase H1 cleavage
of the RNA. Selectivity against an unintended transcript will
be observed if either hybridization or RNase H1 cleavage is
less efficient at the unintended nearly complementary site
compared with the intended target site. The study described
below evaluates activity of ASOs against nearly comple-
mentary unintended transcripts and the role of hybridization
thermodynamics in specificity of ASOs.

Prior studies evaluating reduction of unintended tran-
scripts by ASOs suggest near complementary of an ASO,
with its unintended transcript associated with reduction of
that unintended transcript. Kamola et al. evaluated six locked
nucleic acid (LNA) gapmer ASOs for reduction of a handful
of mismatched unintended targets [8]. They reported a cor-
relation between TM of the ASO:target duplex and degree of
reduction at a single concentration.

Rukov et al. tested two LNA gapmers for selective reduc-
tion of a library containing randomized 7-mer target sites [6],
and demonstrated a correlation of binding score with activity at
mismatched sites. Hagedorn et al. tested four LNA gapmers
for reduction of unintended transcripts in mouse liver [7]. They
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demonstrated fewer mismatches in the ASO:target duplex re-
sulted in a higher chance of reduction of that transcript.

Yoshida et al. [9] used microarrays to test two short LNA
gapmers for reduction of unintended targets in human cells
and found a strong correlation of number of mismatches with
likelihood of off-target reduction. These prior experiments
used relatively few numbers of ASOs. Furthermore, they
evaluated selectivity by comparing transcript reduction at a
single, relatively high concentration of ASO so relative po-
tency comparing intended to unintended transcript could not
be measured.

We report below the evaluation of 96 ASOs for reduction
of unintended transcripts and the correlation of the reduction
of 832 unintended transcripts with mismatch destabilization
energies. The number of ASO:transcript pairs tested and
these detailed comparisons of potency differences for in-
tended versus unintended transcripts allowed us to demon-
strate high correlation between binding of the ASO to the
mismatched target site and the likelihood of activity at that
unintended target site.

Materials and Methods

Oligonucleotides

ASOs were synthesized using standard phosphoramidite
chemistry as described previously [33]. RNA oligonucleo-
tides were purchased from Integrated DNA Technologies,
Coralville, Iowa.

In silico analysis of predicted off-target matches
in the human transcriptome

The sequence of each ASO was aligned against the reference
human transcriptome (hg38/GRCh38jAssembly) containing all
gene sequence and all processed transcripts defined by NCBI’s
Reference Sequence Database listing (www.ncbi.nlm.nih.gov/
refseq/) (Release 76, May 9, 2016). Alignment was performed
using Bowtie [29]. Alignments for ASOs of length 20 were
filtered to allow for up to 2 mismatches anywhere or up to 3
terminal mismatches with 17 matches in a row. For 16-mers, the
bowtie filter was a maximum of 1 mismatch anywhere or 2
terminal mismatches with 14 matches in a row.

Cell culture and ASO treatment

Many of the unintended transcripts were not expressed in
routinely used cell lines so eight cell lines were required for
this study. Most cells were purchased from ATCC (Mana-
ssas, VA) and cultured at 37�C as described in Supplemen-
tary Table S1. Culture conditions, transfection methods, and
treatment times are described in Supplementary Table S1.

For free uptake transfection, the cells were counted and
diluted in room temperature growth medium to the indicated
concentration before adding 100mL of the cell suspension
to the wells of a collagen I-coated 96-well culture plate
(354407, Corning, Inc., Corning, NY). Immediately after
plating the cells, 11 mL of 10 · oligonucleotide in water was
added to the appropriate wells and the culture plate was in-
cubated at the indicated conditions. After 48 h, the cells were
washed once with phosphate-buffered saline (PBS) before
lysing for RNA isolation and analysis.

For cells requiring electroporation, cells were trypsinized,
counted, and diluted in room temperature growth medium

before adding 100 mL of the cell suspension to the wells of a
2 mm electroporation plate (45-0450-M; BTX, Holliston,
MA), which contained 11mL of 10 · oligonucleotide in wa-
ter. After shaking the plate for 30 s, the cells were pulsed once
at the indicated voltage for 6 ms with the ECM 830 instru-
ment (BTX). After electroporation, the cells were transferred
to a Corning Primeria 96-well culture plate (353872; Corn-
ing, Inc.) containing 50 mL of growth medium and incubated
at the indicated conditions. After 24 h, the cells were washed
1 · with PBS before lysing for RNA isolation and analysis.

iCell� neurons purchased from Cellular Dynamics were
plated and cultured in 96-well poly-ornithine/laminin-coated
plates following the manufacturer’s instructions using iCell
neuron maintenance medium (NRM-100-121-001) and iCell
neuron medium supplement (NRM-100-031-001). Twenty-
four hours after plating, the cells were refed with 50mL of
complete maintenance medium containing 2 · oligonucleotide
and returned to the incubator. On the second and fourth day
after plating, 100mL of complete maintenance medium was
added to each well. Six days after plating, the cells were wa-
shed 1 · with PBS and lysed for RNA purification and analysis.

For most of the unintended transcripts, both the intended
and unintended transcript levels were measured on a single
RNA sample from each biological replicate. In a few cases,
the intended transcript and unintended transcript were not
expressed in the same cell line. In that case, a surrogate ASO
targeting human ACTN1 (ASO_099) was tested in both cell
lines and its potency was used to predict potency of both the
intended and unintended transcript in the cell line in which
they were not expressed.

