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Abstract  25 

Background  26 

The GluA2 subunit of AMPA receptors (AMPARs) undergoes RNA editing at a specific 27 

base mediated by the enzyme ADAR2, changing the coded amino acid from a glutamine 28 

to arginine at the so-called Q/R site, which is critical for regulating calcium permeability. 29 

ADAR2 exists as multiple alternatively-spliced variants within mammalian cells with 30 

differing editing efficiency.  31 

New Method  32 

In this study, phosphorodiamidate morpholino oligomers (PMOs) were used to increase 33 

Q/R site editing, by affecting the alternative splicing of ADAR2. 34 

Results  35 

PMOs targeting the ADAR2 pre-mRNA transcript successfully induced alternative splicing 36 

around the AluJ cassette leading to expression of a more active isoform with increased 37 

editing of the GluA2 subunit compared to control. 38 

Comparison with Existing Method(s) 39 

Previously PMOs have been used to disrupt RNA editing via steric hindrance of the GluA2 40 

RNA duplex. In contrast we report PMOs that can increase the expression of more 41 

catalytically active variants of ADAR2, leading to enhanced GluA2 Q/R RNA editing. 42 

 43 

 44 

 45 
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Conclusions 46 

Using PMOs to increase Q/R site editing is presented here as a validated method that would 47 

allow investigation of downstream cellular processes implicated in altered ADAR2 48 

activity. 49 

1. Introduction 50 

The process of RNA editing describes the alteration of bases in the RNA transcript, 51 

and can include insertions, deletions or base changes (Behm and Ohman, 2016). RNA-seq 52 

data has revealed millions of editing events in the transcriptome, mostly in non-coding 53 

regions and particularly in Alu repeats, with varying levels of editing at each site (Tan et 54 

al., 2017). Due to its abundance in Alu elements and neuronal transcripts, RNA editing is 55 

considered a key component in the development and diversity of CNS and dysregulation 56 

of A-to-I editing is found in a variety of neurological diseases (Hwang et al., 2016; Moore 57 

et al., 2019; Tran et al., 2019). The Adenosine Deaminase Acting on RNA (ADAR) family 58 

of enzymes catalyse the deamination of adenosine to form the base inosine, otherwise 59 

known as A-to-I editing, in double-stranded RNA transcripts (Behm and Ohman, 2016). 60 

The edited nucleoside inosine is recognised as guanosine by translational machinery due 61 

to the similarity in structure and subsequently changes specific amino acids in coding 62 

sequences (for example AMPAR GluA2 subunits and 5-HT2C receptor subunits) (Behm 63 

and Ohman, 2016); this base change can also alter the function of non-coding RNAs (Yang 64 

et al., 2013). The two main vertebrate ADARs, ADAR1 and ADAR2, edit distinct pools of 65 

target transcripts that have some degree of overlap but not complete redundancy (for 66 

example the Q/R site in the GluA2 transcript is solely edited by ADAR2). Moreover, 67 

ADAR2 exists in multiple isoforms depending on alternative splicing events (Rueter et al., 68 
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1999), and inclusion of an Alu sequence (termed the AluJ cassette) after exon 5 in the 69 

mRNA can decrease editing efficiency (Gerber et al., 1997).   70 

Phosphorodiamidate morpholino oligomers (PMOs) are neutrally-charged synthetic 71 

oligonucleotides with a modified backbone protecting them from degradation by nucleases. 72 

PMOs can be designed to target any DNA or RNA sequence, and have been used to 73 

manipulate RNA splicing (Havens and Hastings, 2016). It has previously been shown that 74 

a PMO directly targeted to the GluA2 RNA transcript disrupts RNA secondary structure 75 

and reduces Q/R site editing (Mizrahi et al., 2013; Penn et al., 2013). However, since 76 

disrupted editing has been reported in ALS patients, PMOs designed to increase Q/R site 77 

editing could be therapeutically relevant. Here we assessed the use of PMOs to manipulate 78 

