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Abstract 12 

Low CFTR mRNA expression due to nonsense-mediated mRNA decay (NMD) is a major hurdle 13 

in developing a therapy for cystic fibrosis (CF) caused by the W1282X mutation in the CFTR gene. 14 

CFTR-W1282X truncated protein retains partial function, so increasing its levels by inhibiting NMD 15 

of its mRNA will likely be beneficial. Because NMD regulates the normal expression of many 16 

genes, gene-specific stabilization of CFTR-W1282X mRNA expression is more desirable than 17 

general NMD inhibition. Synthetic antisense oligonucleotides (ASOs) designed to prevent binding 18 

of exon junction complexes (EJC) downstream of premature termination codons (PTCs) attenuate 19 

NMD in a gene-specific manner. We developed a cocktail of three ASOs that specifically increases 20 

the expression of CFTR W1282X mRNA and CFTR protein in ASO-transfected human bronchial 21 

epithelial cells. This treatment increased the CFTR-mediated chloride current. These results set 22 

the stage for clinical development of an allele-specific therapy for CF caused by the W1282X 23 

mutation. 24 

  25 
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Introduction 26 

CFTR-W1282X,  the 6th most common CF-causing mutation, causes a severe form of CF 27 

and is present in 1.2% of CF patients worldwide 1, 2.2% of U.S. CF patients 2, and up to 40% of 28 

Israeli CF patients 3. The CFTR-W1282X truncated protein retains partial function 4–6, but is 29 

expressed at a very low level, due to nonsense-mediated mRNA decay (NMD). In general, NMD 30 

prevents the accumulation of potentially harmful truncated proteins translated from premature 31 

termination codon (PTC)-containing mRNAs. However, when NMD reduces the expression of a 32 

mutant CFTR protein that has partial activity, it exacerbates the phenotype, so that patients 33 

homozygous for the CFTR-W1282X mutation or compound heterozygous for CFTR-W1282X and 34 

another CF-causing mutation have poor clinical outcomes. As low as 10% of normal CFTR 35 

function provides a significant therapeutic benefit for CF patients 7,8. Thus, increasing the 36 

expression of mutant CFTR protein with residual activity is expected to be beneficial.  37 

NMD is a major hurdle for developing a targeted therapy for CF caused by the CFTR-38 

W1282X mutation. The approval of CFTR correctors that enhance post-translational CFTR 39 

processing, and potentiators that improve CFTR channel opening, brought benefit to the majority 40 

of CF patients 9. However, these therapeutic options are not effective against CF caused by 41 

CFTR-W1282X, due to the low expression of CFTR-W1282X mRNA. One approach to treat CF 42 

caused by this mutation involves read-through compounds (RTCs) that increase the level of full-43 

length protein by reducing the fidelity of the ribosome at the PTC 10. Gentamicin is a type of RTC 44 

that can increase full-length CFTR protein in vitro, but its clinical efficacy for various CF nonsense 45 

mutations is limited by NMD 11,12. Likewise, ataluren is another non-aminoglycoside RTC with a 46 

very good safety profile, but it did not improve forced expiratory volume (FEV) in CF patients with 47 

various nonsense mutations, including W1282X, in clinical trials 13,14. 48 

Preclinical models of CF caused by the W1282X mutation showed that the efficacy of 49 
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RTCs can be increased in vivo by knocking down key components of the NMD pathway 15. 50 

However, a clinically viable NMD-suppression approach does not exist yet. CFTR potentiators 51 

and correctors such as ivacaftor (VX-770) and lumacaftor (VX-809) enhance CFTR-W1282X 52 

activity in vitro, and may potentially benefit patients with the W1282X mutation, but they are not 53 

effective if the truncated protein expression is too low 4–6,16. Thus, there is a pressing need for 54 

strategies to overcome NMD of the CFTR-W1282X mRNA. 55 

Several NMD-suppression strategies have been developed for potential application to 56 

diseases caused by NMD-sensitive nonsense mutations. These include inhibition of NMD by 57 

small-molecule inhibitors 17–19 or knockdown of key NMD factors 20, 19. However, global inhibition 58 

of NMD may be detrimental, because the NMD machinery targets a subset of normal and 59 

