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ABSTRACT: ADARs (adenosine deaminases acting on RNA) are RNA editing enzymes
that bind double helical RNAs and deaminate select adenosines (A). The product inosine

(I) is read during translation as guanosine (G), so such changes can alter codon meaning.
ADAR-catalyzed A to I changes occur in coding sequences for several proteins of
importance to the nervous system. However, these sites constitute only a very small fraction
of known A to I sites in the human transcriptome, and the significance of editing at the vast
majority sites is unknown at this time. Site-selective inhibitors of RNA editing are needed to
advance our understanding of the function of editing at specific sites. Here we show that 2'-
O-methyl/locked nucleic acid (LNA) mixmer antisense oligonucleotides are potent and
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selective inhibitors of RNA editing on two different target RNAs. These reagents are capable of binding with high affinity to RNA
editing substrates and remodeling the secondary structure by a strand-invasion mechanism. The potency observed here for 2'-O-
methyl/LNA mixmers suggests this backbone structure is superior to the morpholino backbone structure for inhibition of RNA
editing. Finally, we demonstrate antisense inhibition of editing of the mRNA for the DNA repair glycosylase NEILI in cultured
human cells, providing a new approach to exploring the link between RNA editing and the cellular response to oxidative DNA

damage.

RNA editing reactions modify, insert, or delete nucleotides and
can change the coding properties of an RNA molecule.'
Deamination at C6 of adenosine (A) in RNA generates inosine
(I) at the corresponding nucleotide position. A to I editing is
catalyzed by the ADAR family of enzymes (adenosine
deaminases acting on RNA). ADAR-catalyzed A to I changes
occur in coding sequences for several proteins of importance to
the nervous system (e.g., glutamate receptors, serotonin
receptors, voltage-gated ion channels, etc.), and A to I editing
is essential to proper nervous system function (reviewed in ref
2). However, editing sites that cause codon changes in
neurotransmitter receptors and ion channels constitute only a
very small fraction of known A to I sites in the human
transcriptome (reviewed in ref 3). For instance, thousands of
adenosine deamination sites have been found in repeating
sequence elements in untranslated regions of human tran-
scripts.*~® In addition, several A to I sites have been identified
that lead to codon changes in proteins with functions outside
the nervous system, such as the K/R site in the human DNA
repair enzyme NEIL1.”~” The biological significance of editing
at the vast majority of known A to I sites is unknown at this
time. Up to this point the study of the biological function of
editing at specific sites has relied heavily on genetically
engineered organisms.lo_12 However, these experiments are
expensive, laborious, time-consuming, and limited to genetically
tractable systems. There is also limited temporal control over
editing using these approaches. Inhibitors of RNA editing
capable of blocking deamination at specific adenosines are
needed. Such molecules will be valuable research tools to study
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the consequences of editing at specific sites. This is particularly
significant now given the recent explosion in the number of
known editing sites from high-throughput sequencing efforts.”
In addition, site-selective editing inhibitors could have
therapeutic potential since hyper-editin% at specific sites is
correlated with certain disease states.>™"

Site-specific RNA editing inhibitors need high affinity and
selectivity for their target RNAs and must be able to block the
activity of tightly binding ADAR proteins. They must also be
nontoxic, be able to permeate the cell nucleus, and allow
translation of the mature mRNA. The lack of approaches to
control editing in a site-specific manner stimulated us to
address this problem. In an earlier study, we showed that a
synthetic helix-threading peptide that binds near the serotonin
2c receptor editing sites was able to selectively inhibit ADAR2
editing on this RNA in vitro.'® However, the affinity, specificity,
and cell permeability of molecules of this type must be
improved before they can be useful tools for controlling
editing.17

