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The identification of molecules that can modulate RNA or pro-
tein function and the subsequent chemical and structural opti-
mization to refine such molecules into drugs is a key activity in
drug discovery. Here, we explored the extent to which chemical
and structural differences in antisense oligonucleotides, de-
signed as gapmers and capable of recruiting RNase H for target
RNA cleavage, can affect their functional properties. To facili-
tate structure-activity learning, we analyzed two sets of iso-
sequential locked nucleic acid (LNA)-modified gapmers, where
we systematically varied the number and positions of LNA
modifications in the flanks. In total, we evaluated 768 different
and architecturally diverse gapmers in HeLa cells for target
knockdown activity and cytotoxic potential and found wide-
spread differences in both of these properties. Binding affinity
between gapmer and RNA target, as well as the presence of
certain short sequence motifs in the gap region, can explain
these differences, and we propose statistical and machine-
learning models that can be used to predict region-specific,
optimal LNA-modification architectures. Once accessible re-
gions in the target of interest have been identified, our results
show how to refine and optimize LNA gapmers with improved
pharmacological profiles targeting such regions.

INTRODUCTION
In traditional small-molecule drug discovery, large libraries of chem-
ical compounds are screened for activity in cellular assays to identify
compound hits that are active against a biological target.1 High diver-
sity in shape and chemical structure between compounds has been
found to increase the probability of finding such hits.2 The compound
hits identified from the initial screening are analyzed for structure-ac-
tivity relationships with the target and used as structural basis for gen-
eration of new libraries. These libraries are then screened for a wider
range of properties to identify lead molecules, which may be further
optimized structurally before final selection of a clinical drug
candidate.3

For antisense oligonucleotide drug discovery, we recently proposed
a similar process, where diverse libraries are screened to identify
oligonucleotide hits, which can then be further chemically optimized
until oligonucleotides with acceptable drug-like properties are identi-
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fied.4 Antisense oligonucleotides (AONs) are short chemically modi-
fied oligonucleotides, designed to bind by Watson-Crick base pairing
to a perfectly complementary region in an RNA target of interest and
modulate its function.5,6 We here focus on AONs designed as
gapmers with a central gap region of at least six consecutive DNAs
to allow the endogenous ribonuclease H1 enzyme (RNase H1) to
bind to the heteroduplex between gapmer and target RNA and cleave
the RNA strand.7,8

The identification of active gapmer hits has historically been based on
the so-called gene walk strategy, where many different regions along
the RNA are targeted by gapmers with fixed chemical modification
architectures, that is, where the types and positions of chemical mod-
ifications in the AON are fixed irrespective of the nucleobase
sequence. Such fixed architectures include gapmers with five 20-O-
methoxyethyl (MOE) modifications in each flank, and a central gap
of 10 unmodified DNAs, the 5-10-5 MOE design,9 or gapmers em-
ploying three or four locked nucleic acid (LNA) modifications in
each flank, the 3-10-3 or 4-8-4 LNA designs.10 It has been a basic
assumption in gene walks that the only structural feature of interest
between gapmers is their nucleobase sequences.9 However, results
from several recent studies challenge this assumption. For example,
when varying both the types and positions of sugar modification in
the flank regions of iso-sequential gapmers, marked differences in
properties such as half-lives inmouse kidney,10 hepatotoxic potentials
in mouse liver,11 and allele selectivities in mouse brain,12 have been
observed.

In this study, we set out to further explore the extent to which
chemical and structural differences in gapmers can affect their func-
tional properties. We focused our analysis on iso-sequential LNA
gapmers and exhaustively varied the number and positions of LNA
Author(s).
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Figure 1. Knockdown Activity and Cytotoxic Potential in HeLa Cells of 16-nt

Gapmers Targeted to HIF1A

(A and B) Base sequence and LNA/DNA designs for 256 16-nt-long gapmers tar-

geted to region A (A) and region B (B). L, LNA; d, DNA; x, LNA or DNA. (C and D)

Histogram of distribution of knockdown activities for the 256 gapmers targeted to
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modifications in the flanks, thereby testing 768 gapmers across two
different regions in the hypoxia-inducible factor 1-alpha (HIF1A)
mRNA known to be accessible to gapmers.13–15 The HIF1A protein
is a subunit of the HIF1 transcription factor that regulates cellular
and developmental responses to hypoxia and elevated expression of
HIF1A is associated with poor prognosis in many types of cancer.13

We evaluated the gapmers in HeLa cells, measuring target mRNA
knockdown activity by qRT-PCR and cytotoxic potential by caspase
activation. We found that such iso-sequential (but architecturally
diverse) LNA-gapmers can have widely different properties and
that these differences can be explained partly by how the different
architectures impact target binding affinity, as measured by duplex
melting temperature, and partly by the presence or absence of partic-
ular short motifs in the gap regions.

RESULTS
LNAModification Architecture andNucleobase SequenceAffect

Knockdown Activity and Cytotoxic Potential in HeLa Cells

We selected two different 16-nt regions on the humanHIF1AmRNA
previously identified as being accessible to gapmers.13–15We designed
256 different gapmers targeting each region, varying the number and
positions of LNA modifications in each flank. Specifically, we de-
signed all possible combinations of gapmers having either DNA or
LNA at positions 2 to 5 from the end of each flank, indicated by x
in Figures 1A and 1B, resulting in 28 = 256 different LNA modifica-
tion architectures targeted to each region.

For each of the 512 gapmers, we treated HeLa cells for 3 days at a
concentration of 5 mM by unassisted uptake and evaluated knock-
down of HIF1A mRNA by qRT-PCR (n = 4). The measured knock-
downs were highly reproducible between biological replicates (Fig-
ure S1). All data is available as Table S1. As seen in Figures 1C and
1D, for both regions, we observed average knockdown activities
ranging from around 20%HIF1AmRNA left after treatment, to virtu-
ally no effect seen (80%–100%mRNA remaining). Gapmers targeting
region A are broadly distributed without any distinct peaks (Fig-
ure 1C), whereas for region B, gapmer activities peak at 30%–40%
mRNA (Figure 1D). These differences between distributions of
knockdown activities in region A and B are highly statistically signif-
icant (p < 10�15 by Kolmogorov Smirnov test). Similarly, as seen in
Figures 1E and 1F, evaluation of cytotoxic potential by measurement
region A (C) and region B (D), quantified as HIF1A mRNA levels relative to PBS

control after incubation with 5 mM. (E and F) Histogram of distribution of cytotoxic

potentials for the 256 gapmers targeted to region A (E) and region B (F), measured

by activation of caspase relative to PBS control after transfection of 100 nM. (G and

H) Scatterplot of knockdown activity and cytotoxic potential in region A (G) and

region B (H). Gray circles indicate the standard 3-10-3 and 4-8-4 designs. Arrows

pointing to white circles indicate the top three or four most active and well-tolerated

gapmer hits. (I and J) Barplots of knockdown activities of gapmer hits from each

region (I), and similarly barplots of cytotoxic potentials (J). Error bars indicate 1 SD.