A-to-I editing at the Q/R site of GluA2 subunits by directly targeting the ADAR2 transcript 79 

to induce alternative splicing and expression of more catalytically active forms of ADAR2 80 

(AluJ cassette lacking). PMOs were assessed for their AluJ cassette skipping efficiencies, 81 

and were tested for their effects on Q/R site editing in a heterologous cell model (HeLa) 82 

and in human neuroblastoma cell lines endogenously expressing GRIA2 RNA for the 83 

GluA2 subunit (SH-SY5Y). 84 

2. Materials and Methods 85 

2.1. Design of PMOs 86 

PMOs were designed based on pre-mRNA transcript sequences from ensembl.org 87 

(Gria2: ENSMUSG00000033981; ADARB1: ENSG00000197381). The secondary 88 

structure of pre-mRNA transcripts was predicted using MFold (mfold.rna.albany.edu). 89 

Intermolecular binding energies of PMOs were calculated using the SOligo function of 90 
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SFold (sfold.wadsworth.org), and internal binding was calculated using OligoEvaluator 91 

(Sigma; www.oligoevaluator.com).  92 

PMO names and sequences 93 

PMOs targeting the ADAR2 transcript were titled “ADAR2+a+b” where a and b 94 

delineate the sequence targeted in the AluJ cassette. The PMO sequences are as follows: 95 

PMO8(ALUJ+1+25)-5’CCAGCCTGGGTGTAAGAGCGAGACC3’,  96 

PMO9(ALUJ+93+117)-5’TAGTCCCAGCTCCTTGGAAGGTTGA3’, 97 

PMO10(ALUJ+99+120)-5’CTGTAGTCCCAGCTCCTTGGAAGGT3’. 98 

PMOs were synthesized by GenetoolsLLC and reconstituted at 1 mM in ddH2O and stored 99 

at +4 °C. 100 

2.2. Cell culture 101 

HeLa and SH-SY5Y cells (Sigma) were cultured in Dulbecco’s modified Eagle’s 102 

medium (DMEM) (Sigma) supplemented with 10(v/v)% foetal bovine serum (Invitrogen) 103 

and penicillin/streptomycin (Invitrogen). Cells were kept at 37°C and subcultured every 3-104 

4 days or 80% confluent. 105 

2.3. Transfection 106 

0.5 µg of plasmid containing a short section of GluA2 intron/exon 18 (B13 GluA2 107 

minigene)(Higuchi et al., 1993) was transfected into HeLa cells using Lipofectamine 2000 108 

(Invitrogen) at a ratio of 2:1 (volume of lipofectamine µl: amount of DNA µg). All 109 

transfections were performed following manufacturer’s instructions. 0.03-5 µM of PMOs 110 

were transfected into HeLa and SH-SY5Y cells using 6 µM Endoporter (Gene Tools) and 111 
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were incubated at 37°C for 24 hours before total RNA extraction. Flow cytometry was 112 

performed using a BD FACSCantoII.  113 

2.4. RNA extraction and RT-PCR 114 

RNA extraction from transfected cells was performed using the ReliaPrep RNA Cell 115 

Miniprep system (Promega) according to manufacturer’s instructions. A 0.5 µg sample of 116 

total RNA was used for subsequent nested RT-PCR using the GeneScript RT-PCR system 117 

(GeneSys Ltd). Primers for both rounds of the nested PCR were targeted to exons 5 and 7, 118 

which surround the AluJ cassette (ADAR2 Forward Outer, 119 

ATCCATCTTTCAGAAATCAGAGC, ADAR2 Reverse Outer, 120 

TTTGGTCCGTAGCTGTCCTC, ADAR2 Forward Inner, 121 

AGGCTGAAGGAGAATGTCCA, ADAR2 Reverse Inner, 122 

TTGCTTTACGATTTGGGTGTC). RT-PCR was performed using outer forward and 123 

outer reverse primers in a MJ Research PTC-200 Thermal Cycler under the following 124 

conditions: 45°C for 30 minutes (reverse transcription reaction), 92°C for 2 minutes (Initial 125 

denaturation), 10 cycles of 92°C (Denaturation) for 30 seconds, 62°C (Annealing) for 30 126 

seconds and 68°C (Extension) for 45 seconds, then 25 cycles of 92°C (Denaturation) for 127 