RNA purification and analysis

RNA was purified with a glass fiber filter plate (Pall 5072)
and chaotropic salts with on-column DNAseI digestion. Levels
of mRNA were quantitated with quantitative reverse tran-
scription polymerase chain reaction (RT-qPCR) on the QS7
instrument (Applied Biosystems). Briefly, 5–10mL RT-qPCRs
containing 0.4–4mL of RNA were run with AgPath-ID� One-
Step RT-PCR Reagents (AM1005; Life Technologies, Carls-
bad, CA) and the primer-probe sets listed in Supplementary
Table S2 following the manufacturer’s instructions. Total RNA
levels were measured with Quant-iT� RiboGreen� RNA re-
agent (R11491; Life Technologies). Total RNA was used to
normalize the transcript expression results. For some samples,
GAPHDH expression levels were measured by RT-qPCR and
also used to normalize expression. In all cases, normalization
by total RNA agreed with normalization by GAPDH.

IC50 determination

For most of the ASOs studied, cells were treated in qua-
druplicate at five or six concentrations in a series of four or
five-fold serial dilutions. A few of the unintended transcript
pairs were measured only in duplicate. The highest concen-
tration was at least 10 times the IC50 of the intended transcript.
Concentration response data normalized to untreated control
were analyzed using nonlinear regression (GraphPad Prism).

DG�37 predictions

DG�37 for RNA:RNA duplexes were predicted using
RNAstructure [34].
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TM measurements

ASO was combined with RNA oligonucleotide corre-
sponding to each predicted off-target at 4mM each strand. All
RNA oligonucleotides contained a ‘‘dangling end’’ on each end
of the complementary region corresponding to the sequence of
the predicted off-target gene at that site. TM of the ASO:RNA
duplex was measured at 260 nm in 100 mM Na+, 10 mM
phosphate, 0.1 mM EDTA, pH 7.0. TM was also measured for
the RNA analog of each ASO binding to the same RNA target.

Results and Discussion

Mismatch destabilization of an ASO:RNA duplex
correlated strongly with the predicted
RNA:RNA destabilization

To test the hypothesis that unintended targets with stronger
hybridization potential are more likely to be reduced than
those with destabilizing mismatches, hybridization free en-
ergies for matched and mismatched ASOs binding to RNA
targets are required. Although algorithms are available for
predicting stability of PNA:DNA and LNA:DNA hybrids and
the effect of LNA substitution on the stability of 2¢-O-
Methyl:RNA duplexes [35–41], hybridization free energies
cannot be accurately predicted for complexes between
modified gapmer ASOs and RNA.

To assess thermodynamic stability of ASO:RNA duplexes,
TM was measured for 25 ASOs to a total of 153 matched and
mismatched target sequences. Similar measurements were
performed for RNA analogs of each of the 25 ASOs to the same
RNA targets. Sequences of these oligonucleotides and the TMs
are listed in Supplementary Table S3. TMs of the ASO:RNA
duplex correlated well with those of RNA:RNA duplex and, in
fact, the correlation was similar whether the ASO was a 20-mer
with 2¢-O-methoxy-ethyl (MOE) in the wings or a 16-mer with
2¢-O-cEt in the wings (Supplementary Fig. S1).

TM accurately measures DG� at the TM but extrapolation
from the TM to 37�C requires knowledge of the enthalpy of
duplex formation. According to the two-state model, the free
energy of duplex formation at 37�C is given by:

DG�37 ¼ DH� 1 � 310:15=TMð Þþ 310:15 · R · ln CT=4ð Þ

where DH� is the enthalpy of duplex formation, TM is the
duplex melting temperature in �K, R is the universal gas
constant (1.987 cal/mol/deg) and CT is the total strand con-
centration at which TM was measured.

For each duplex structure, matched or mismatched, DH�
was calculated using the nearest-neighbor parameters of
Turner and Mathews [42] and used to convert TM to DG�37.
Free energy of duplex destabilization (DDG�37) was calcu-
lated by subtraction of the free energy of the match from that
of the mismatch.

Figure 1 plots the free energy destabilization for each
mismatched ASO:RNA duplex versus that of the RNA:RNA
duplex. A very high correlation was observed. The absolute
stability of an ASO:RNA duplex differed from that of the
RNA:RNA ortholog due to chemical modifications but the
destabilization free energy due to the mismatch was very
similar for RNA:RNA duplexes and ASO:RNA duplexes.

There is some question if DH� from the nearest-neighbor
model for RNA:RNA duplexes in 1 M NaCl is appropriate for

extrapolating from DG� at the Tm to DG�37 for RNA:RNA
duplexes and ASO:RNA duplexes in 100 mM NaCl. DH�
determined at 1 M NaCl can be used to extrapolate DG� in
100 mM NaCl because the effect of ionic strength on duplex
stability is primarily entropic, so DH� is independent of salt
concentration [43,44]. To test if the DH� for RNA:RNA is
also appropriate for ASO:RNA duplexes, DH� was also ob-
tained from the shape of the experimental melting curves
using a standard six parameter fit [45]. When DG�TM and the
fitted DH� were used to compute DDG�37, data agreed with
those in Fig. 1 in support of the assumption that nearest-
neighbor values for DH� are appropriate for both ASO:RNA
and RNA:RNA duplexes (Supplementary Fig. S2).

Figure 2 compares the observed DDG�37 for these mis-
matched pairs to the DDG�37 for an RNA:RNA duplex pre-
dicted by RNAstructure [34]. The DG37� for duplex formation
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FIG. 1. Free energy destabilization of an ASO binding to
an unintended target versus that of the equivalent RNA
binding to the same RNA target. DDG�37 was calculated
from the observed TM and DH� calculated for the matched
or mismatched RNA using nearest neighbor parameters of
Turner and Mathews. ASO, antisense oligonucleotide.
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FIG. 2. The observed destabilization for ASOs binding to
an unintended RNA target versus that predicted for the
corresponding RNA:RNA duplex (red). Observed destabi-
lization for the equivalent RNA:RNA duplexes is shown in
blue.
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calculated using RNAstructure was typically much more
favorable than that observed in our TM experiments, probably
due to the reduced ionic strength in the TM experiments and
ASO duplex destabilization due to phosphorothioate linkages.
However, the destabilization free energy (DDG�37) observed in
the TM experiments correlated strongly with the mismatch
destabilization free energy predicted by RNAstructure. These
data support the hypothesis that mismatch destabilization pre-
dicted by RNAstructure is an accurate estimate of the mismatch
destabilization of an ASO:RNA duplex regardless of ASO
length or chemical modification.