C1 and C2 are negative control gapmers. The variable flank region designs of

selected gapmers is shown, with the DNA-only gap region abbreviated to “..”

Significance evaluated by Welch t test relative to C1. *p < 0.05, **p < 0.01, ***p <

0.001; ns, not significant.
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of caspase activation 24 h after transfection of 100 nM in HeLa cells
(n = 3) for both regions resulted in some gapmers activating caspase
up to 7-fold compared to PBS controls and others which did not
activate caspase. The measured caspase activations were highly repro-
ducible between biological replicates, and concentration dependence
was observed when evaluating two negative control gapmers and
two HIF1A targeting gapmers at four different concentrations, with
the largest separation of activities seen at 100 nM (Figure S2). The
distributions of caspase activations are highly significantly different
between the regions (p < 10�15 by Kolmogorov Smirnov test). In re-
gion A, there is a peak of gapmers activating caspase at 300%–500%,
whereas for region B the peak is at 100%–200%. Since the range of
LNA modification architectures are the same in region A and B, the
clear differences in distributions of measurements between regions
must be a consequence of interactions between these LNA modifica-
tion architectures and the region-specific base sequences.

For both regions, as seen in Figures 1G and 1H, there was no corre-
lation between knockdown activities and cytotoxic potentials, and
consequently, all combinations of activities and cytotoxic potentials
were observed. The standard 3-10-3 and 4-8-4 designs are identified
by gray circles, and for both regions, many gapmers are more active
and better tolerated than these designs. The top three (region A)
or four (region B) most active and well-tolerated gapmers are iden-
tified by white circles with arrows pointing to them in the lower-left
regions of Figures 1G and 1H and are shown in more detail in Fig-
ures 1I and 1J. Relative to the two control gapmers, C1 and C2, with
three and four mismatches to the HIF1A pre-mRNA, respectively
(Table S1), a significant 50% to 60% reduction of HIF1A mRNA is
observed for all seven selected gapmers (Figure 1I). For caspase
activation, as shown in Figure 1J, the control gapmer C2 activated
caspase 50% relative to C1, which is marginally significant at p =
0.04 by Welch’s unequal variances t test. Therefore, C1 was chosen
as comparison to the seven selected gapmers. Two designs targeting
region A and all three designs targeting region B are not or only
marginally significantly different from C1 and therefore classed as
well-tolerated (Figure 1J). Two designs from region A significantly
activate caspase 2-fold relative to C1 (Figure 1J) and are therefore
classed as not well tolerated. The LNA modification patterns for
the seven gapmer hits are indicated in Figures 1J and 1I as well.
For region A, there are two or three LNAs in the 50 flank, at positions
1, 5, and sometimes 3, counting from the 50 end. The 30 flank is
shorter, with one or two LNAs at position 1, and sometimes 2 or
3, counting from the 30 end. There are 50 gapmers that generally
fulfill these criteria, and as a group they are significantly more active
and better tolerated than the gapmers targeting region A that do not
fulfill these criteria (Figures S3A and S3B). For region B, there are
three LNAs in the 50 end, at positions 1, 2, and sometimes 3 and 4.
Again, the 30 flank is shorter, with one or two LNAs at positions 1,
and sometimes 2. There are only six gapmers that generally fulfill
these criteria, but as a group they are still significantly more active
and better tolerated than the gapmers targeting region B that do
not fulfill these criteria (Figures S3C and S3D). The LNA patterns
of the seven gapmer hits therefore hint at general design criteria
708 Molecular Therapy: Nucleic Acids Vol. 19 March 2020
that fit well with these two regions, with longer 50 flanks than 30

flanks, and only four or five LNAs in total.

Taken together, these results show that varying the number of
positions of LNAs in the flanks can dramatically change both knock-
down activity and cytotoxic potential (Figures 1C–1F). There are
more active and well-tolerated gapmers in region B than in region
A (Figures 1G and 1H); however, for both regions, hits can be iden-
tified that are highly active and well tolerated (Figures 1I and 1J).
Finally, hits can be characterized by having gap regions balanced
toward the 30 end, with four to five LNA modifications in total. For
drug development, a typical next step would be to characterize the
active and well-tolerated gapmer hits at multiple concentrations to es-
timate potency and maximal knockdown efficacy from the resulting
concentration response curves. This typically allows the overall best
gapmers to be identified and progressed. In this study, however, we
instead focused on exploring features that can help explain the
observed differences in activity and cytotoxic potential between
gapmers.

KnockdownActivity CanBeExplained byPresence of Short DNA

Motifs in the Gap and Strength of Binding Affinity to the Target

Region

None of the LNA modification architectures for the selected gapmers
are the exact same between regions A and B, and a systematic evalu-
ation of identical designs between regions reveal no clear correlation
with respect to either knockdown or cytotoxic potential (Figure S4).
However, the number and positions of LNAs are known to have a
substantial effect on binding affinity.16 To explore how binding
affinity influences knockdown activity, we measured melting temper-
atures (Tm) from absorbance melting curves for all 512 gapmers
toward their respective target region. In Figures 2Aand 2B, the knock-
down activity as a function of Tm for gapmers in region A and B,
respectively, is shown. For both regions, though most clearly for Fig-
ure 2B, a parabolic shape is seen, where both too low as well as too
high Tm is detrimental to knockdown activity. The Tm range covering
the top 10% most active gapmers is indicated with gray bars (Figures
2A and 2B). The midpoint in this range is at 71�C for region A and
slightly, albeit significantly, lower, at 67.5�C, for region B (p <
0.0001 by Wilcoxon rank-sum test). These estimated midpoints
represent optimal Tm values with respect to knockdown activity in
each region. We, and others, have also previously reported the exis-
tence of such region-specific optimal Tm values for gapmer knock-
down activity.17,18 From this analysis, we also infer that it is not neces-
sarily the actual number of four to five LNAs which characterize
active gapmer hits in both regions, as discussed above, but rather
the resulting binding affinity between gapmer and target region that
those LNAs effect (Figure S5A).