physiologically functional mRNA isoforms, thereby post-transcriptionally regulating gene 60 

expression 21. Therefore, global inhibition of NMD could disrupt mRNA homeostasis in a broad 61 

range of tissues 15.  62 

NMD is strongly dependent on a complex of RNA-binding proteins called the exon junction 63 

complex (EJC). In contrast to many RNA-binding proteins, EJCs bind mRNA in a position-64 

dependent, sequence-independent manner 22–25. More than 80% of EJCs are positioned 20~24 65 

nucleotides (nt) upstream of an exon-exon junction 22–26. Normal stop codons are typically in the 66 

last exon, whereas many PTCs are upstream of one or more exon-exon junctions, and thus are 67 

upstream of at least one EJC 27. The ‘55-nt rule’ predicts that mRNAs with a PTC > 55 nt upstream 68 

of the last exon-exon junction are degraded by NMD, reflecting the footprint of the stalled 69 

ribosome 23. A downstream EJC interacts with the ribosome stalled at the PTC, and recruits NMD 70 

factors to form a degradation complex that promotes decapping, deadenylation, and 71 

endocleavage of the target mRNA, which is subsequently degraded 28. Thus, the EJC is a major 72 

enhancer of NMD. 73 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 18, 2021. ; https://doi.org/10.1101/2021.07.13.452144doi: bioRxiv preprint 

https://doi.org/10.1101/2021.07.13.452144
http://creativecommons.org/licenses/by-nc-nd/4.0/


4 

 

Disrupting the downstream EJC association with PTC-containing mRNA can be used to 74 

inhibit NMD 29. Uniformly 2'-O-(2-methoxyethyl) (MOE)-modified antisense oligonucleotides 75 

(ASOs) can stably hybridize to complementary RNAs without triggering RNase H-mediated 76 

degradation 30. Such ASOs are effective tools for disrupting the interaction between an RNA and 77 

its binding proteins, and can be used to alter mRNA processing and translation in vitro and in vivo 78 

30–34. We previously developed ASOs that target presumptive downstream EJC sites of PTC-79 

containing mRNAs. These ASOs efficiently attenuate NMD of their target genes, restoring mRNA 80 

and proteins levels 29. In the present study, we demonstrate that a cocktail of three ASOs targeting 81 

presumptive downstream EJC binding sites specifically increases the expression of endogenous 82 

CFTR-W1282X mRNA in human bronchial epithelial (HBE) cells. Furthermore, the ASO cocktail 83 

increases partially active CFTR protein and CFTR-mediated chloride current in HBE cells. These 84 

results set the stage for the clinical development of an allele-specific therapy for CF caused by 85 

the W1282X mutation. 86 

Results 87 

CFTR-W1282X mRNA has four downstream exon-exon junctions, on exons 23-24, 24-25, 88 

25-26, and 26-27. However, the predicted EJC binding site on exon 23 is approximately 5 nt 89 

downstream of the PTC—within the ribosome footprint—and thus only three exons (24, 25, and 90 

26) are predicted to harbor EJCs that can induce NMD. To investigate the impact of each EJC on 91 

NMD of CFTR-W1282X mRNA, we generated U2OS cells stably expressing doxycycline-92 

inducible CFTR-minigene NMD reporters, each with only one presumptive downstream EJC site 93 

(Figure 1A, Supplementary Fig.1A). These NMD reporters are three-exon minigenes downstream 94 

of GFP, and comprise CFTR cDNA sequence for exons 22-27 and intervening sequences (IVSs) 95 

that are shortened natural CFTR introns.  96 

The reporters showed some intron retention, and pW1282X-IVS23 generated an 97 

additional isoform by use of an alternative 3’ splice site (3’ss; based on size and motif predictions) 98 
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(Supplementary Fig.1B-F). The ‘55-nt rule’ predicts that an exon-exon junction <55 nt downstream 99 

of the PTC does not induce NMD 23. As mentioned above, only the EJCs on exon 24, 25, and 26 100 

are predicted to induce NMD. Inhibiting NMD with cycloheximide increased the mRNA levels of 101 

the reporters harboring the PTC and intron 24, 25, or 26 (pW1282X-IVS24, pW1282X-IVS25, or 102 