This correlation of the observed DDG�37 for an ASO:RNA
hybrid with the DDG�37 predicted by RNAstructure for an
RNA:RNA duplex allowed us to use the algorithms for pre-
diction of RNA:RNA duplex stability developed from nearly 50
years of thermodynamic studies [42,46,47] to predict destabi-
lization free energies for chemically modified ASOs. Lindow
and colleagues [6,7] also used thermodynamic parameters for
RNA:RNA duplexes to predict free energy differences for LNA
gapmers binding to matched and mismatched targets. Although
they did not directly measure duplex free energies for the LNA
gapmers, our results support their assumption that RNA:RNA
thermodynamic parameters are good predictors of mismatch
destabilization in ASO:RNA duplexes.

Nearest-neighbor parameters can even be used to predict
duplex stability under conditions similar to those inside a cell.
Ghosh et al. recently reported that relative stabilities of nu-
cleic acid duplexes under conditions of molecular crowding
were similar to those in dilute buffer [48] suggesting that our
rules for predicting mismatch destabilization of ASO:target
pairs may even extend to the intracellular environment.

Most predicted mismatch pairs showed at least 10-fold
selectivity for the intended transcript

Ninety-six ASOs to 10 different transcribed genes were
selected for evaluation of effects on unintended transcripts.
The ASOs ranged in length from 16 to 20 nucleotides with a
majority of 16-mers. All ASOs were DNA-gapmers containing
a gap of 8–10 DNA residues flanked by wings of 2¢-O-modified
residues, 2¢-O-MOE for the 20-mers, and constrained ethyl
(cEt) for the 16-mers [49,50]. These 96 ASOs were selected
because they were very active against their intended transcripts
in vitro and in vivo and showed no hepatotoxicity or immune
stimulation in standard rodent toxicology studies. ASOs tested
are listed in Supplementary Table S4.

For each ASO, the human transcriptome was computation-
ally searched for mismatched RNA target sites. Both primary
and processed transcripts were interrogated. Concentration
dependence of reduction of intended transcript and several
matched or nearly matched unintended transcripts was mea-
sured in ASO-treated cells, so all transcripts were full-length
human transcripts in their natural cellular context. RT-qPCR
was selected to measure reduction of intended and unintended
transcripts due to its very high sensitivity and accuracy.

Measurement of the concentration dependence of tran-
script reduction for every intended or unintended transcript at
ASO concentrations up to 10 times the IC50 of the intended
transcript allowed for identification of unintended target
transcripts with IC50 up to 10-fold less potent than the in-
tended transcript. Such detailed dose/response is required to
predict the relative activity against intended and unintended

transcripts at concentrations likely to occur in vivo. This
exercise resulted in dose/response curves for 832 pairs of an
ASO with an unintended transcript. IC50 values for both the
intended and unintended transcripts were determined from
the dose/response and the ratio of IC50 (unintended) to IC50

(intended) was determined. Data are tabulated in Supple-
mentary Table S5. ASO_112 and ASO_113 were used as
negative controls and neither reduced any target below 80%
control at any concentration up to 10 · the IC50 of the in-
tended target.

Figure 3 shows examples of dose/response curves for
mismatched transcripts of ASO_001 measured in A431 cells
using TaqMan RT-qPCR. Unintended targets were identified
as sites in the human transcriptome with up to one internal or
two terminal mismatches to the ASO. Table 1 lists mismatch
structures and IC50 values for the intended and each unin-
tended target site. ASO_001 is a rather promiscuous 16-mer
ASO; the IC50 for REV3L was only 2-fold weaker than that
for the intended transcript, and those for CACNA2D1 and
CLASP1 were slightly more than 10-fold less potent than
EZH2, the intended target transcript. All three of the unin-
tended transcripts that were reduced contained only terminal
mismatches to the ASO. Other unintended transcripts with
internal or terminal mismatches were even less potent.

Similar data for ASO_053 are shown in Supplementary
Fig. S4 with mismatched structures and IC50 ratios in Sup-
plementary Table S6. For this 16-mer, none of the 28 unin-
tended transcripts was reduced with IC50 within 10-fold that
of the intended transcript. Data for ASO_029, a 20-mer, are
shown in Supplementary Fig. S5 and Supplementary
Table S7. For this 20-mer, unintended target sites were
identified as sites in the human transcriptome with up to two
internal or three terminal mismatches to the ASO and none of
the unintended transcripts was reduced.

Figure 4a plots the distribution of activity among these 832
unintended target transcripts. Only 97 of the pairs (12%)
showed potency within 10-fold that of the intended transcript;
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FIG. 3. Dose/response curves for nine unintended target
transcripts of ASO_001, a 3-10-3 gapmer with 2¢-cEt wings.
Only fitted curves are graphed. Supplementary Figure S3
shows the same data with data points and error bars. IC50

ratios and destabilization free energies for these pairs are
shown in Table 1.
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Table 1. Mismatch Structure, IC50, and Predicted Destabilization Free Energy

of the Unintended Target Sites of ASO_001 in Figure 3

ASO:target Target sequencea IC50 (mM) IC50 ratiob DDG�37
c (kcal/mol)