Calculating DTm—defined as the absolute distance between the Tm

of each gapmer and the optimal Tm in that region—the Pearson’s
correlation between DTm and mRNA levels across both regions is
0.56 (Figure S5B). The proportion of variance in the knockdown
data explained by Tm alone is therefore at 0.32. That Tm alone only
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Figure 2. Knockdown Activity Modeled by Duplex Melting Temperature and

3-mer Motifs in the Gap Region

(A and B) Knockdown activity in HeLa cells as a function of temperatures of melting

(Tm) measured from absorbance melting curves for all the 256 gapmers targeting

region A (A) and the 256 gapmers targeting region B (B). Gray area indicates Tm

range for the top 10%most active gapmers. Vertical dashed line indicates midpoint

of this Tm range, and horizontal dashed line indicates cutoff for the top 10% most

active gapmers. (C) Effect sizes of 3-mer motifs found in the gap regions as well as

DTm, the Tm distance from the region-specific optimal Tm, as determined by iterated

re-weighted least-squares fitting of a robust linear model. Error bars indicate 1 SD

(D). Scatterplot of measured mRNA levels after gapmer knockdown versus mRNA

levels captured by the linear model based on 3-mer motifs and DTm. r
2 indicates

coefficient of determination.
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partly explains the observed knockdown levels can also be seen in Fig-
ures 2A and 2B. Even in the Tm-optimal region (gray bars in Figures
2A and 2B), there are many gapmers with low activity. That is, having
a Tm close to what is optimal for that target region is a necessary, but
not sufficient, requirement for active gapmers.

Considering the mechanism of action of gapmers, after binding to
the target RNA, RNase H1 binds to the gapmer/RNA heteroduplex
and cleaves the RNA bound within the gap region.19 The RNase H1
enzyme is known to cleave certain RNA sequences more efficiently
than others, because of preference for certain short DNA/RNA
heteroduplex sequence motifs over others.19,20 Taken together with
the observation that the gap region is shifted toward the 30 end of
active gapmers, as discussed above, we therefore next explored
whether presence or absence of short-sequence motifs can explain
the observed variance in knockdown activities. We fitted a robust
linear model21 to DTm as well as to 12 of the possible 19 3-mer
DNA motifs found in one or both target regions, modeled as being
absent (0) or present (1) (Table S1). The seven motifs not included
in this analysis were present in all gapmers from a region and their
contributions to knockdown activity therefore not discernable from
each other. The fitted effects on mRNA levels of each 3-mer motif
as well as DTm is shown in Figure 2C, and the proportion of variance
explained is at 0.73, as shown in Figure 2D. Interestingly, only the two
3-mer motifs aag and tac have a clear detrimental effect on knock-
down activity (Figure 2C), and they both lie in the 50 ends of region
A and B, respectively (Figures 1A and 1B), and are covered by
LNAs in all of the seven gapmer hit architectures (Figures 1I and 1J).

In summary, different LNA modification architectures result in a
wide range of knockdown activities (Figures 1C and 1D), and as
much three-quarters of this variance can be explained by how close
the binding affinity is to the optimal affinity as well as to the presence
or absence of certain 3-mer motifs in the gap region (Figures 2A–2D).
Both motifs shorter or longer than 3-mers were found to decrease
model fits and proportions of variance explained (Figure S6).

Cytotoxic Potential Correlates with Strength of Binding Affinity

The Tm of LNA gapmers have previously been correlated positively
with their hepatotoxic potential as observed in mice by measurement
of alanine aminotransferase (ALT), as well as to their cytotoxic poten-
tial as observed in mouse 3T3 fibroblast cells by measurement of
caspase activation.22 Such a hybridization-dependent cytotoxic po-
tential could be due to increased propensity for off-target effects
and generation of RNA cleavage products.22 For both regions, we
also observe that caspase activation generally increases with Tm (Fig-
ures 3A and 3B), with Pearson’s correlations of 0.55 and 0.78 for
regions A and B, respectively. Combining data for the two regions,
for all 512 gapmers, Tm correlates clearly with caspase activation
and overall explain 0.54 of the variance in the data (Figure 3C).

This correlation between Tm and caspase activation is strong enough
to allow a grouping of gapmers into well-tolerated and less well-toler-
ated gapmers based on a Tm cutoff. About half of all gapmers tested
activate caspase more than 300% (dashed line in Figure 3C) and are
classed as having a high cytotoxic potential. Similarly, gapmers
activating caspase less than 300% are classed as having a low- or me-
dium cytotoxic potential. Using Tm to classify gapmers into those two
groups and plotting true positive rates (TPRs) against false positive
rates (FPRs) for different Tm cutoffs, the area under the curve
(AUC) of the resulting receiver operating characteristic (ROC) curve
is at 88% (Figure 3D), demonstrating that Tm allows a both sensitive
and specific separation of gapmers.23 Highest overall accuracy is
observed at a Tm cutoff of 73�C (Figure 3E), which separates 80%
of gapmers correctly into low/mid- and high-cytotoxic-potential
groups (Figures 3E and 3F).