Different antisense strategies have been shown to be effective
at controlling RNA processing events (reviewed in ref 18).
These include strategies that do not require RNase H activity,
such as controlling splicing by masking splice sites on pre-
mRNAs" (reviewed in ref 20). There are several examples in
the literature of successful use of this approach to control
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splicin% including for pre-mRNA targets in the brains of
mice.”"** However, the ADAR reaction requires the editing site
be in, or very near, stable double helical structure in the RNA
and these sites are typically avoided when choosing a binding
site for an antisense oligonucleotide (AON).>*** Nevertheless,
invasion of stable secondary structure has been reported for
certain antisense reaggents.zs_27 Furthermore, if properly
designed, one could envision an AON binding to an editing
site complementary sequence and localizing the target
adenosine to a single-stranded region, thus inhibiting the
ADAR reaction (Figure 1). In addition, a very recent report
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Figure 1. An antisense oligonucleotide can bind and invade the

secondary structure of an ADAR substrate RNA to prevent editing.

indicated that AONs with the morpholino backbone structure
could inhibit A to I editing at a glutamate receptor site, albeit
with low potency.”® Thus, AONs have promise for the control
of RNA editing at specific sites. In this report, we show that
stable RNA structures found at two different ADAR sites can be
targeted by AONS, but potency can be achieved only by careful
choice of backbone structure to allow for tight binding between
the AON and the RNA target. Surprisingly, morpholino AONSs,
similar to one recently shown to inhibit editing in a cellular
assay,”® were not effective in inhibiting editing in our study.
Instead, a 2’-O-methyl/locked nucleic acid (LNA) mixmer
worked most effectively. Use of the 2’-O-methyl/LNA
backbone structure led to inhibition of editing of the human
NEIL1 mRNA in the nanomolar concentration range both in
vitro and in HeLa cells. Inhibition was shown to be sequence-
specific for both the target substrate and the AON.
Interestingly, the dynamics of binding for different target
RNA structures appears to be a critical factor for defining
efficacy of inhibition. Therefore, this work presents a variety of
considerations when both choosing a target and designing an
AON for inhibition of RNA editing.

Bl RESULTS AND DISCUSSION

In Vitro Optimization of Backbone Structure. We
hypothesized that an AON complementary to a segment of the
duplex RNA comprising the serotonin 2C receptor (SHT,cR)
pre-mRNA could bind and inhibit editing (Figure 2). This
hypothesis was based upon the fact that the snoRNA HBII-52
is complementary to a section of the exonic sequence of this
RNA and is proposed to bind to this sequence and direct 2'-O-
methylation.” Therefore, this location in the RNA may be
predisposed to antisense regulation.

We chose to design an AON complementary to the intronic
sequence instead of the exonic sequence because it may be
more practical to use in future studies where inhibition of
translation is undesirable. An AON bound to the intronic
sequence would be expected to be removed by splicing and
should not interfere with translation, whereas an AON tightly
bound to the exonic sequence could inhibit translation.
Therefore we designed a 2'-O-methyl AON complementary
to the editing complementary sequence (ECS), targeting the
region of the intron directly across from the exonic sequence
predicted to bind to the snoRNA HBII-52.* The first AON
that we designed consisted entirely of 2'-O-methyl modified
RNA (OMel), because 2’-O-methyl oligonucleotides are more
resistant to nuclease degradation compared to oligoribonucleo-
tides. The intronic region corresponding to the binding register
of HBII-52 contains a five-nucleotide internal loop, so the AON
was 23 nt in length. We tested this AON for its ability to inhibit
ADAR2 editing in a cell free assay developed previously.'®
Treatment with 1 uM of the AON OMel inhibited editing at
the D site of the SHT,cR RNA to approximately 50% that of
the no inhibitor control (Figure 3a) and >90% inhibition at $
uM (Figure 3b).