pW1282X-IVS26) (Supplementary Fig.1D-F); conversely, the reporters harboring the PTC and 103 

intron 23 (pW1282X-IVS23) or harboring intron 24 but not the PTC (pWT-IVS24) were not 104 

sensitive to cycloheximide (Supplementary Fig.1B-C).  105 

Uniformly 2'-O-(2-methoxyethyl) (MOE)-modified ASOs can stably hybridize to complementary 106 

mRNAs without inducing RNAse-H-mediated degradation, and modulate their posttranscriptional 107 

processing, including NMD 31. Using our previously described ASO screening strategy for gene-108 

specific antisense inhibition of NMD--dubbed “GAIN” 29—we designed sets of 19 overlapping 109 

15mer ASOs to target each of the presumptive EJC binding sites on the NMD reporters pW1282X-110 

IVS24, pW1282X-IVS25, and pW1282X-IVS26, respectively (Fig. 1B). We screened a total of 57 111 

ASOs, uniformly modified with MOE ribose and a phosphorothioate (P=S) backbone. ASOs H24, 112 

H26, and M33 are uniformly MOE and P=S modified negative-control ASOs that are not 113 

complementary to any gene expressed in the reporter-expressing cells 29. Based on the screen, 114 

we chose C478 and C515 as the initial lead ASOs targeting exons 24 and 26, respectively (Fig. 115 

1C-D). Because the retention of IVS25 in pW1282X-IVS25 caused by some ASOs prevented a 116 

clear assessment of NMD inhibition by the screened ASOs (Supplementary Fig. 2A), we 117 

generated a new pW1282X-IVS25 NMD reporter with a stronger 5’ splice site (5’ss) but the same 118 

amino acid sequence (Supplementary Fig. 2B). Among several ASOs that increased the new 119 

NMD reporter levels, we chose C495 as the lead ASO (Fig. 1E). The candidate ASOs inhibited 120 

NMD of the reporters in a dose-dependent manner (Supplementary Fig. 2C-H).  121 

Endogenous CFTR mRNA is targeted for NMD in human bronchial epithelial cells and 122 

colon cancer cells harboring the homozygous CFTR-W1282X mutation (16HBE-W1282X and 123 
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DLD1-W1282X cells) (Fig. 1F). We used two negative-control treatments: i) a scrambled-124 

sequence ASO based on C494; and ii) a cocktail composed of C488+C507+C526 ASOs, which 125 

did not stabilize the NMD reporters. We first tested a lead GAIN ASO cocktail composed of 126 

C478+C495+C515, based on the above NMD-reporter screening results. Compared to the 127 

negative-control ASOs, the C478+C495+C515 ASO cocktail significantly increased CFTR mRNA 128 

levels in both 16HBE-W1282X and DLD1-W1282X cells (Fig. 1G, Supplementary Fig. 3).  129 

Length is an important parameter in ASO design that can affect the efficacy and specificity 130 

of uniformly modified ASOs 35–37. Based on the results of the above 15mer ASO screens, we 131 

designed a new 18mer-ASO cocktail and an 18mer scramble-ASO control. Transfection of the 132 

scramble ASO did not increase CFTR-W1282X mRNA levels in 16HBE-W1282X cells, whereas 133 

the 18mer ASO cocktail C24+C25+C26 increased CFTR-W1282X mRNA levels in a dose-134 

dependent manner (Fig. 1H). The 18mer ASO cocktail did not affect two other endogenous NMD-135 

sensitive mRNAs, eIF4A2 and SRSF2 (Supplementary Fig. 4). Thus, the lead GAIN ASO 18mer 136 

cocktail inhibited NMD of CFTR-W1282X mRNA in a gene-specific manner.  137 

Based on the presumptive mechanism of action of the ASO cocktails, they should not 138 

affect the total mRNA levels of wild-type (WT) or missense-mutant CFTR mRNAs that are not 139 

sensitive to NMD (Fig. 1I). Indeed, CFTR mRNA levels were insensitive to transfection of the 140 

control ASO or C478+C495+C515 ASO cocktail in DLD1-WT, 16HBE-F508del, and 16HBE-141 