30 seconds, 60°C (Annealing) for 30 seconds and 68°C (Extension) for 45 seconds with an 128 

added 5 seconds per cycle, then a final extension step at 68°C for 10 minutes. For second 129 

round PCR with inner forward and inner reverse primers the following conditions were 130 

used: 95°C (Initial denaturation) for 3 minutes, 18 cycles of 94°C (Denaturation) for 30 131 

seconds, 60°C (Annealing) for 30 seconds and 72°C (Extension) for 45 seconds followed 132 

by a final extension step of 72°C for 10 minutes. 133 
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2.5. Densitometry 134 

Images of gels were taken under ultraviolet light with 0.16 acquisition ensuring that 135 

exposure times avoided saturated pixels and using the Ebox VX2 imaging system (PeqLab) 136 

and saved as TIFF files. Using the primers indicated, the 247 bp product  contains the AluJ 137 

cassette, while the 127 bp band lacks the AluJ cassette. The fluorescent intensity of the 138 

DNA bands in each lane was quantified using densitometric analysis using ImageJ. The 139 

peaks of intensity for each band were identified and the corresponding area measured for 140 

quantifying AluJ insertion and AluJ exclusion and “skipping percentages” were determined 141 

by dividing the “skipped band” with total fluorescence (total DNA).  142 

2.6. Q/R site editing analysis. 143 

For HeLa cells, RNA editing was semi-quantified from RT-PCR products using primer 144 

sequences for murine premRNA GluA2 (B13 Forward, 145 

ATCTGGATGTGCATTGTGTTTGCC, B13 Reverse, 146 

ACAAATGGTCGGCAGCTGCTGCTGA). This generated a 314 bp amplicon containing 147 

the A-to-I editing site. Digestion with the restriction endonuclease BbvI only digested 148 

cDNA copies containing the unedited sequence to produce fragments of 195 bp and 113 149 

bp. The undigested full length band (314 bp) represented edited cDNA. Fluorescence of 150 

each band was semi-quantified using densitometric analysis using ImageJ. The 151 

fluorescence of the edited fragment was divided by the total fluorescence of all three bands 152 

(total DNA) to give a percentage of edited DNA fragments for each sample. The level of 153 

editing induced by the different PMOs was expressed relative to editing seen in control 154 

cells. 155 
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For SH-SY5Y cells a nested PCR was performed to detect endogenous GluA2 mRNA 156 

using the following primers: Human GRIA Forward Outer, 157 

CAAAGCCCTTCATGAGCCTC, Human GRIA Reverse Outer, 158 

CCATGAATGTCCACTTGAGACC, Human GRIA Forward Inner, 159 

GCCTCAGAAGTCCAAACCAG, Human GRIA Reverse Inner, 160 

CCATGAATGTCCACTTGAGACC). This generated a full length amplicon of 322 bp  161 

(RNA edited) and two  BbvI digested bands of 238 bp and 85 bp (unedited). In both HeLa 162 

and SH-SY5Y experiments the amplicons were generated using the PCR protocol 163 

described in section 2.4. 164 

2.7 5HT2C receptor PCR 165 

RNA was isolated as described in 2.4 and RT-PCR was performed using the following 166 

primers flanking the edited region: Human HTR2C forward, 167 

TGTCCCTAGCCATTGCTGATATGC, Human reverse, 168 

GCAATCTTCATGATGGCCTTAGTC, 95°C for 3 minutes (Initial denaturation), 35 169 

cycles of 95°C for 30 seconds (Denaturation), 55°C for 30 seconds (Annealing) and 72°C 170 

for 30 seconds (Extension) and a final extension step of 72°C for 2 minutes. 171 

For the second round PCR, the following inner primers were used, HTR2C forward 172 