ASO_001 5¢ ATCATTATATTGACCA 3¢
j j j j j j j j j j j j j j j j

3¢GUAGUAAUAUAACUGGUU 5¢ 0.064

0.0

EZH2

ASO_001 5¢ ATCATTATATTGACCA 3¢
j j j j j j j j j j j j j j j X

3¢UUAGUAAUAUAACUGGCU 5¢ 0.124 1.94

0.9

REV3L

ASO_001 5¢ ATCATTATATTGACCA 3¢
j j j j j j j j j j j j j j j X

3¢AUAGUAAUAUAACUGGAA 5¢ 0.722 11.3

0.3

CACNA2D1

ASO_001 5¢ ATCATTATATTGACCA 3¢
X j j j j j j j j j j j j j j X

3¢AAAGUAAUAUAACUGGAU 5¢ 0.791 12.4

1.3

CLASP1

ASO_001 5¢ ATCATTATATTGACCA 3¢
XX j j j j j j j j j j j j j j

3¢UAUGUAAUAUAACUGGUA 5¢ 2.28 35.7

2.9

GSAP

ASO_001 5¢ ATCATTATATTGACCA 3¢
j j j j j j j j j j j j j j X j

3¢GUAGUAAUAUAACUGUUT 5¢ >5 >50

4.3

THOC2

ASO_001 5¢ ATCATTATATTGACCA 3¢
j j j j j j j j j j j X j j j j

3¢CUAGUAAUAUAAUUGGUG 5¢ >5 >50

2.8

ULK4

ASO_001 5¢ ATCATTATATTGACCA 3¢
XX j j j j j j j j j j j j j j

3¢AAGGUAAUAUAACUGGUG 5¢ >5 >50

2.2

BRE

ASO_001 5¢ ATCATTATATTGACCA 3¢
j j j j j j j j j j j j j j X j

3¢UUAGUAAUAUAACUGAUG 5¢ >5 >50

4.7

KDM4C

ASO_001 5¢ ATCATTATATTGACCA 3¢
j j j j j j X j j j j j j j j j

3¢GUAGUAAGAUAACUGGUU 5¢ >5 >50

4.3

NEO1

aMismatched binding site on target RNA, including one additional nucleotide on each end. Upper strand is ASO and lower strand is RNA
target site. Sites of mismatch are in bold.

bIC50 (unintended transcript)/IC50 (intended transcript).
cDG�37 (unintended target site) - DG�37 (intended target site).
ASO, antisense oligonucleotide.
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60 (7.2%) of these were within 5-fold, and 32 (3.8%) were
within 2-fold of the intended transcript.

Figure 4b plots the likelihood an ASO will have any potent
unintended target; 48% of the ASOs tested had no unintended
targets reduced with a potency within 10 · that of the in-
tended target. When the analysis was restricted to 20 nt MOE
gapmers, fully 73% of the ASOs tested had no unintended
targets reduced with potency within 10 · that of the intended
target. TMs of the matched 20-mer MOE compounds were
similar to those of the matched 16-mers containing cEt sub-
stitutions (Supplementary Table S3) suggesting that the af-
finity of these two classes of compounds for their intended
targets is similar. Yet the 20-mers reduced many fewer un-
intended targets than the 16-mer ASOs. This is likely due to
the fact that the number of single (or double) mismatched
sites in the human transcriptome is substantially higher for a
16-mer than a 20-mer, so the probability of finding an unin-
tended site with a small DD G�37 is much lower for a 20-mer
than a 16-mer.

High mismatch destabilization energies predicted
a low likelihood of unintended target reduction

As observed for ASO_001 in Table 1, the most active
unintended transcripts contained only a single terminal
mismatch to the ASO. To test the hypothesis that hybrid-
ization free energy predicts the likelihood of reduction of
an unintended target, hybridization free energies for each
ASO:target pair were computed using the parameters of
Turner and Mathews [42]. As shown above, these parameters
were successful at predicting the destabilization free ener-
gies (DDG�37) of mismatched versus matched ASO:target
pairs. This nearest-neighbor model includes parameters for
dangling ends, so each target site was extended 1 nt in each
direction to allow for dangling end stabilization. Destabili-
zation free energies (DDG�37) were computed by subtracting
the DG37� of the intended target site from that of the unin-
tended target site.

Most unintended targets were predicted to bind to the ASO
with less affinity than the intended target. There were 21
exceptions, typically when a T in the ASO matched to A in
the intended target and to G in the unintended target, and the
dangling ends of the unintended target were more stabilizing
than those of the intended target. The distribution of desta-
bilization energy versus the number of mismatches for these
832 pairs is shown in Fig. 5. Although more mismatches
resulted in greater destabilization, for any mismatch count,
the range of DDG�37 was very broad with internal mis-
matches resulting in greater destabilization than terminal
mismatches.

Figure 6 plots the IC50 ratio for each pair versus its pre-
dicted destabilization free energy (DDG�37). If the unin-
tended transcript was not reduced below 50% control at 10
times the IC50 of the intended transcript, the ratio was re-
ported as >10 and is plotted at a value of 10. Two trends are
clear. First, most unintended transcripts were not reduced
with an IC50 within 10-fold that of the intended transcript.
Second, transcripts that were reduced were associated with
smaller destabilization free energies.

Figure 7 plots the fraction of unintended transcripts re-
duced with an IC50 ratio <10 as a function of DDG�37. For
unintended transcripts with a stabilizing free energy, or a

destabilizing free energy no more than 2 kcal/mol, 35/143
(24%) had an IC50 within five-fold that of the intended
transcript. In contrast, if the destabilization free energy
was >4 kcal/mol only 4/407 (1.0%) of the unintended
transcripts were reduced with an IC50 less than five-fold
that of the intended transcript.