Since for both regions, the optimal Tm with respect to knockdown
activity is less than 73�C (Figures 2A and 2B), this allows gapmers
to be stratified based on Tm with an acceptable therapeutic window,
being both active and well tolerated (compare Figures 2A and 2B
with Figures 3E and 3F). Indeed, the four gapmer hits selected
from region A (Figures 1G–1J) all have Tmmeasurements in the range
between 65�C and 70�C, and the three gapmer hits selected from re-
gion B have Tm measurements in the range between 62�C and 64�C
(compare to Figures 2A and 2B).
Molecular Therapy: Nucleic Acids Vol. 19 March 2020 709
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Figure 3. Cytotoxic Potential as a Function of Duplex Melting Temperature

(A–C) Caspase activation in HeLa cells as a function of temperatures of melting (Tm)

measured from absorbance melting curves for all the 256 gapmers targeting region

A (A), the 256 gapmers targeting region B (B), and all 512 gapmers (C). r indicates

Pearson’s correlation, r2 indicate coefficient of determination. Dashed line at 300%

indicates suggested cutoff. (D) Receiver operating characteristics curve for a cas-

pase activation cutoff at 300%, varying the Tm threshold. AUC, area under the curve;

TPR, true positive rate; FPR, false positive rate. (E) Classification accuracy of

gapmers divided into low and high cytotoxic potential (below or above 300%) when

varying the Tm threshold. (F) Boxplot showing distributions of caspase activation

levels for gapmers divided into a low/mid-Tm group and a high-Tm group based on

the optimal Tm cutoff at 73�C.
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Properties of 16-nt Gapmers Can Be Learned from Short 13-nt

Gapmers Tiled within the Same Region

To independently validate and confirm that measured gapmer prop-
erties can be explained by binding affinity and gap motifs, we de-
signed new sets of 128 architecturally diverse LNA gapmers for
each region. To allow better stratification of the impact of 3-mer
motifs in the gap region, we designed the new sets to be 13 nt in
length and tiled them within the 16-nt region covered by the first
sets of gapmers (Figures 4A and 4B). In addition, if measured prop-
erties of 13-nt gapmers tiled within a region of interest can accu-
rately predict properties of longer gapmers in that region, this could
be a resource-efficient manner in which to construct structure-activ-
ity relationship models that allow the overall most active gapmers
for that region to be identified. To minimize off-target effects, typi-
cally, gapmers longer than 13 nt are needed. Most gapmers need to
be between 16 and 20 nucleotides in length to achieve acceptable
sequence-specificity.24 This is an additional reason why being able
to predict longer, active, gapmers from a set of shorter tool gapmers
is desirable.

We evaluated the 13-nt gapmers similarly as was done for the 16-nt
gapmers and again observed widespread differences in both knock-
710 Molecular Therapy: Nucleic Acids Vol. 19 March 2020
down activities (Figure 4C) and cytotoxic potentials (Figure 4D) in
both regions. Also, similarly to the 16-nt gapmers, all combinations
of activities and cytotoxic potentials were observed (Figure 4E). In
contrast to the 16-nt gapmers, the optimal Tm was found to be the
same in both regions, at 66�C (compare Figures 4F and 4G with
Figures 2A and 2B), albeit this estimate becomes more uncertain
as fewer gapmers are included. The Tm that most accurately
groups 13-nt gapmers into high- and low/mid-cytotoxic potentials
was identified in the same way as for 16-nt gapmers to be at 68�C (Fig-
ures 4H–4J). Also, in this case, it allows an 80% accurate classification
(Figures 4J). This Tm threshold at 68�C is close to the optimal Tm for
knockdown activity at 66�C, making it more difficult to identify active
and well-tolerated 13-nt gapmers, and it is 5�C lower than for the
16-nt gapmers (compare Figures 3E and 4J).

Overall, the 13-nt gapmers display the same range of properties and
relations between observables as the 16-nt gapmers. We therefore
trained statistical models for both knockdown activity and cytotoxic
potential, using only the data generated for the 13-nt gapmers, in
order to test whether such trained models could predict the properties
observed for the 16-nt gapmers. We first trained a robust linear
model on the mRNA levels observed after treatment with the 13-nt
gapmers similarly as was done above. When using the trained activity
model to predict mRNA levels after treatment with the 16-nt
gapmers, we observed strong correlation between predicted and
measured observables (Figure 4K). At a cutoff of < 50% mRNA re-
maining, the trained activity model achieved an AUC of 91%. Second,
inspired by previous work on predicting hepatotoxic potentials of
gapmers,25 we trained a regression random forest model26 on caspase
activation levels, with Tm and counts of dinucleotides across the entire
gapmer as variables in the model. When using the trained toxicity
model to predict caspase activation levels after treatment with the
16-nt gapmers, also in this case did we observe strong correlation
between predicted and measured observables (Figure 4L). At a cutoff
of < 300% caspase activation, the trained toxicity model achieved an
AUC of 92%. Previous work suggests this as a reasonable cutoff to
separate well-tolerated from hepatotoxic gapmers.22 The white dots
in Figures 4K and 4L indicate the seven gapmer hits identified in Fig-
ures 1G–1J. These seven hits are part of a larger group of 107 16-nt
gapmers predicted to be both active (< 50% mRNA remaining)
and reasonably well tolerated (< 300% caspase activation;
gray dots in Figures 4K and 4L). That is, out of the 512 possible
16-nt LNA-modification architectures, the trained models allow
identification of a subset of 20% of them, which still includes all the
gapmer hits.

When inspecting the fitted effects on mRNA levels of each 3-mer
motif, as well asDTm for the 13-nt gapmer activitymodel (Figure 4M),
most of the parameters roughly correlate with the effect sizes identi-
fied from fitting the 16-nt gapmers (Figure 4N and compare Figures
4M and 2C). The only notable difference is found for the 3-mer
motif ggc, with an estimated effect size at �11 when fitting 16-nt
gapmers (Figure 2C) but at +3 when fitting 13-nt gapmers
(Figure 4M).
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Figure 4. Evaluation of Tiled 13-nt Gapmers and Prediction of 16-nt Gapmer

Properties

(A and B) Base sequence and LNA/DNA designs for 4 � 32 = 128 gapmers, 13 nt

in length, tiled within region A (A) and region B (B). L, LNA; d, DNA; x, LNA or DNA.