(nested), CCTGTCTCTCCTGGCAATCC, HTR2C reverse (nested), 173 

TCATGATGGCCTTAGTCCGC and produced a 197 bp amplicon, 95°C for 3 minutes 174 

(Initial denaturation), 35 cycles of 95°C for 30 seconds (Denaturation), 55°C for 30 175 

seconds (Annealing) and 72°C for 30 seconds and a final extension step of 72°C for 2 176 

minutes. 177 

 178 
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2.8 Sequencing 179 

GluA2 or HTR2C amplicons were purified using a QIAquick PCR purification kit (Qiagen) 180 

and 2 ng/µl was used for sequencing reactions (Eurofins). Quantification of base editing 181 

was estimated using EditR (http://baseeditr.com).  182 

2.9 Statistical tests and curve fitting 183 

All comparisons were made using one or two-way ANOVAs followed by Bonferroni 184 

post-hoc analysis. IC50s were calculated by fitting the Hill equation using Igor Pro 6.37 185 

(WaveMetrics, Inc., Lake Oswego, OR, USA).  186 

 187 

 188 

3. Results  189 

3.1. Design of PMOs for AluJ exon skipping. 190 

Our strategy for influencing RNA editing focused on increasing the catalytic efficiency 191 

of the ADAR2 enzyme. Previous work has shown that certain alternatively spliced variants 192 

of human ADAR2 contain a 120 bp sequence (AluJ) that can reduce editing efficiency by 193 

50% (Gerber et al., 1997). Therefore, removal of this AluJ region by promoting alternative 194 

splicing could improve editing efficiency. In order to promote exon exclusion, or exon 195 

skipping, from an RNA transcript, antisense oligonucleotides are often designed to target 196 

exon splice enhancer (ESE) sites or splice junctions (Havens and Hastings, 2016). The 197 

human splice finder web tool (www.umd.be/HSF3/) was used to predict where splicing 198 

factors would bind in the sequence surrounding the AluJ cassette. These results showed a 199 

cluster of ESE binding sites at the 3’ end of the AluJ cassette and clusters of exon splice 200 
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silencer (ESS) binding sites on either side of the exon (Supplementary Figure 1). Based on 201 

this analysis, the PMOs should be designed to target the 3’ end of the exon. Another 202 

consideration in the design of antisense oligonucleotides is the total binding energy 203 

between the transcript and the PMO, taking into account any possible self-complementarity 204 

of the oligonucleotide (Popplewell et al., 2009). The binding energy calculations were 205 

predicted using OligoEvaluator and SFold and the most energetically favourable position 206 

for PMO target sequence is at the 3’ splice site of the AluJ exon, with a total binding energy 207 

of -6.9 kcal/mol (Supplementary Figure 2). Targeting the 5’ splice site of the AluJ cassette 208 

was calculated to have a positive binding energy of 1.4 kcal/mol, indicating that energy 209 

would have to be put into the system for the PMO to bind. The final consideration was the 210 

location of the target sequence in the secondary structure of the AluJ sequence. Using 211 

MFold to predict the ADAR2 secondary structure, the 5’ splice site is within a region of 212 

double-stranded RNA and is not the ideal target sequence (Figure 1A). At the 3’ splice site, 213 

each end of the 25 base target sequence falls within a double-stranded region. However, if 214 

the sequence is shifted 3 bases upstream of the 3’ splice site, the sequence begins in an 215 

open region of RNA (Figure 1A). Three PMOs were therefore synthesised to target the 216 