G551D cells (Fig. 1J). Thus, the C478+C495+C515 ASO cocktail allele-specifically increased the 142 

mRNA levels of nonsense-mutant CFTR-W1282X mRNA. To test whether C478+C495+C515 143 

inhibits NMD of CFTR-W1282X mRNA specifically, as opposed to somehow affecting global NMD, 144 

we used RT-qPCR to survey seven other endogenous NMD-sensitive transcripts that are 145 

upregulated upon NMD inhibition by cycloheximide treatment 38,39. As expected, 146 

C478+C495+C515 increased CFTR-W1282X mRNA, without significantly changing any of the 147 

other NMD-sensitive mRNAs (Fig. 1K).  148 
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To identify the optimal GAIN ASO cocktail, we performed a more comprehensive screening 149 

in 16HBE-W1282X cells (Fig. 2A-C). To systematically screen ASOs targeting each exon, we 150 

tested cocktails composed of two constant ASOs and one varying ASO. For example, to screen 151 

exon-24-targeting ASOs, we tested 19 cocktails composed of varying exon-24-targeting ASOs 152 

and the same two ASOs targeting exons 25 and 26. After testing 57 such ASO cocktails, we 153 

identified C478+C494+C514 as the new lead GAIN ASO cocktail, which was more potent than 154 

C478+C495+C515 (Fig. 2D). At the highest concentration tested, both ASO cocktails increased 155 

CFTR-W1282X mRNA similarly, but at a lower concentration, the new lead cocktail had 156 

significantly higher potency.  157 

G542X and R1162X CFTR mutations are on exons 12 and 22, respectively. As these 158 

mutant mRNAs harbor more than three EJCs downstream of the premature termination codon, 159 

we tested whether their levels would be insensitive to the lead ASO cocktail C478+C494+C514. 160 

We transfected 16HBE-G542X and 16HBE-R1162X cells harboring homozygous G542X and 161 

R1162X mutations, respectively, with control ASOs or the lead ASO cocktail C478+C494+C514 162 

(Fig. 2E and F). Compared to the no-treatment control, transfection of 120 nM scramble ASO, 163 

control ASO cocktail, or C478+C494+C514 did not affect the levels of CFTR-G542X, CFTR-164 

R1162X, and NMD-sensitive eIF4A2 mRNAs. Only cycloheximide treatment caused significant 165 

increases in these NMD-sensitive mRNA levels. These results are consistent with the EJC-centric 166 

model of NMD, according to which at least one EJC >55nt downstream of a PTC is sufficient to 167 

induce strong NMD 23. 168 

Using various combinations of the NMD-inhibiting ASOs, we next tested whether all three 169 

presumptive downstream EJC binding sites on CFTR-W1282X mRNA must be targeted with the 170 

corresponding ASOs for effective mRNA stabilization. Targeting only one or two EJC binding sites 171 

with the respective lead ASOs partially stabilized the CFTR-W1282X mRNA, but the most 172 

significant and efficient increase in CFTR-W1282X mRNA was obtained by simultaneous 173 
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transfection of all three lead ASOs, in both 16HBE-W1282X and DLD1-W1282X cells (Fig. 2G, 174 

Supplementary Fig. 5). Because ASO cocktails composed of one or two ASOs elicited a small 175 

increase in CFTR-W1282X mRNA levels, we next asked whether certain presumptive EJC 176 

binding sites may be more important than others. To test this possibility, we transfected 16HBE-177 

W1282X cells with ASO cocktails with varying ratios of the individual ASOs (Fig. 2H). The 178 

C478+C495+C515 cocktail with the highest total ASO concentration and an equimolar ratio of 179 

40:40:40 nM increased CFTR-W1282X mRNA the most, and the increase was dependent on the 180 

total ASO concentration. In general, limiting the concentration of C495 in the cocktail reduced the 181 

CFTR-W1282X mRNA levels to the greatest extent (Supplementary Fig. 6A-C). Interestingly, ASO 182 

cocktails with equal total concentrations, but different ASO ratios, did not have equivalent effects 183 

on CFTR-W1282X mRNA levels. Also, some ASO cocktails increased CFTR-W1282X mRNA 184 

similarly or more than others, despite their lower total ASO concentration. The differences among 185 