We then chose to test different backbone and sugar
structures to determine the optimal one for strand invasion.
Morpholino oligonucleotides (Figure 2a) have been used to
control splicing in vivo, and recent work has also shown that
they can be used to inhibit editing in cell culture experiments,
with cellular ICy, values around 2 uM.*® We therefore designed
a morpholino oligonucleotide corresponding to the same
binding register as OMel. However, this AON displayed
significantly decreased potency compared to the 2’-O-methyl
oligonucleotide, with less than a factor of 2 change in editing
even at 25 uM AON (Figure 3b). This is likely due to the
morpholino’s lower affinity for complementary sequence as
compared to 2’-O-methyl oligonucleotides or oligonucleotides
containing LNAs (described below).>® We also shifted the
binding register of the 2’-O-methyl AON to the edge of the
predicted duplex structure to determine if an increase in

a b

o B D
.N\Imv | GAC
| o G U
c a
Base o Base A u G uc A 2%
Base O 5'---GCA UACGUAAUCC — UAUUGAGCAUAGCCGUU CAAUUC GGCCA AUG AGAUUGCU u
0. 3 ———ugucauquauuaggcu Sauaacucguaucggcqacguuaaga ia accqgg XAUCUUUAACGGGUU
} |
N 3~ %u(_/ Yumg
Lo N-p=0 N =i
0=P-0O —P= —p— 1 a-u
| | o T o R a 2
s o M aya
2-O-methyl morpholino LNA

5'-CAUAAUCCGAAAGUAUUGAGCAU-3"'
5'-CAUAAUCCGAAAGUAUUGAGCAU-3"'

5'-ACAGUACAUAAUCCGAAAGUAUU-3"'
5'-ACAGUACATAAUCCGAAAGUAUU-3'
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Figure 3. In vitro inhibition of editing by AONs targeted to the
SHT,cR pre-mRNA. (a) Comparison of 2 different binding registers
of 2’-O-methyl AON and a locked nucleic acid/2’-O-methyl mixmer.
(b) Comparison of OMel and morpholino AONS at their respective
highest concentrations tested, S uM OMel and 25 M morpholino.

potency could be realized. This AON (OMe2) at 1 uM
concentration inhibited D site editing to approximately 10% of
the control lacking inhibitor (Figure 3a), indeed showing a
moderate increase in potency compared to the original register.
Therefore, the choice of binding register and backbone
structure are critical factors when designing an AON to target
an ADAR editing site.

LNAs (Figure 2a) have been shown to bind to RNA with
extremely high affinity.®" This is likely due to their constrained
3’-endo sugar pucker, which induces an A-form helical
structure.>’ =% Oligonucleotides containing LNA residues pay
less of an entropic penalty upon binding to RNA due to this
preorganization®* and also exhibit a more favorable enthalpy of
binding.> Efforts have been undertaken to define the locations
within an antisense oligonucleotide that contribute the most to
this enhanced binding aﬂ-lnity.36 In addition, mixmers
consisting of LNA and 2’-O-methyl residues accumulate in
the cell nucleus upon transfection.”” We therefore designed an
AON consisting of approximately 30% LNAs and 70% 2'-O-
methyl nucleotides, in the same binding register as OMe2. We
tested inhibition of editing with this AON and found that it
inhibited D site editing to 10% that of the no AON control at
200 nM and completely inhibited editing at 1 M (Figure 3a).
To determine if the observed inhibition was dependent on the
target site sequence, we used an RNA target without the
internal loop adjacent to the D editing site (Figure 4a). We
observed only a slight inhibition of editing when the mixmer
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Figure 4. (a) Loop and no loop control SHT,cR pre-mRNA
structures in the region of the AON binding sites. Shown with the
locked nucleic acid mixmer. (b) Editing of the RNAs from panel a in
the presence of the mixmer.
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was tested with the no loop target at a concentration of 1 uM,
20 times the concentration needed to inhibit editing to 50%
that of control on the native target RNA (Figures 3 and 4).

To confirm that the mixmer, our most potent AON, inhibits
editing by remodeling the RNA secondary structure, we carried
out a V1 nuclease footprinting experiment. V1 nuclease digests
double-stranded RNA (dsRNA), so the disappearance of V1-
dependent bands indicates reduced duplex structure at that
location. Upon titration of the mixmer into a sample containing
the RNA, we saw a change in V1-dependent bands, confirming
that the secondary structure has changed (Figure S). Therefore,
the mixmer consisting of LNA and 2’-O-methyl nucleotides can
inhibit editing by strand invasion of the stable structure found
in an ADAR substrate RNA.