AluJ cassette, targeting either the 5’ end of the AluJ cassette (PMO8(ALUJ+1+25)), the 3’ 217 

end of the AluJ cassette (PMO10(ALUJ+99+120)) or 3 bases upstream of 218 

PMO10(ALUJ+99+120) (PMO9(ALUJ+93+117)). 219 

3.2. Exon skipping of the AluJ cassette and Q/R editing in HeLa cells.  220 

The PMOs were transfected into HeLa cells and RT-PCR analysis was used to 221 

determine the extent of exon skipping (Figure 1B). Using a fluorescently tagged 222 

PMO9(ALUJ+93+117), we visualised PMO transfection using Endoporter in HeLa cells 223 
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(Figure 1C). Using flow cytometry we measured a 97.09 ± 0.15% mean frequency of cells 224 

positive for fluorescence. Untreated HeLa cells showed inclusion of the AluJ cassette in 225 

62.7 ± 0.97% of total transcripts. 2 µM of PMO8(ALUJ+1+25) targeting the 5’ end of the 226 

AluJ cassette showed a moderate but significant effect compared to untreated cells, 227 

reducing levels of AluJ cassette inclusion by 15.87 ± 5.21% (p<0.0001). 228 

PMO9(ALUJ+93+117) and PMO10(ALUJ+99+120) target the 3’ end of the AluJ cassette 229 

and overlap by 22 of their 25 bases. However, PMO10(ALUJ+99+120) (targeting the end 230 

of the exon) had no significant effect on exon skipping (58.6 ± 1.45%; p = 0.0628) whereas 231 

PMO9(ALUJ+93+117), which targets the open structure of the transcript, induced near-232 

complete skipping of the AluJ exon (0.62 ± 0.41% AluJ inclusion; p<0.0001; Figure 1D). 233 

Dose response curves (0.03-5 µM) for exon exclusion were produced for each PMO, with 234 

PMO9(ALUJ+93+117) clearly showing the highest efficiency with a mean IC50 of 0.18 ± 235 

0.015 µM. PMO8(ALUJ+1+25) had a calculated mean IC50 of 1.19 ± 0.24 µM while 236 

PMO10(ALUJ+99+120) showed little inhibition of exon inclusion (Figure 2A).   237 

It has previously been reported that ADAR2 isoforms excluding the AluJ cassette are 238 

more efficient at A-to-I editing (Gerber et al., 1997) and the PMOs were tested in the B13-239 

HeLa system to assess their effect on Q/R site editing. 2 µM of each PMO was transfected 240 

into the B13-HeLa system and Q/R site editing was quantified. Q/R site editing percentages 241 

were calculated and normalised to endogenous editing in the B13-HeLa system (Figure 242 

2B). PMO9(ALUJ+93+117) was the only PMO to have a significant effect on Q/R site 243 

editing (p<0.05), with an increase to 124 ± 1.62% of control. PMO8(ALUJ+1+25) had no 244 

significant effect on Q/R site editing (107 ± 1.00% of control) and nor did 245 

PMO10(ALUJ+99+120) (113 ± 3.93%). 246 
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3.3. Assessing the effects of PMOs on AluJ cassette exon skipping Q/R Site Editing in SH-247 

SY5Y cell lines.  248 

A number of neuroblastoma-derived cell lines endogenously express Q/R edited 249 

GluA2 subunits and we examined the effectiveness of PMO9(ALUJ+93+117) and 250 

PMO10(ALUJ+99+120) in SH-SY5Y cell lines. Dose-response curves (0.05-5 µM) for 251 

PMO9(ALUJ+93+117) showed a concentration-dependent decrease in AluJ cassette 252 

inclusion but the IC50 was higher than that seen in HeLa cells (mean IC50 = 3.13 ± 0.67 253 

µM) (Figure 2C). As seen in Figure 2A, PMO10(ALUJ+99+120) had little effect on AluJ 254 

cassette inclusion. Q/R site editing percentages were calculated and normalised to 255 

endogenous SH-SY5Y editing and 5 µM PMO9(ALUJ+93+117) displayed significant 256 

increases in Q/R editing (131.7 ± 4.2%) compared to PMO10(ALUJ+99+120) or controls 257 