CFTR-W1282X mRNA expression changes caused by the various ASO cocktails may be 186 

attributable to various factors, including partial EJC occupancy on different exons, differences in 187 

ASO uptake and target accessibility or affinity, involvement of EJC-independent NMD pathways, 188 

and RNA secondary structure 40,41.  189 

Some EJC-targeting ASOs may affect splicing, if their binding site overlaps with cis-190 

elements that regulate splicing. We monitored exon 24-26 splicing by RT-PCR in DLD1-WT cells 191 

transfected with ASOs (Supplementary Fig. 7A). Exon-26-targeting ASOs did not detectably 192 

disrupt CFTR mRNA splicing. On the other hand, all exon-25-targeting ASOs caused slight exon-193 

25 skipping, and some exon-24-targeting ASOs caused substantial exon-24 skipping. As 194 

disrupted binding of serine-rich (SR) proteins to exonic splicing enhancers (ESEs) by uniformly 195 

modified MOEPS ASOs can cause exon skipping 42–45, we used ESEfinder 46 to identify putative 196 

ESEs on CFTR exons 24-26 that might be blocked by the lead ASOs (Supplementary Fig. 7B). 197 

mRNA sequences complementary to the lead ASOs C478 and C494 overlap with SR protein 198 
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motifs; however, overlap with an SR protein motif is insufficient to predict an ASO's interference 199 

with splicing.  200 

Transfection of the 15-mer or 18-mer lead ASOs caused dose-dependent, multiple exon 201 

skipping in human bronchial cells (Fig. 2I, Supplementary Fig. 8A-F): single (exon 24 and 25 202 

skipping: d24 and d25), double (exon 24-25 skipping: d24-25), and triple exon skipping (exon 24-203 

25-26 skipping: d24-25-26) of CFTR mRNA. Similar splicing changes occurred with the 15mer or 204 

18mer lead ASO cocktail treatment by free uptake (Supplementary Fig. 9A-B). The splicing 205 

changes were not cell-line-specific, as the lead ASO cocktail promoted similar splicing changes 206 

in 16HBE-W1282X and DLD-W1282X cells (Supplementary Fig. 10A-B).  207 

Control ASO cocktails caused a smaller degree of exon 24 and 25 skipping, consistent 208 

with the results in DLD1-WT cells (Fig. 2I). The 15mer and 18mer lead ASO cocktails generated 209 

the same CFTR isoforms, but with varying degrees of percent-spliced-in (PSI); for example, the 210 

PSI of the exon 24-25 double-skipping event was higher in 16HBE-W1282X cells treated with the 211 

18mer lead cocktail (Supplementary Fig. 8C-D and 9B). Interestingly, whereas the 15mer or 212 

18mer exon-26-targeting ASOs alone did not cause exon 26 skipping, the ASO cocktails 213 

containing exon-24-targeting ASO caused the appearance of the triple-skipped isoform (d24-25-214 

26) (Fig. 2I, Supplementary Fig. 8C-D). To search for potential off-target sites on CFTR pre-mRNA, 215 

we looked for sites complementary to C478 with a maximum of four nucleotide mismatches, 216 

downstream of exon 24, and found only one site with four mismatches in intron 23. The chance 217 

of finding an off-target with ≥ 4-nt mismatches is very low 47, suggesting that C478 is unlikely to 218 

cause exon 25 and 26 skipping by binding to ESEs in these exons. These results suggest that an 219 

ESE and/or the EJC in exon 24 is involved in long-range splicing regulation. Recent studies 220 

showed that EJCs help maintain faithful splicing transcriptome-wide 48–54.  221 

Despite the splicing alterations, the increase in the total CFTR mRNA by the lead ASO 222 

cocktail resulted in increased CFTR-W1282X protein levels, compared to the scramble ASO 223 
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control (Fig. 3A-B). This result was expected, because none of the splicing changes affect the 224 

reading frame upstream of the nonsense mutation in exon 23. Combining the lead ASO cocktail 225 

with lumacaftor (VX-809), a corrector that improves the folding of CFTR protein 5,55, further 226 

increased the total CFTR-W1282X protein levels (Fig. 3A-B). Three different patterns of CFTR 227 

bands are visible on a Western blot: non-glycosylated A-band, core glycosylated B-band, and fully 228 

mature, glycosylated C-band 56. As shown previously 5, truncated CFTR-W1282X exists as core-229 

glycosylated and mature glycosylated forms (Supplementary Fig. 11A). Extensive enzymatic 230 

deglycosylation revealed that truncated-core and fully-mature-glycosylated CFTR-W1282X 231 

proteins are upregulated by transfection of the lead ASO cocktail in 16HBE-W1282X cells 232 