Inhibition of NEIL1 Editing in Vitro. As a test of the utility
of this technique as a general tool for studying RNA editing, we
wanted to measure the effect of transfected AONs on editing at
different sites in the transcripts of cultured human cells.
Detection of SHT,cR editing can be challenging in
immortalized cell lines due to the generally low levels of
SHT,cR expression and the alternative splicing that removes
the portion of the RNA containing the editing sites.*® Instead,
we focused on editing at the K/R site in the human NEIL1 pre-
mRNA, a ubiquitously expressed and abundant RNA.***
NEIL1 is a base excision glycosylase involved in the repair of
oxidatively damaged DNA.*' An ADARI-catalyzed editing
reaction that occurs in the codon for lysine 242 of human
NEIL1 converts it to an arginine codon.” The Lys to Arg
change in the protein alters NEIL1’s ability to remove various
damaged base lesions from DNA, but the consequences of this
editing event on the cellular response to oxidative DNA
damage have yet to be fully defined.” AON inhibitors of NEIL1
editing would be useful for exploring these effects.

In our previous work, we showed that an RNA based on the
NEIL1 pre-mRNA consisting of only 45 nucleotides was a
substrate for human ADARI.* Therefore, we designed a 2'-O-
methyl/LNA mixmer AON (NL18) to target a site within this
45 nt including the hairpin loop and intronic sequence 5’ to the
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Figure S. The mixmer oligonucleotide causes remodeling of the SHT,cR secondary structure as determined by V1 nuclease digest. Lane 1: no V1
nuclease; lane 2: sequencing lane with ddCTP; lane 3: sequencing lane with ddTTP; lane 4: no AON added; lanes 5—10: increasing concentrations

of SHT,cR mixmer (3 nM, 10 nM, 30 nM, 100 nM, 300 nM, 1 uM).

In in vitro ADARI assays,'®** this

oligonucleotide inhibited editing of the NEILI recoding site
but not the B site of the SHT,cR RNA, also a known ADARI1
site (Figure 6b). In addition, a control oligo of the same length
and number of LNA residues had no effect on NEIL1 editing

loop (Figure 6a).
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Figure 6. AONs targeting the NEIL1 pre-mRNA. (a) NEILI pre-
mRNA predicted secondary structure, target and control AON
sequences. Target AON binding site is shown in orange, and editing
site is in red. (b) Inhibition of NEIL1 editing by the target AON. The
control AON has no effect on NEIL1 editing, and the NEIL1 target
AON has no effect on editing the SHT,cR B site, a known ADARI1
site.” (¢) Comparison of NEIL1 editing inhibition when incubated
with AON for different periods of time. Data reported are the average
+ standard deviation for three experiments.
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(Figure 6a,b). The effect of different concentrations of NL18
on ADARI-catalyzed editing of the NEIL1 RNA in vitro
indicated an ICy, < 3 nM (Figure 6b).

Interestingly, the rate at which full inhibition is realized is
lower for the NEIL1-targeted AON compared to SHT,cR-
targeted AONs. Under conditions in which full inhibition of D
site editing is observed with the SHT,cR mixmer, inhibition of
NEIL1 editing by NLI18 is incomplete. Instead, editing is
reduced to approximately 40% that of the no inhibitor control
at 100 nM AON with little additional inhibition seen at 300 nM
AON (Figure 6c). However, when the incubation time was
increased from 25 min to 16 h to allow for AON and substrate
RNA binding prior to addition of ADARI, full inhibition was
achieved at 30 nM AON (Figure 6c). Thus, while AON affinity
for target is clearly important for efficient editing inhibition, the
on-rate for AON binding to target also appears to be important.