Nearly 60% of the ASOs tested were fully phosphor-
othioate 3-10-3 gapmers with three constrained ethyl modi-
fications on each end. The remaining ASOs were longer
(17 or 20 nt) or contained 2¢-O-methoxyethyl-modified
wings, mixed 2¢-O-MOE/cEt wings, altered gap sizes and
positions (eg, 2-9-5 gapmer) and/or mixed phosphodiester/-
phosphorothioate backbone. It was the DDG�37 and not the
oligonucleotide length or number of mismatches or modifi-
cations that affected likelihood of reduction of an unintended
transcript, confirming the assertion that hybridization free
energy is a primary driver of target selectivity.
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intended transcript. Transcripts more than 10-fold less po-
tent than the intended transcript are plotted at a value of 10.
Around 735 (88%) of the unintended transcripts were more
than 10-fold less potent than the intended transcript.
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The correlation of mismatch destabilization with likeli-
hood of reduction of an unintended transcript is similar to
results reported by Lindow and colleagues [6,7]. Although
they could not compare potency of intended and unintended
targets, they report that unintended targets with observed
reduction had significantly more favorable binding free
energies than those that were not reduced. Similarly,
Yoshida et al. [9] observed a strong correlation between
likelihood of unintended target reduction and the comple-
mentarity measure for that unintended target.

These prior studies considered ASOs binding to unin-
tended target sites with a single base bulge in the RNA. In the
current study, most unintended target sites interrogated for
16-mers included only single internal mismatches or two
terminal mismatches. For longer ASOs, an increased number
of mismatches was investigated. Sites where the ASO would
bind with a single base bulge were not tested.

This omission is not critical for the conclusions regarding
the correlation of DDG�37 with the likelihood of reduction of
an unintended transcript because only a range of DDG�37

values was necessary to test that hypothesis. Bulged loops of
length one are predicted to destabilize more than single in-
ternal mismatches and much more than a single terminal
mismatch [42]. Thus, inclusion of unintended target sites
predicted to bind with a bulge in the ASO or the mRNA
would have increased the number of more destabilizing pairs
presented above. It is possible that a bulge could add addi-

tional RNA specificity beyond that resulting from free energy
due to selectivity of RNase H1 for fully aligned duplex
structures.

Mismatches in the gap were more likely to be selective

To test if mismatch position affected the likelihood of
reduction of an unintended transcript, IC50 ratios were
compared for pairs with and pairs without a mismatch in the
DNA gap. Only 6/255 pairs (2.4%) with a mismatch in the
gap had an IC50 ratio <5 compared with 54/577 (9.3%) pairs
without a mismatch in the gap and a ratio <5. Because in-
ternal mismatches are more destabilizing than terminal
mismatches, the observation that fewer pairs with a mis-
match in the gap were active compared with those with a
mismatch in the wings may be due simply to the fact that
wing mismatches may be terminal and thus less destabi-
lizing than gap mismatches which are always internal.

Figure 8 compares the likelihood of reduction of unin-
tended transcripts for only those pairs with nonterminal
mismatches. Pairs with mismatches in the gap were less
likely to be reduced than pairs with nonterminal mismatches
in the wing. Supplementary Figure S6 makes the same
comparison for all pairs as a function of destabilization free
energy. When pairs with similar destabilization free energies
were compared, mismatches in the gap were less likely to be
reduced than no mismatch in the gap.

The observation that mismatches in the gap were less likely
to result in reduction of an unintended transcript than nonter-
minal mismatches in the wings suggests that in addition to
specificity provided by Watson–Crick hybridization, RNase
H1 adds additional selectively against mismatches in the DNA
gap presumably because many mismatches result in a struc-
tural defect near the cleavage site in the RNA:DNA duplex and
this defect is disfavored by RNase H1 [51]. The role of RNAse
H1 in mismatch selectivity was also reported by Rukov et al.
who demonstrated reduction of gap size reduced activity
against mismatched transcripts, but also affected RNHase H1
activity against the intended transcript resulting sometimes in

FIG. 7. Fraction of ASO:unintended transcript pairs with
IC50 within 10-fold that of the intended transcript as a
function of predicted destabilization free energy. The first
bin represents pairs predicted to be most stable with a
binding constant within 25-fold of the perfect match and the
last bin contains pairs predicted to be least stable with a
binding constant more than 104-fold less stable than the
perfect match. A w2 test of the data in Figure 7 substantiates
the strong correlation of observed unintended transcript
activity with predicted hybridization free energy at the un-
intended target site (P < 10-15). Inset: Same data plotted
with more free energy bins. The first bin (DDG�37 £ 0)
contains pairs where the ASO is predicted to bind as
strongly or more strongly to the unintended transcript than
the intended transcript. In this case fully 20% of the unin-
tended transcripts were reduced with a potency nearly as
good as that of the intended transcript.
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FIG. 8. Fraction of ASO:unintended transcript pairs with
IC50 within 10-fold that of the intended transcript for pairs
with or without a mismatch in the gap. Only pairs with a
nonterminal mismatch are included. 11% of the pairs with a
mm in the wing and none in the gap were active (IC50 within
10-fold that of the intended transcript), whereas 4% of those
with a mm in the gap were active (P < 0.05, Fisher’s exact
test).
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improved selectivity and sometimes in reduced selectivity but
always in reduced activity toward the intended transcript [6].

Activity hit rates were assessed as a function of the mis-
match position relative to the start of the gap (Supplementary
Fig. S7). Although there were very few active pairs with a
mismatch anywhere in the gap, it appears that mismatch
position did not affect unintended transcript activity, except
possibly that position 10 of the gap (3¢ end of the gap) tol-
erated a mismatch better than a mismatch in other positions.

Pairs with a single terminal mismatch were evaluated to
see if a mismatch on the 5¢ end of the ASO affected activity
more or less than on the 3¢ end. Supplementary Figure S8
demonstrates that the position of a terminal mismatch did not
substantially affect the likelihood of reduction of the unin-
tended transcript.