(C) Histograms of distributions of knockdown activities for the 2� 128 13-nt

gapmers targeted to region A and B, respectively. Quantified as HIF1A mRNA

levels relative to PBS control after incubation with 5 mM. (D) Histograms of distri-

butions of cytotoxic potentials for the 256 gapmers targeted to region A and B,

respectively. Quantified by activation of caspase relative to PBS control after

transfection of 100 nM. (E) Scatterplot of knockdown activity and cytotoxic po-

tential in both regions A and B. (F and G) Knockdown activity in HeLa cells as a

function of Tm for the 128 13-nt gapmers targeting region A (F) and the 128 13-nt

gapmers targeting region B (G). Gray area indicates Tm range for the top 10%most

active gapmers. Vertical dashed line indicates midpoint of this Tm range, and

horizontal dashed line indicates cutoff for the top 10% most active gapmers. (H)

Caspase activation in HeLa cells as a function of Tm for all 256 13-nt gapmers

targeting region A and B. r indicates Pearson’s correlation, r2 indicate coefficient of

determination. Horizontal dashed line at 300% indicates suggested cutoff. Vertical

dashed line indicates Tm cutoff achieving best classification accuracy. (I) Boxplot

showing distributions of caspase activation levels for gapmers divided into a low/

mid-Tm group and a high-Tm group based on the optimal Tm cutoff at 68�C. (J)
Classification accuracy of gapmers divided into low and high cytotoxic potential

(below or above 300%) when varying the Tm threshold. (K) Scatterplot of measured

versus predicted mRNA levels for 16-nt gapmers. Predictions made by robust

linear model based on 3-mer motifs and DTm trained from 13-nt gapmers. (L)

Scatterplot of measured versus predicted caspase activation levels for 16-nt

gapmers. White dots indicate the most active and well-tolerated gapmers iden-

tified, and gray dots indicate 16-nt gapmers predicted to be both active and

reasonably well-tolerated. Predictions made by random forest model based on

dinucleotide motifs and DTm trained from 13-nt gapmers. (M) Fitted effects on

mRNA levels of 3-mer motifs in the gap regions, as well as DTm for the 13-nt

gapmer activity model, the Tm distance from the region-specific optimal Tm, as

determined by iterated re-weighted least-squares fitting of a robust linear model.

Error bars indicate 1 SD. (N) Correlation between effect sizes identified from fitting

the 13-nt gapmers with those from the fitting of 16-nt gapmers.
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That is, irrespective of length, iso-sequential but architecturally
diverse LNA gapmers have widely different properties, and these
properties can be explained partly by how the different architectures
impact target binding affinity and partly by the presence or absence of
particular motifs in the gap regions. With enough gapmers, as shown
here, these relations can be learned and used for accurate predictions
with very high-class separation capacity (AUCs > 90%).

The Tm of LNA gapmers can be predicted using a nearest neighbor
model for LNA-modified oligonucleotides approximated from pub-
licly available thermodynamic parameters.16,17 Training the 13-nt
activity and toxicity models on predicted Tm instead of experimen-
tally measured Tm, the class separation capacity when predicting
16-nt gapmers drops to an AUC of 79% for the activity model and
to 91% for the toxicity model. That is, in particular for the activity
model, an accurate assessment of binding affinity is needed for accu-
rate predictions of activity.
Identification of Optimal Gap Size for Knockdown Activity

It has previously been reported that LNA-gapmers with gap regions
of only 4 to 5 nt resulted in no appreciable cleavage of target RNA
Molecular Therapy: Nucleic Acids Vol. 19 March 2020 711
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Figure 5. Measured and Predicted Knockdown Activities for 16-nt Gapmers

Stratified by Gap Sizes

(A) Barplot showing number of 16-nt gapmers with gap sizes from 6 to 14 nt. (B)

Boxplots of measured knockdown activities of HIF1A mRNA (%PBS) for 16-nt

gapmers stratified by gap size. (C) Boxplots of predicted knockdown activities for

16-nt gapmers stratified by gap size.
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when evaluated by E. coli RNase H cleavage assay, whereas gaps from
6 to 8 nt resulted in progressively more extensive cleavage of the
RNA.27 It has also been shown that the longer the gap, the faster
the degradation of LNA gapmers by endonucleases.28 These
opposing mechanisms suggest the existence of an optimal gap size
for LNA gapmers. The 13- and 16-nt gapmers evaluated in this
study had gap sizes ranging from 6 to 11 nt (Figure S7A) and 6 to
14 nt, respectively (Figure 5A). For the 16-nt gapmers, we observed
that gapmers with lengths between 9 and 11 nt generally resulted
in the most activity (Figure 5B), which could be explained by
opposing mechanisms such as those suggested above. Similarly,
for the 13-nt gapmers, the optimum was found to be between 9
and 10 nt (Figure S7B).

When stratifying the activity model predictions for the 16-nt gapmers
by gap size, we also observed that shorter gaps in general resulted
in less active gapmers than longer gaps (Figure 5C). Assuming that
the 3-mer motif effects trained in the model captures the preference
of RNase H for some sequences over others,20 the modeling predic-
tions consequently support the explanation that, in general, the fewer
regions there are to potentially support RNase H binding and cleav-
age, the lower the activity. However, in contrast to the experimental
712 Molecular Therapy: Nucleic Acids Vol. 19 March 2020
data (Figure 5B), for the model predictions, the activity reaches a floor
at around 11nt and remains at this level also for longer gap sizes (Fig-
ure 5C). This could be explained by the model not capturing a gap-
size-dependent endonuclease susceptibility and suggests directions
for future modeling work.

DISCUSSION
The medicinal chemist tasked with developing molecules with drug-
like properties faces the three challenges of distribution, activity, and
tolerance. That is, being able to engineer molecules that can get from
the point of delivery to the intended tissue and cellular site of action
are sufficiently active on the intended target to have pharmacological
effect and have no or acceptable off-target effects.

For AON drug discovery, sufficient knockdown activity is reached
when the gapmer can bind to the target RNA to an extent that allows
the endogenous RNase H1 enzyme to cleave enough of the RNA to
have pharmacological effects. To achieve this, first, regions on the
target RNA that can be engaged with gapmers must be identified.
For example, it is well known that RNA can fold into structures
such as stems and various kinds of loops, and although recent
studies suggest that mRNAs tend to be relatively unfolded inside
cells,29 regions in RNA with a propensity to be structured will be
less accessible to gapmers compared to unstructured regions.30

Proteins bound to the RNA can also be expected to affect accessibility
in those regions.31 In addition, the nucleobase sequence in accessible
regions are required to be unique to the RNA target and not found
in any other RNAs, so that gapmers specifically bind and facilitate
cleavage of the intended target.24 Second, gapmers must be identified
that target an accessible region and are both active and well tolerated.
For example, even when a gapmer targets an accessible region,
the available gap region might preclude effective binding of RNase
H,20 the binding affinity to the RNA may be too strong or too weak
for efficient turnover,17,18 or it may cleave unintended RNA or sup-
port binding of proteins that elicit cytotoxic effects.32

Historically, AON drug discovery has been focused on identifying
accessible regions on target RNA using gapmers with one or only a
few standard modification architectures.9,10 If none of the few
gapmers tested in a region were sufficiently active and well tolerated,
that region was abandoned. A few studies have more recently sug-
gested that a wide range of properties can be achieved when changing
modification architectures of iso-sequential gapmers engaging the
same region on an RNA target of interest.11,12 These studies have
hinted at the possibilities of leveraging the diversity in chemical
modification architectures to optimize key drug properties but have
not been comprehensive or systematic enough to allow structure-ef-
fect modeling by application of machine-learning algorithms.