A critical contributing factor to on-rate is the nucleation site
available on the target RNA. The AON targeting the SHT,cR
RNA is likely to nucleate from the S-nt bulge loop, while the
AON targeting the NEIL1 RNA is likely to nucleate from the 4-
nt hairpin loop. Bulge loops have been shown to induce a kink
or bend in the duplex.** AONs are better able to invade duplex
structure when they are able to first bind to single stranded
regions and stack onto the end of the adjacent stem, and then
are able to incorporate the entire strand of a stem into the
heteroduplex.” By inducing a kink in the structure, the bulge
loop may allow the 5 end of the stem to function
independently, such that the AON is able to stack against the
end and then invade the entirety of that stem. These differences
may help explain the difference in sensitivity to AON
inhibition, as it was possible to completely inhibit editing of
the D site when AON was incubated with target RNA for only
25 min. Future experiments will be necessary to dissect the
thermodynamic (affinity) versus kinetic (on-rate) contributions
leading to efficient editing inhibition.

Inhibition of NEIL1 Editing in HelLa Cells. We
transfected the NL18 AON into HeLa cells and monitored
the resultant level of editing at different sites. We used editing
of the BLCAP Y/C and Q/R sites (both primarily substrates
for ADAR1) as a control to confirm the substrate-specificity of
the target AON.* Upon NLI8 transfection, we observed
decreased editing of the NEIL1 RNA, but no change in editing
of the BLCAP Y/C site (Figure 7a,b). Substantial inhibition of
NEIL1 editing was achieved at 10 nM NL18, corresponding to
a reduction in editing to ~40% of that observed with
transfection agent alone. Treatment with higher concentrations
of AON resulted in only modest improvement (Figure 7a).
Effects observed with control AON also established the AON
sequence specificity (Figure 7a). In addition, we saw no
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Figure 7. Inhibition of NEILI editing in HeLa cells using the NL18 mixmer AON or analogous morpholino AON. (a) NL18 mixmer inhibits editing
in HeLa cells. (b) The NL18 AON does not inhibit editing of the BLCAP pre-mRNA. Data reported in panels a and b are the average + standard
deviation for three experiments. (c) Transfection of the NL18 AON does not reduce NEIL1 protein levels compared to the control AON.

inhibition of editing upon treatment with 10 uM AON of the
same sequence but with morpholino backbone chemistry
(Figure 7a). Our results strongly support the 2’-O-methyl/LNA
mixmer backbone type as the superior choice for inhibition of
editing.

Importantly, transfection of the target AON did not
significantly alter expression of the NEIL1 protein under
these conditions as indicated by Western blotting with a
NEIL1-specific antibody (Figure 7c). Thus, these studies have
identified an AON (NL18) that, when transfected at 100 nM
concentration, reduces NEIL1 editing levels in HeLa cells by
approximately 3-fold without reducing NEIL1 protein levels.
Experiments designed to evaluate the impact of this change in
editing on the ratio of the K242/R242 forms of the NEILI
protein and on the cellular response to oxidative DNA damage
are currently underway in our laboratory. In addition, further
optimization of NL18 may be desirable. While the NL18 AON
is able to fully inhibit the ADARI-catalzyed NEIL1 editing
reaction in vitro, editing at the NEIL1 site was not fully
inhibited in HeLa cells by NL18. This effect may be related to
the slow onset of inhibition observed for this AON in vitro and
an inability to reach equilibrium prior to target RNA turnover
(Figure 6c). It will be important in future studies to optimize
independently AON on-rate and affinity for the NEIL1 target
RNA to determine which, if either, of these properties controls
the extent of editing inhibition in transfected cells. Additional
modifications to the AON beyond the 2'-O-methyl/LNA
backbone, such as stabilizing base modifications or conjugation
with or%anic cations and/or intercalators, will be useful in this
regard.*’~* Focusing those additional modifications on the
part of NL18 likely to be involved in nucleation (ie., the end
that binds the hairpin loop) should prove informative.