Unintended transcript activity was independent of gene
length and whether unintended site is intronic or exonic

Activity hit rates were also compared for unintended
transcripts where the ASO was expected to bind to an intronic
or an exonic site. Only 3/53 pairs of an ASO with an exonic
target site (6%) were reduced with an IC50 within five-fold
that of the intended target transcript. For intronic pairs, the
rate was 57/779 (7.3%) (Supplementary Fig. S9). Kamola
et al. [8] reported that intronic regions were markedly more
susceptible to ASO silencing than exonic sequence. The
current study contained only 53 unintended exonic sites and
only three were active; thus the results in Supplementary
Fig. S9 are statistically insignificant. However, current data
support the hypothesis that unintended intronic sites are at
least as likely as unintended exonic sites to result in unin-
tended transcript reduction.

Finally, activity hit rates were evaluated as a function of
length of the pre-mRNA (Supplementary Fig. S10) or the
length of the mRNA (Supplementary Fig. S11). Little effect
was observed.

Mismatch correction can, but does not always,
increase activity at an unintended site

Figure 4 demonstrates that many unintended transcripts
were not reduced significantly at any concentration tested and
most unintended transcripts, including several that were
perfect matches to the ASO, were not reduced with an IC50

within 10-fold that of the intended transcript. These results
are consistent with the fact that not every ASO perfectly
matched to an intended transcript reduces that transcript. This
observation has been explained by differences in RNA ac-
cessibility due to secondary structure, protein binding, or
processing kinetics [52–54]. Thus, a target site in an unin-
tended transcript may be less accessible than that in the in-
tended transcript or the unintended transcript itself may be
less available for antisense targeting. Consequently, the un-
intended transcript may not be reduced by the ASO, even if
the predicted duplex-binding free energy is strong.

To confirm that duplex stability is a strong predictor of the
likelihood of reduction of the unintended transcript but target
site availability also plays a role, a reciprocal experiment was
performed. Two ASOs that were each active against at least
one unintended transcript were selected. Dose/response data
for these two ASOs showing response of intended and un-
intended transcripts are in Fig. 9. For each ASO, two unin-
tended transcripts were reduced with IC50 within 10-fold that
of the intended transcript. In all cases, these active unin-
tended transcripts were associated with small destabilization
free energies (Table 2).

We hypothesized for the unintended transcripts that were
reduced in Fig. 9, the ASO binding site was ‘‘accessible,’’
allowing for ASO binding and transcript reduction. To test
this hypothesis, for each unintended transcript, the ASO
sequence was corrected to be a perfect match to that unin-
tended target site. IC50 ratios for the ASO with the three
active mismatched unintended transcript and the mismatch
corrected ASO are listed in Table 3 with dose/response data
in Supplementary Fig. S15.
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FIG. 9. Dose/response curves ASO_059 and ASO_047, two gen 2.5 16-mers showing reduction of both the intended
transcript (blue curves) and several unintended transcripts. Reduction was measured 48 h after treatment in A431 cells by
‘‘free uptake.’’ These ASOs were selected because they have an unintended transcript whose reduction parallels that of the
intended transcript. Only fitted curves are graphed. Supplementary Figures S12 and S13 show the same data with data points
and error bars. IC50 ratios and destabilization free energies for these pairs are shown in Table 2.
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For two of the three mismatched, unintended transcripts
that were no more than 10-fold less potent than the parent
(C16orf46 and MVB12B), correcting the mismatch to the
unintended target site; improved potency two to seven-fold;
for the third (PRR14L), correcting the mismatch resulted in
negligible change in the dose/response curve. These im-
provements in potency with mismatch correction suggest the

site was accessible and improving the hybridization energy
improved potency.

For most of the unintended transcripts in Fig. 9 that had IC50

ratios >10, correcting the mismatch did little to improve re-
duction of the unintended transcript suggesting that the ASO-
binding site was inaccessible and the unintended target site was
not susceptible to ASO activity whether the ASO was a perfect