In this work, we selected two regions in the human HIF1A mRNA
already known to be accessible to gapmers and focused on the
challenges of engineering gapmers that are both active and well
tolerated. By measuring both of these properties in parallel for all
molecules, we expected to be able to identify those that have an



www.moleculartherapy.org
appropriately balanced activity-tolerance profile.33 Presumably, any
change in the chemistry and structure of the gapmer could also affect
its distribution, although often gapmers can be covalently conjugated
with, for example, carbohydrate- or fatty-acid ligands that facilitate
effective uptake into certain tissues such as liver or muscle, irrespec-
tive of base sequence and chemical modification architecture.34,35

We focused on systematically evaluating all possible LNA modifica-
tion architectures for gapmers 16 nt in length, while leaving at
least six consecutive DNA nucleotides in the gap region to support
RNase H binding.19 For both of the selected regions, we identified
many gapmers that were both more active as well as better tolerated
than the standard LNA modification architectures often used10 and
many that were not.

We evaluated gapmer effects in HeLa cells. Knockdownwasmeasured
by qRT-PCR 3 days after unassisted uptake of gapmer into cells
without transfection reagent, whereas cytotoxic caspase activation
was measured by enzymatic assay 24 h after transfection of gapmer
into cells. These assays and protocols have each been suggested
previously for evaluating these properties,22,32,36 but depending on
the intended target tissue and delivery method, other activity and
tolerance assays or animal models may be more relevant and translate
better to humans. For gapmers, the level of caspase activation in
HeLa cells after transfection have been correlated with their hepato-
toxic potential in mice as evaluated by increased serum levels of
ALT observed 3 days32 or 2 weeks22 after first dosing. These studies
together only evaluate 14 different gapmers, and more studies are
needed to establish the extent of the general predictivity of this
in vitro assay for the hepatotoxicity observed in mice. In this study,
we merely assert that chemical modification architectures will
significantly impact measured properties irrespective of the assays
used to evaluate activity and tolerance. We expect, however, that
the relation between these properties and gapmotifs and duplex bind-
ing affinity is likely to differ between cell types and even between
different regions on the same target. We therefore consider the ma-
chine-learning models trained in this study to be local, in the sense
that their applicability domains may only be for those two regions
on the HIF1A mRNA in HeLa cells. Interestingly, for both regions,
the gapmer hits identified (Figures 1I and 1J) have longer 50 flanks
than 30 flanks. One reason for this could be that the preferred RNase
H binding and cleavage regions are at the 30 end of the gapmer, or it
could be that for optimal multiple-turnover capability, after cleavage
the two RNA fragments should have similar binding affinity to their
respective parts of the gapmer, so that they drop off with similar
rates.17,18

It has previously been reported that the presence or absence of certain
short sequence motifs in gapmers can be correlated with their knock-
down activity.37 This, as well as many other gapmer- or target-derived
parameters, have been used as input variables to machine-learning
models for knockdown activity.38,39 Previous model work, however,
has been based on smaller numbers of gapmers of various modifica-
tion chemistries collected across many different studies with widely
different experimental setups. Here, we systematically varied only
LNA modification architectures for gapmers tiled within target re-
gions known to be accessible on the same target and evaluated
properties under the same experimental conditions. We chose to
model knockdown activity as a simple linear combination of DTm

and 3-mer gap motifs to better understand how individual motifs
affected mRNA levels. We controlled for outliers and unequal vari-
ances using robust regression by using a generalization of
maximum-likelihood estimation, iterated re-weighted least-squares,
when fitting the linear model.21 Other learning models may be able
to achieve higher predictive accuracy. However, irrespective of the
data model chosen here, it may be possible to generalize our method-
ology. Future work could focus on generating sufficient data from
different targets and target regions, using standardized experimental
protocols such as those proposed here, to allow globally predictive
models to be developed. To achieve this, we speculate that other
key parameters besides Tm and gap motifs may be necessary to mea-
sure as well, such as susceptibility to endonuclease degradation or
target-specific transcription rates.24 Also, as outlined in this study,
libraries of gapmers designed as training sets for such models should
systematically vary the modification architectures that the models are
expected to learn.

In this work, we measured Tm for all gapmers and used those mea-
sures as part of the input to the prediction models of activity and
toxicity. The Tm is a standard and widely used experimental measure
of duplex stability, although not strictly proportional to binding
affinity at physiological conditions.40 Instead, the change in standard
free energy of binding,DG� at 37�C, is a more physiologically relevant
representation of binding affinity, since DG� is logarithmically
proportional to the equilibrium constant between free and duplexed
oligonucleotides.41 Practically, to calculate DG� by van ‘t Hoff
analysis, evaluation of Tm at, typically, more than 10 different concen-
trations are needed.40 This was judged as unfeasible in the present
study covering 768 gapmers. Still, we might have observed more ac-
curate model predictions had DG� been available as input to the
models instead of just Tm.

In order to develop prediction models that do not rely on such exper-
imentally measured input, future work could focus on establishing
nearest-neighbor models for binding affinity of LNA gapmers with
full phosphorothioate backbones binding to RNA that are accurate
enough to substitute for measured values. Our results show that
this is needed in particular for the activity model, where we observed
a > 10% drop in AUC for the ROC curve when using an approximate
nearest-neighbor prediction of LNA gapmer Tm

17 instead of
measured values. Establishing an accurate nearest-neighbor model
for binding affinity prediction would have the additional benefit of
also being a straightforward way to replace Tm by DG�, as discussed
above, since both can be calculated with equal ease with such
models.17

Several studies have observed that combining different sugar-modi-
fication chemistries can reduce cytotoxic potentials, as measured by
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caspase activation in cells and hepatotoxic potential in mice.11,32 For
example, combining LNA and 20-O-methyl (20-OMe) sugar modifi-
cations can lead to reduced cellular protein binding to gapmers
with full phosphorothioate backbones and mitigate toxicity in
HeLa cells and in mice.32 Future work could focus on exploring
such interaction effects in a systematic fashion as outlined here.
However, the additional number of gapmer combinations is substan-
tial. For example, for 13-nt gapmers with five variable sites in the
flank regions at which DNA, LNA, or 20-OMe could be placed, there
are 35 = 243 combinations. Four 13-nt gapmers tiled in a 16-nt region
gives 4 � 243 = 972 gapmers, compared to the 128 gapmers needed
when only DNA or LNA is considered. Taking the broad range of
cytotoxic potentials seen in this study as a benchmark for the breadth
of what can be achieved by varying just the LNA modification archi-
tecture, it will be interesting to explore whether combinations of
sugar chemistries extend this range or merely provide a different
way to realize it.