In summary, these experiments have defined parameters
useful in the design of antisense oligonucleotides for inhibition
of editing by the ADAR family of enzymes. While other work
has provided guidelines for design of antisense oligonucleotides
for splicing inhibition (reviewed in ref S0), the differences in
secondary structure seem to dictate distinctly different
requirements. While AONs inhibiting splicing should be
targeted at sequence that is not in a stable duplex structure,>!
AONs inhibiting editing must be targeted to such a site. We
have shown that 2’-O-methyl/LNA mixmer AONSs are effective
at inhibition of RNA editing on two different target RNAs.
These reagents are capable of binding with high affinity to RNA
editing substrates and remodeling the secondary structure by a
strand-invasion mechanism. The potency observed here for 2'-
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O-methyl/LNA mixmers suggests this backbone structure is
superior to the morpholino backbone structure for inhibition of
RNA editing. Finally, antisense inhibition of editing of the
NEIL1 message in cultured human cells provides a means of
selectively controlling editing levels of this target and, thus, an
approach to exploring the link between RNA editing and the
cellular response to oxidative DNA damage.

B METHODS

All primer and AON sequences may be found in Supplementary Table
1 in the Supporting Information.

Protein Overexpression and Purification. Human ADAR2 in
yeast expression plasmid (YEpTOP2PGAL1) was overexpressed in
Saccharomyces cerevisiae and purified as previously described.®>™>*
Human ADARI in yeast expression plasmid (YEpTOP2PGAL1) was
overexpressed and purified as previously described.*

Purification of Oligonucleotides. 2’-O-Methyl oligonucleotides
were synthesized as described previously.>> LNA/2’-O-methyl
mixmers (Exiqon) were purified as described previously.*” Morpholino
oligonucleotides (Gene Tools) were used as received without further
purification. DNA for primer extension (Bioneer) was resuspended in
nanopure water and diluted to 12 yM for 5'-end labeling.

In Vitro Editing of the 5HT,cR pre-mRNA. Editing of the
SHT,cR substrate RNAs with and without the internal loop was
carried out as previously described,'® except that 20 nM ADAR2 was
mixed with 10 nM RNA and assay buffer containing 15 mM Tris-HCI,
pH 7.5, 3% (v/v) glycerol, 0.5 mM DTT, 150 mM KCl, 3 mM MgCl,,
1.5 mM EDTA, 0.003% Nonidet P-40, 160 units mL™' RNasin
(Promega), and 1.0 pg mL™" yeast tRNA™*, AONs were added to the
reaction components, and the sample was held at 30 °C for 25 min
before addition of ADAR2. The reaction was carried out at 30 °C for
30 min. Editing was determined by RT-PCR and sequencing and
quantified as described previously.'® Editing was normalized against
the no AON control, which showed 100% editing.

RNase V1 Footprinting Assays. In vitro transcribed RNA in 10
UL of assay buffer (1S mM Tris-HCI, pH 7.4, 3% (v/v) glycerol, 0.5
mM DTT, 150 mM KCI, 3 mM MgCl,, 1.5 mM EDTA, 0.003%
Nonidet P-40, and 10 g mL™" yeast tRNA™*) was treated with AON.
The samples were held at RT for 20 min and then digested with 3 X
1073 U RNase V1 (Life Technologies) for 30 min at RT. The reaction
was quenched with 190 uL of hot water, then phenol-chloroform
extracted, and ethanol precipitated. DNA primer was 5’-end labeled
using T4 Polynucleotide Kinase (New England Biolabs). Primer
extension was carried out using dNTP stocks (Promega), ddNTP
(TriLink BioTechnologies), and AMV Reverse Transcriptase (Prom-
ega). Sequencing lanes were generated using a 1:5 ratio of
ddNTP:dNTP, using stocks with 25 puM ddNTP, 125 uM
corresponding dNTP, and 500 yM every other dNTP. A SX dNTP
stock was made for primer extension of RNase V1 digested RNA such
that it contained S00 M concentration of each dNTP. RNA pellets
were dissolved in 5 yL of water, and S'-end labeled primer (~5000
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cpm) was added. For sequencing lanes, 67 nM in vitro transcribed
RNA was mixed with 5'-end labeled primer (~5000 cpm) in $ uL of
water. All samples were annealed at 62 °C for 15 min and then cooled
on ice. Reverse transcription was initiated by the addition of S uL of
enzyme stock (1 yL of either SX ddNTP stock or dNTP stock, 1 uL of
5X AMV RT buffer, and 5 U AMV RT) to a final reaction volume of
10 uL. The reactions were incubated at 42 °C for 45 min and
quenched with 7 uL of denaturing loading buffer. Primer extension
products were resolved by a 12% denaturing polyacrylamide gel and
visualized by storage phosphor autoradiography and a Typhoon Trio
Variable Mode Imager (GE Healthcare).