Table 2. Target Site Sequence, Destabilization Free Energy, and IC50 Ratios

for the ASO:Target Pairs in Figure 9

ASO:target mm structurea IC50 ratiob DDG�37 (kcal/mol)c

ASO_047 5¢ TGTTATATTTGATCCT 3¢
j j j j j j j j j j j j j j j j

5¢CACAAUAUAAACUAGGAG

1.0 0.0

APOL1

ASO_047 5¢ TGTTATATTTGATCCT 3¢
j j j j j j j j j j j j j j j X

3¢AACAAUAUAAACUAGGUG 5¢

0.8 0.5

C16orf46

ASO_047 5¢ TGTTATATTTGATCCT 3¢
j j j j j j j j X j j j j j j j

3¢ UACAAUAUACACUAGGAG5¢

>10 3.6

DENND1A

ASO_047 5¢ TGTTATATTTGATCCT 3¢
j j X j j j j j j j j j j j j j

3¢AACUAUAUAAACUAGGAU 5¢

>10 3.8

DST

ASO_047 5¢ TGTTATATTTGATCCT 3¢
j X j j j j j j j j j j j j j j

3¢UAUAAUAUAAACUAGGAA 5¢

>10 1.9

MYO9A

ASO_047 5¢ TGTTATATTTGATCCT 3¢
X j j j j j j j j j j j j j j j

3¢AUCAAUAUAAACUAGGAA 5¢

1.0 1.0

PRR14L

ASO_047 5¢ TGTTATATTTGATCCT 3¢
j j j j j j j j j j X j j j j j

3¢GACAAUAUAAAAUAGGAU 5¢

>10 6.3

PTPRM

ASO_047 5¢ TGTTATATTTGATCCT 3¢
j j j j j j X j j j j j j j j j

3¢GACAAUACAAACUAGGAU 5¢

>10 4.2

ZNF407

ASO_059 5¢ TAAGGGTTACTTTGCC 3¢
j j j j j j j j j j j j j j j j

3¢CAUUCCCAAUGAAACGGU 5¢

1.0 0.0

DNM2

ASO_059 5¢ TAAGGGTTACTTTGCC 3¢
j j j j j j j j j X j j j j j j

3¢AAUUCCCAAUAAAACGGU 5¢

>10 5.9

SLC6A11

ASO_059 5¢ TAAGGGTTACTTTGCC 3¢
j X j j j j j j j j j j j j j j

3¢AAGUCCCAAUGAAACGGU 5¢

4.9 1.6

MVB12B

ASO_059 5¢ TAAGGGTTACTTTGCC 3¢
X j j j j j j j j j j j j j j j

3¢CCUUCCCAAUGAAACGGA 5¢

>10 1.1

UBL3

ASO_059 5¢ TAAGGGTTACTTTGCC 3¢
j j j j j j j j j j j j j j X j

3¢CAUUCCCAAUGAAACCGU 5¢

>10 5.0

PDE4D

ASO_059 5¢ TAAGGGTTACTTTGCC 3¢
j j j j j j j j j j j j j j j j

3¢AAUUCCCAAUGAAACGGU 5¢

1.1 -0.3

SNX9

aMismatched binding site on target RNA, including one additional nucleotide on each end. Upper strand is ASO and lower strand is RNA
target site. Sites of mismatch are in bold.

bIC50 (unintended transcript)/IC50 (intended transcript).
cDG�37 (unintended target site) - DG�37 (intended target site).
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match or mismatched to this target site (data not shown). The
exception was ZNF407, where the single mismatch with
ASO_047 resulted in no activity but correcting the mismatch
resulted in potency only two-fold weaker than the matched
ASO with the intended target transcript (APOL1) (Supple-
mentary Fig. S15 and Supplementary Table S8). Apparently,
the ASO-binding site in ZNF407 was accessible but the rela-
tively high destabilization free energy reduced binding of
ASO_047 to ZNF407 or the C:A mismatch in position four of
the gap prevented RNase H1 cleavage with ASO_047. Cor-
recting this mismatch improved the hybridization free energy
and resulted in reduction of this transcript.

Reducing hybrid stability by creating a mismatched
ASO had the same effect as a mismatched target site

The same three ASOs that corrected the mismatch to the
unintended transcripts in Fig. 9 introduced a mismatch to the
intended transcript and resulted in reduced or unchanged
potency to that transcript (Supplementary Fig. S15 and
Supplementary Table S9).

This observation that mismatch correction increased po-
tency (Supplementary Figs. S14 and S15) and mismatch in-
troduction decreased potency (Supplementary Fig. S16) is
consistent with the hypothesis that more stable duplexes at
the same site result in more potent compounds. To test this
hypothesis, additional mismatched ASOs were designed that
would reduce hybridization to the intended target site and
modulate hybridization to the unintended target site. For each
of the seven active target transcripts in Fig. 9, Supplementary
Figs. S14 and S15, IC50 ratios were calculated comparing the
IC50 of each mismatched ASO to that of the fully mismatch-
corrected ASO. Predicted destabilization free energies were
also calculated for each match/mismatch pair.

Figure 10 plots the IC50 ratio (mismatched vs. matched
ASO) versus the calculated DDG�37 (mismatched—matched)
for each pair and the inset plots the fraction of mismatched
pairs reduced with an IC50 ratio <10 as a function of DDG�37.
Figure 10 is very similar to Fig. 6; smaller destabilization free
energies resulted in more potent reduction by the mismatched

Table 3. Effect of Mismatch Correction On Reduction of Unintended Targets

for the Two Antisense Oligonucleotides in Figure 9

ASO:target mm structurea IC50 ratiob DDG�37 (kcal/mol)c Comment

ASO_100 5¢ AGTTATATTTGATCCT 3¢
j j j j j j j j j j j j j j j j

3¢ATCAATATAAACTAGGAA 5¢

1.0 0.0 Mismatch corrected

PRR15L

ASO_047 5¢ TGTTATATTTGATCCT 3¢
X j j j j j j j j j j j j j j j

3¢AUCAAUAUAAACUAGGAA 5¢

0.7 1.1 Mismatched

PRR14L

ASO_101 5¢ TGTTATATTTGATCCA 3¢
j j j j j j j j j j j j j j j j

3¢AACAATATAAACTAGGTG 5¢

1.0 0.0 Mismatch corrected

C16orf46

ASO_047 5¢ TGTTATATTTGATCCT 3¢
j j j j j j j j j j j j j j j X

3¢AACAAUAUAAACUAGGUG 5¢

2.0 0.6 Mismatched

C16orf46

ASO_102 5¢ TCAGGGTTACTTTGCC 3¢
j j j j j j j j j j j j j j j j

3¢ACCGTTTCATTGGGACTT 5¢

1.0 0.0 Mismatch corrected

MVB12B

ASO_059 5¢ TAAGGGTTACTTTGCC 3¢
j X j j j j j j j j j j j j j j

3¢AAGUCCCAAUGAAACGGU 5¢

7.4 4.2 Mismatched

MVB12B

aMismatched binding site on target RNA, including one additional nucleotide on each end. Upper strand is ASO and lower strand is RNA
target site. Sites of mismatch are in bold.

bMismatched ASO/matched ASO.
cMismatched pair—matched pair.
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FIG. 10. Correlation of specificity of transcript reduction
with matched and mismatched ASOs with predicted free
energy destabilization for the mismatched ASO compared
with the matched ASO. For each ASO, ordinate is the IC50
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ASO. Mismatched ASOs more than10-fold less potent than
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ASO consistent with hybridization free energy being an im-
portant factor in determining whether or not an unintended
transcript is reduced.