In our data, we also see that shorter gap sizes result in less active
gapmers compared to longer gap sizes. Accordingly, the more
3-mers available for RNase H to bind, the higher the expected activity
in general. This relation is captured by our activity-model predictions,
demonstrating that only two factors are needed to explain this
behavior: Tm and 3-mer contributions. When gap sizes become too
long, we also observe less active gapmers. However, this relation is
not captured by our model predictions, suggesting other factors not
included in the model are involved. One possibility could be increased
susceptibility to endonuclease degradation as a function of gap
width.28

In conclusion, we have systematically demonstrated how small
changes in chemical modification architecture can have large effects
both on knockdown activity and cytotoxic potential, leading to
gapmers with improved pharmacological profiles. This suggests that
once accessible and unique regions on the target RNA have been
identified, libraries of gapmers that span a diverse range of chemical
modification architectures may be essential for discovering gapmers
with truly drug-like properties. Therefore, considerations, such as
which architectures to evaluate and when, will be important when
planning the drug discovery screening strategy. Our results show
that by comprehensively evaluating all possible modification architec-
tures within a certain region of chemical space (here LNA modifica-
tions), accurate structure-effect models can be trained, allowing sys-
tematic optimization of drug-like properties.

MATERIALS AND METHODS
Oligonucleotide Synthesis and Purification

All 768 HIF1A LNA-modified gapmers and controls with complete
phosphorothioate backbones were synthesized on a MerMade 192�
synthesizer (Bioautomation, Texas, USA) following standard phos-
phoramidite protocols. The final 50-dimethoxytrityl (DMT) group
was left on the oligonucleotide. Following synthesis, the oligonucleo-
tides were cleaved from the controlled-pore glass (CPG) solid support
by means of aqueous ammonia and subsequently deprotected at 65�C
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for 5 h. The oligonucleotides were purified by solid phase extraction
in TOP cartridges (Agilent Technologies, Glostrup, Denmark) using
the DMT group as lipophilic handle and chromatographic retention
probe for purification purposes. The DMT group was removed after
the elution of impurities. As the last purification step, the oligonucle-
otides were eluted from the cartridge and evaporated to dryness. The
oligonucleotides were dissolved in Dulbecco’s PBS (DPBS) (D8537;
Sigma, Søborg, Denmark), and the concentration of oligonucleotide
in solution was determined by calculating the Beer-Lambert extinc-
tion coefficient and measuring UV absorbance. Oligonucleotide
identity and purity were determined by reversed-phase ultra perfor-
mance liquid chromatography coupled to mass spectrometry
(UPLC-MS).

Cell Lines

Human epitheloid cervix carcinoma HeLa cells (93021013, ECACC
through Sigma) were cultured in Eagle’s minimum essential medium
(EMEM) with Earle’s salts (M2279; Sigma) supplemented with 10%
fetal bovine serum (FBS) (F7524; Sigma), 2 mM glutamine, 0.1 mM
(1�) non-essential amino acids (NEAA) (M7145; Sigma), and
25 mg/mL gentamicin (G1397; Sigma). The cells were grown at
37�C with 5% CO2 in a Cytomat 10�C humidified automated incu-
bator (Thermo Fisher Scientific). In all experiments, the cells were
subcultured a minimum of five and maximum of 15 times, counted
from the day of thawing.

mRNA Reduction after Unassisted Uptake by qRT-PCR

HeLa cells were plated in 96-well plates at a cell density of 2,500 cells/
well in 95 mL of growth media. The cells were incubated for 24 h
before the addition of gapmers, achieving a total volume of 100 mL
and a final concentration of 5 mM. Cell plates were harvested
3 days after their exposure to gapmers, and RNA was purified using
QIAGEN RNeasy 96 kit (74192; QIAGEN) according to manufac-
turer’s guidelines. Freshly eluted RNA plates were kept on ice to avoid
unwanted reverse transcriptase (RT) enzyme activity. RNA yield was
measured on an EON microplate reader (BioTek, Winooski, VT,
USA). The RNA was diluted into new RNA dilution plates
(AB0900; Thermo Fisher Scientific), so that the final RNA concentra-
tion was within the range of 0.2–5 ng/mL. The plates were sealed, heat-
shocked for 40 s at 90�C to melt RNA:gapmer duplexes, and were
then put on ice directly. A one-step mRNA quantification by quanti-
tative reverse transcription PCR (qRT-PCR) protocol (cDNA synthe-
sis and amplification steps combined in one) was followed in this
study. The HIF1A Taqman probe (Hs00936368_m1; Thermo Fisher
Scientific) was labeled with FAM-MGB dye, and the Taqman probe
for the reference gene, beta glucurodinase (GUSB) (4326320E;
Thermo Fisher Scientific), was labeled with VIC-MGB dye. A second
reference gene was also used for the first screen; however, as its per-
formance was very similar to that of GUSB and their average was
equal to that of GUSB alone, therefore, we continued only with one
reference gene. These probes were run in a duplex system, with
qScript XLT one-step RT-qPCR ToughMix, low ROX (95134-500;
Quanta Bioscience) as assay buffer. A master mix of the above was
made by mixing 0.5 mL of each probe in 5 mL of buffer per reaction,
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and reaction was loaded twice (duplicates). The volume of 6 mL of
master mix per well was added on MicroAmp optical 384-well plates
(4309849; Applied Biosystems). 4 mL of diluted RNA was added per
well to achieve 10 mL total volume per reaction. The plates were sealed
withMicroAmp optical adhesive film (4311971; Applied Biosystems),
vortexed so that XLT buffer is again adequately mixed with the
diluted RNA, and finally spun down for 3 min at maximum speed.
The plates were run in a ViiA 7 real-time PCR system with an Opti-
Flex optics system (Thermo Fisher Scientific), using the following
program: 15 min at 50�C, 3.5 min at 95�C, followed by 40 cycles of
95�C for 5 s and 60�C for 45 s. The set temperature change rate is
1.9�C per second for all steps. Standard curves were included as per-
formance controls in all runs.