(p<0.0005) (Figure 2D). Furthermore to confirm editing at the Q/R site, sequencing 258 

revealed a rise (23 ± 0.3 %) in mean editing following treatment with 259 

PMO9(ALUJ+93+117)  compared to control cells (11.9 ± 3.3 %) (p<0.05) (Figure 2E). 260 

Therefore PMO9(ALUJ+93+117) can increase RNA editing in both HeLa and SH-SY5Y 261 

cell lines compared to PMO10(ALUJ+99+120) or cell-only controls. We also explored 262 

whether PMO9(ALUJ+93+117) could also increase RNA editing at other sites and 263 

examined editing at the 5HTC-receptor transcript (Supplemental Figure 3). Cell-only 264 

controls showed mean editing at site A as 15.25 ± 1.7 %, n=4 whereas this was slightly 265 

increased (but insignificant, p=0.27) in PMO9(ALUJ+93+117) treated cells with a mean 266 

editing of 27.3 ± 10.5 %, n=4. 267 

4. Discussion 268 
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This study successfully used PMOs to target the alternative splicing pattern of the 269 

ADAR2 enzyme in both HeLa and SH-SY5Y cell lines and consequently demonstrated an 270 

increase in RNA editing at the Q/R site of the GluA2 subunit. PMOs were successfully 271 

used to target the AluJ cassette in the ADAR2 transcript, leading to skipping of the AluJ 272 

cassette. The PMOs tested in this study had different effects on exon skipping, with 0.3 273 

µM PMO9(ALUJ+93+117) treatment showing near-complete exclusion of the AluJ 274 

cassette in HeLa cells and 5 µM PMO10(ALUJ+99+120) showing no effect. This may be 275 

caused by positioning PMO9(ALUJ+93+117) within an open region of RNA which could 276 

improve RNA binding compared to PMO10(ALUJ+99+120). This difference in efficacy 277 

highlights the importance of target sequence in PMO design and the effect of small changes 278 

in PMO sequence on splicing. Removal of the AluJ cassette from the ADAR2 transcript 279 

then led to an increase in Q/R site editing following treatment with PMO9(ALUJ+93+117) 280 

compared to control; this supports earlier observations that inclusion of the AluJ cassette 281 

reduces the catalytic activity of human ADAR2 (Gerber et al., 1997) by potentially 282 

impairing ADAR2-RNA substrate binding (Filippini et al., 2018).  283 

4.1. Conclusion 284 

Here we demonstrate the use of PMOs at a new target, the ADAR2 RNA transcript, 285 

for exon skipping.  Both human and rat ADAR2 isoforms containing the nucleotide 286 

insertion within exon 5 show high expression within the brain (Gerber et al., 1997; Rueter 287 

et al., 1999) but their role in neuronal function and disease remains unclear. This could be 288 

investigated through use of specific cell-penetrating peptides coupled to our PMOs (Zou et 289 

al., 2013). Aberrant editing has been found in a variety of neurological diseases including 290 

amyotrophic lateral sclerosis (ALS) and autism spectrum disorder (Moore et al., 2019; Tran 291 
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et al., 2019) and investigating the contributions of different ADAR2 RNA isoforms using 292 

PMOs to manipulate alternative splicing would allow us to understand the regulatory 293 

mechanisms of RNA editing. 294 
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 372 

Figure 1 – PMOs targeting the AluJ cassette for exon skipping and their effectiveness in 373 

excluding the AluJ cassette from ADAR2 transcripts. A. RNA secondary structure predicted 374 

by MFold of the AluJ cassette (shaded in grey) and neighbouring introns (1412 bp) and 375 

locations of PMOs. “5’ or 3’ ss” = 5’ and 3’ splice sites flanking the exon. B. Primer design 376 

for assessment of exon skipping. Arrows indicate primer placement on transcripts with or 377 

without the AluJ cassette, accounting for the difference in product size. C. Phase contrast 378 

and fluorescent images displaying transfection of 5 µM of a fluorescently tagged 3’end 379 