Although the data in Figs. 6 and 10 show a clear correlation
of ASO selectivity with a small destabilization, a few outliers
were observed. ASO_098_NRG2 and ASO_032_TFEB have
destabilization energies of 2.9 and 5.0 kcal/mol, respectively,
corresponding to changes in KD of 111- and 3,339-fold, re-
spectively. Despite substantially reduced affinity of these
ASOs for the mismatched RNA target sequence, these un-
intended transcripts were reduced with potency better than or
equal to the intended transcript. This reduction, despite an
unfavorable free energy destabilization suggests that in
these rare cases factors other than hybridization play a role.
Observation of nonhybridization-based mechanisms of
ASO activity has been reported so these may be cases of
nonhybridization-based transcript reduction [10,55–58],
which seems to be rare for ASOs such as these that have
passed standard tests of tolerability and activity.

Studies presented in Figs. 6 and 10 differ in that in Fig. 6,
activity of a single ASO is compared for two target sites and
in Fig. 10 two ASOs are compared for a single target site.
Both approaches have been used previously to assess the
effect of mismatches on antisense activity [6–8,27,59] and
each of these experimental designs varies more than just the
hybridization free energy. Varying ASO sequence can af-
fect delivery of the ASO to the active site as well its nu-
clease resistance and ability to support RNase H1 cleavage
of its perfect complement. On the other hand, varying the
target site can affect target ‘‘accessibility.’’ Nonetheless,
results in Fig. 10 are similar to those in Figs. 6 and 7 and
support the conclusion that hybridization free energy is a
primary determinant in the likelihood of reduction of a
mismatched transcript.

Even nontoxic ASOs showed some nonspecificity
and guidelines for identification of the most
selective ASOs

One proposed mechanism of hepatotoxicity for some
high-affinity ASOs is reduction of a high number of unin-
tended transcripts due to RNase H1-dependent RNA deg-
radation [8,12,60]. The 96 ASOs in this study resulted from
extensive screening of ASOs and showed no hepatotoxicity
or immune stimulation in standard rodent toxicology stud-
ies. Despite the choice of potent, nontoxic ASOs for this
study, reduction of a few unintended transcripts was ob-
served, some with potency approaching that of the intended
transcript demonstrating that even nontoxic ASOs can affect
an unintended transcript. These data, however, suggest
guidelines for ASO design to identify a selective ASO for a
therapeutic or functional genomics application.

Given that likelihood of reduction of unintended tran-
scripts is higher if binding to that transcript is predicted to be
tighter, identification of the most likely ‘‘off-targets’’ can be
reduced to calculation of expected free energy difference
between binding to the intended and unintended target sites.
Although, in general, mismatches destabilize duplexes and
the more mismatches, the less stable the duplex, unintended
target sites with a single mismatch can be destabilized as
much as 7 kcal/mol (ASO_004_CASK) and, in contrast, two
nonterminal mismatches can destabilize as little as 0.5

kcal/mol (ASO_055_APOL2) (Fig. 5 and Supplementary
Table S5). Thus, counting potential mismatches is not an
efficient way to predict the likelihood of reduction of an
unintended transcript.

To assure the most problematic unintended transcripts are
investigated, we propose that, for any ASO, unintended
transcripts be interrogated for predicted DDG�37 compared
with binding of the ASO to the intended transcript and those
with the least destabilizing free energy be identified as the
most likely unintended transcripts.

Data in Fig. 8 suggest for any destabilization free energy, a
mismatch in the gap is less likely than a mismatch in the wing
to result in reduction of an unintended transcript. Thus, un-
intended target sites with a mismatch in the gap are of less
concern than those with a mismatch in the wing.

Once unintended transcripts with reasonable probability of
reduction have been identified in silico, their expression and
function should be assessed. If an unintended transcript is
expressed only in a tissue where ASOs are inactive due to
poor ASO distribution to that tissue, then that transcript may
not be of concern. For example, if an ASO will be adminis-
tered systemically, transcripts that are expressed only in the
CNS may be of little concern because systemically admin-
istered ASOs do not cross the blood/brain barrier. Also, if a
gene does not play an important role in a targetable tissue, it is
of less concern. Knockout data of the gene may suggest that
paralogs can replace that transcript.

Finally, selectivity is defined as the potency of the unin-
tended transcript compared with the intended transcript. If an
ASO has been optimized for reduction of its intended tran-
script, site accessibility and target-site availability have been
optimized [61] and the ASO likely targets one of the most
‘‘accessible’’ sites for that transcript. The binding site on an
unintended transcript has not been optimized so the likelihood
of reduction of an unintended transcript will be smaller, even
if the destabilization-free energy is small. The result will be a
larger ratio of unintended to intended target transcript po-
tencies, resulting in a more selective ASO. These guidelines
are appropriate for ASOs of any length and modification.

Factors that affect ASO activity

In addition to providing guidelines for identification of the
most selective ASOs, these results provide insight into the
factors affecting ASO activity at intended, as well as unin-
tended transcripts. Clearly hybridization potential plays a key
role. Hybridization potential includes thermodynamic sta-
bility of the ASO:target duplex and target-site accessibility,
which is often attributed to RNAstructure, protein binding,
and RNA processing kinetics. In addition to hybridization
potential, the sequence or structure of the ASO:target pair
affects the cleavage activity of RNase H1 [20] so sequence
and structure of the DNA:RNA region of the ASO also plays
a role, particularly when there are mismatches in the gap. We
found little evidence that other factors such as transcript re-
gion played a substantial role. Intronic and exonic regions
were equally targetable.

In summary, we demonstrated a strong correlation of
mismatch destabilization with the likelihood of reduction of
an unintended target transcript of an ASO. This result sup-
ports the use of mismatch-free energy prediction over mis-
match number to select off targets most likely to be reduced.
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Concentration dependence of reduction of these unintended
transcripts should be measured in human cells and compared
with that of the intended transcript to assess the likelihood
reduction of that unintended transcript in humans.
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