In Vitro Editing of the NEIL1 pre-mRNA. Editing of the NEIL1
pre-mRNA was analyzed as described previously* with some changes
(see Supplementary Figure 1 for representative TLC image). AON
was mixed with RNA for either 25 min or 16.5 h prior to addition of
ADARI to a final concentration of 50 nM. Reactions were incubated at
30 °C for 45 min before quenching with hot 1% (w/v) SDS. Editing
level was normalized against the no AON control within the same
assay. Data reported are the average + standard deviation for three
experiments. Editing in the absence of AON was 43 + 4% with 25 min
preincubation and 46 + 8% with 16.5 h preincubation. ADARI editing
of the SHT,R was carried out under the same conditions as used for
the NEIL1 pre-mRNA except that the reaction was stopped after 25
min. Editing in the absence of AON was 48 + 4% with 25 min
preincubation and 56 + 5% with 16.5 h preincubation.

Analysis of Editing in HeLa Cells. HeLa cell suspension (2 mL)
was plated at a density of 1.9 X 10* cells mL™" in a 6-well plate. The
following day, cells were transfected either with NL18 using
Lipofectamine 2000 (Life Technologies) or with the analogous
morpholino AON using Endoporter (Gene Tools). After 24 h RNA
was isolated using the RNAqueous 4PCR kit (Life Technologies).
Nested RT-PCR was carried out using the Access RT-PCR kit
(Promega) for the first PCR, 15 cycles after the reverse transcription,
and Phusion Hot Start DNA Polymerase (ThermoScientific) for the
second PCR, 20 cycles. The PCR product was purified using the
Qiagen Gel Extraction Kit and sequenced. 4Peaks (v1.7) and Image]
software (v10.2)* were used for quantification of editing (see above).
Editing was normalized against the control with transfection agent but
no AON, which for NEIL1 showed 38 + 4% with Lipofectamine 2000
and 36 + 3% with Endoporter and for BLCAP showed 13 & 3% (see
Supplementary Figure 2 for representative sequencing traces). Data
reported are the average + standard deviation for three experiments.

Detection of NEIL1 Protein in Transfected Cells. Transfection
for Western blotting was carried as described above. Cells were lysed
with 375 uL of lysis buffer (50 mM Tris-HC], pH 7.5, 150 mM NaCl,
1% (v/v) Triton X-100, supplemented with Halt protease inhibitor
cocktail (ThermoFisher)) by shaking on ice for 30 min. Protein was
immunoprecipitated using NEIL1 antibody S-17 (Santa Cruz
Biotechnology) and Protein A/G Plus Agarose (Santa Cruz
Biotechnology). Western blotting was carried out using the same
NEIL1 primary antibody at 1:200 dilution and alkaline phosphatase-
conjugated secondary antibody (Santa Cruz Biotechnology) at 1:2000
dilution. The proteins were detected using ECF substrate (GE
Healthcare) on a Typhoon Trio Variable Mode Imager (GE
Healthcare).
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