PMO in HeLa cells. Scale bar 100 µm. D. PCR analysis of cDNA extracts from PMO-380 

treated HeLa cells (transfected with the B13 GluA2 minigene), showing AluJ cassette 381 

exclusion following treatment with 2 µM per PMO compared to control. 382 

 383 
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 384 

 385 

Figure 2 – Dose-response analysis of exon skipping efficiencies for targeted PMOs in 386 

HeLa and SH-SY5Y cell lines. A. Dose-response curves for PMO8(ALUJ+99+120), 387 

9(ALUJ+93+117) and 10(ALUJ+99+120) and calculated IC50s in HeLa cells, n=6. B) The 388 

effects of AluJ cassette skipping induced by 2 µM PMO9(ALUJ+93+117) exhibits 389 

significant increases in Q/R site editing compared to controls and PMO8(ALUJ+99+120) 390 

and 10(ALUJ+99+120) in the HeLa cells. *** = p<0.0005 (ANOVA and Bonferroni post-391 

hoc test), n=3. C. Dose-response curves for PMO9(ALUJ+93+117) and 392 

PMO10(ALUJ+99+120) and calculated IC50s in SH-SY5Y cell lines, n=4. D. Gel images 393 

of BbvI digested RT-PCR products from SH-SY5Y cells transfected with and without 5 394 

µM PMO9(ALUJ+93+117). Below, AluJ cassette skipping induced by 5 µM 395 

PMO9(ALUJ+93+117) exhibits significant increases in Q/R site editing compared to 396 
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controls and PMO10(ALUJ+99+120) in SH-SY5Y cell lines. *** = p<0.0005 (ANOVA 397 

and Bonferroni post-hoc test), n=4. E. Example chromatograms from control or 5 µM 398 

PMO9 treated SH-SY5Y cells over the GluA2 Q/R edited site (red triangle). *= p<0.05 399 

(ANOVA and Bonferroni post-hoc test), n=3. 400 
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 412 
 413 
Supplemental Figure 1 – Output of Human Splice Finder (www.umd.be/HSF3/) showing 414 

locations of exon splice enhancer and silencer binding sites surrounding the AluJ cassette 415 

of ADARB1. Sequence runs 5’ to 3’ along the x-axis with the grey box indicating the 120 416 

bases of the AluJ cassette. Boxes above the x-axis (in red and pink) indicate sequences 417 

associated with splice enhancers while boxes below (in blue and green) represent motifs 418 

for exon silencers. 419 

 420 

 421 

 422 

 423 

 424 

 425 

 426 
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 427 
 428 
Supplemental Figure 2– Binding energies of sequences at each splice site and targeting 429 

the open region of RNA structure 3 bases upstream of the 3’ splice site (see Supplemental 430 

Figure 1, position 99-120). These values were used to calculate the energy needed for two 431 

antisense oligonucleotides to overcome any internal secondary structure. The 432 

OligoEvaluator programme provided PMO-PMO interaction and Hairpin structure binding 433 

energies for a given sequence. These energies were subtracted from the Intramolecular 434 

binding energies obtained from Sfold (sfold.wadsworth.org) to produce the Total binding 435 

energy between the antisense oligonucleotide and the RNA transcript. 436 
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 467 
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 469 
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 471 
 472 
Supplemental Figure 3 – RNA editing from example sequencing chromatograms from 473 

RT-PCR products from control or 5 µM PMO9(ALUJ+93+117) transfected SH-SY5Y 474 

cells at the 5-HTC transcript (Site A, red triangle). p=0.27 (ANOVA and Bonferroni post-475 

hoc test), n=4. 476 

 477 
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