Measurement of Caspase Activation after Transfection

HeLa cells were plated in growth medium without antibiotics
(100 mL/well) 1 day prior to transfection in white 96-well plates
with clear bottom (6005181; Perkin-Elmer). Inoculation cell density
was 4,000 cells/well such that they would be 30%–50% confluent at
the time of transfection. On the day of transfection, the HeLa cell
plates were assessed for cell viability under a microscope (CKX41SF;
Olympus Life Science Denmark). Then, each LNA-modified AON
was diluted in 25 mL Opti-MEM I (1�) + GlutaMAX-I reduced
serum medium (51985-026; Gibco) by mixing gently to achieve final
concentrations of 100, 30, 10, and 3 nM; each concentration in trip-
licates per sample. Lipofectamine 2000 reagent (11668-019; Invitro-
gen) was mixed gently by inverting before use and a Lipofectamine/
Opti-MEM master mix was subsequently prepared by gently mixing
0.25 mL Lipofectamine 2000 in 25 mL Opti-MEM per sample and
left to incubate for 5 min at room temperature. After a 5-min incu-
bation, diluted LNA-modified AONs were combined with diluted
Lipofectamine 2000 (25 mL Lipofectamine 2000/Opti-MEM com-
plex mixed gently in 25 mL of diluted LNA-modified AONs) and
left to incubate for 20 min at room temperature. In the meantime,
growth medium was aspirated from the HeLa cell plates using low
vacuum, and 50 mL of Opti-MEM was added per well. After the 20-
min incubation, 50 mL of each LNA-modified AON/Lipofectamine
2000 complex were added onto the HeLa cells and were mixed by
rocking the plate gently back and forth to ensure distribution of
the LNA-modified AON/Lipofectamine 2000 complexes. Plates
were transfected with 5-min intervals between each, in order to
ensure equal time between the transfection point and caspase quan-
tification (see below). The HeLa cell plates were left to incubate at
37�C in a CO2 incubator for 4 h. After the 4-h incubation, 50 mL
of growth medium supplemented with 30% FBS (medium with an-
tibiotics) were added to each well, and plates were mixed gently by
rocking back and forth (total volume per well, 150 mL). The day af-
ter transfection, in good time to prepare for caspase activation mea-
surement (24 h post-transfection), the Caspase-Glo 3/7 reagent
(G8092/G8093 kit; Promega, Madison WI, USA) was left in room
temperature to thaw slowly. The HeLa cell plates were left to equil-
ibrate at room temperature. In the meantime, 50 mL of liquid was
removed from all wells to achieve a total volume of 100 mL/well,
for caspase activation measurement optimization; 1:1 ratio of
Caspase-Glo 3/7 reagent volume to sample volume. Moreover,
non-transparent back seals (6005199; Perkin-Elmer) were put under
each plate. Henceforth, each cell plate is prepared separately, allow-
ing for a 5-min processing gap to ensure adequate time for caspase
activation measurement readout by the luminometer; the Caspase-
Glo 3/7 assay is sensitive in regard to the peak of luminescent signal
time. Following the preparation of the Caspase-Glo 3/7 reagent ac-
cording to manufacturer’s instructions, 100 mL were added slowly
per well by dispensing on the wall of the well to avoid making bub-
bles. MicroAmp optical adhesive film was put on the plate, and its
contents were mixed gently at 350–500 rpm for 30 s using a plate
shaker. Each plate was left to incubate at room temperature for
exactly 1 h in the dark. Finally, the plates were measured for caspase
activation using as luminometer an EnSight multimode plate reader
(HH34000000; Perkin-Elmer).

Binding Affinity of Gapmers

Lyophilized RNA corresponding to the sequence regions of interest
was purchased from Integrated DNA Technologies (IDT, Coralville,
IA, USA) and dissolved according to vendor’s instructions to
100 mM final concentration. Equal amounts of gapmer and RNA cor-
responding to the target regions A or B, to which each gapmer binds,
were dissolved in RNase/DNase free water (10977-035; Invitrogen)
and dissolved in 2� Tm buffer (10 mM phosphate buffer, 100 mM
NaCl, 0.1 mM EDTA [pH 7.0]) at a 1:1 ratio, to achieve a final con-
centration of 1.5 mM. Samples were denatured at 95�C for 3 min and
subsequently left at room temperature to anneal by slowly cooling for
30 min and were finally spun down shortly. Thermal melting curves
were logged at 260 nm on a Cary 100 UV-vis spectrophotometer us-
ing Cary WinUV software (G9821A; Agilent Technologies) equipped
with a Cary temperature controller (G9844; Agilent Technologies),
using a temperature gradient that increased by 1�C per min from
25�C to 95�C and then decreased back to 25�C. First derivatives
and the local maxima of dissociation and annealing were used to eval-
uate the duplex Tm, defined as the temperature at which half of the
gapmers are in duplex with target RNA.

Statistical Analysis

All data were analyzed using the statistical programming language
R.42 Significance of differences between gapmer knockdown activities
or caspase activations was assessed by Welch’s unequal variances t
test. Significance of differences in Tm-optima was evaluated by
nonparametric Wilcoxon rank-sum test. A linear model was used
to relate the presence of 3-mer motifs found in the gap regions as
well as DTm, to the knockdown activity. Specifically, for each gapmer,
each possible 3-mer motif was assigned either a 1 or a 0, depending
on whether it was present or absent in the gap of that gapmer, and
the Tm subtracted from the optimal Tm (see Table S1). To reduce
sensitivity to outliers, model parameters were fitted by iteratively re-
weighted least-squares.21 A random forests model26 was used to relate
dinucleotide motifs and DTm to caspase activation levels. For each
gapmer, the presence of each possible dinucleotide motif was counted
and used as input to the model, and the Tm subtracted from the
optimal Tm.
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