(Supplementary Fig. 11B and C).  233 

We next measured CFTR function in 16HBE-W1282X cells treated with the lead GAIN 234 

ASO cocktail, with the Ussing-chamber assay 57. FDA-approved CFTR potentiators and 235 

correctors, such as ivacaftor (VX-770) and lumacaftor (VX-809), can enhance CFTR-W1282X 236 

activity in vitro, and may potentially benefit patients with the W1282X mutation 4–6,16. Thus, we 237 

combined all ASO treatments for Ussing-chamber assays with VX-809 and VX-770. The 16HBE-238 

W1282X cells treated with the lead 15mer ASO cocktail (C478+C494+C514) showed increased 239 

CFTR-mediated chloride current, compared to 16HBE-W1282X cells treated with scramble 15mer 240 

ASO (Fig. 3C-E). We verified that the 16HBE-W1282X cells transfected with the lead ASO cocktail 241 

while cultured on transwell plates for the Ussing chamber assay showed gene-specific increase 242 

in CFTR-W1282X mRNA levels (Fig. 3F). Similar to the 15mer lead ASO cocktail, the 18mer lead 243 

ASO cocktail (C24+C25+C26) significantly increased CFTR function, compared to the control 244 

18mer scramble ASO treatment (Fig. 3G-L). This result demonstrates for the first time that gene-245 

specific NMD inhibition of a hypomorphic CFTR allele leads to an increase in CFTR-mediated 246 

chloride current. All CFTR-W1282X mRNA isoforms generated by the ASO cocktail treatment 247 

presumably terminate at the W1282X codon, but the contribution of each isoform to CFTR activity 248 

may be affected by various factors, including mRNA stability, transport to the cytoplasm, and 249 
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translational efficiency.G418 is an aminoglycoside antibiotic that at high concentrations induces 250 

translational read-through of reporters containing CFTR nonsense mutations, and increases 251 

truncated CFTR-W1282X protein levels by NMD inhibition 18,58,59. Indeed, 400 μM (0.2 mg/mL) 252 

G418 alone increased truncated CFTR-W1282X protein levels (Supplementary Fig. 11D-E), and 253 

200 μM (0.1 mg/mL) increased CFTR activity in 16HBE-W1282X cells (Fig. 3I and L). However, 254 

full-length CFTR reflecting read-through activity remained below the level of detection by Western 255 

blotting (Supplementary Fig. 11C-D). Combining 200 μM or 600 μM G418 with the lead ASO 256 

cocktail further increased CFTR-W1282X function, compared to the respective lead ASO cocktail 257 

treatment alone (Fig. 3J-L). This result suggests that some level of read-through at the W1282X 258 

codon may occur.  259 

Discussion  260 

NMD severely limits the therapeutic development for CF caused by CFTR-W1282X 261 

mutation. Global NMD suppression can be achieved by targeting key NMD factors by gap-mer 262 

ASOs that induce gene knockdown or small molecules that inhibit the activity of NMD factors 17–263 

20. However, targeted NMD suppression may be more desirable as it can avoid unwanted side-264 

effects that can be caused by non-specific NMD inhibition. Here, we demonstrate for the first time 265 

that gene- and allele-specific NMD suppression using EJC-targeting ASO cocktails increases 266 

truncated CFTR-W1282X protein, as well as CFTR function.  267 

The lead GAIN ASO cocktails inhibited NMD of CFTR-W1282X mRNA by targeting 268 

presumptive EJC binding sites downstream of the PTC, independently of cell type. Consistent 269 

with the EJC-centric model of NMD 40, we achieved efficient NMD suppression only when all 270 

downstream EJC binding sites  that contribute to NMD (i.e., those on exons 24-26) were targeted 271 

by ASOs. The lead ASO cocktails did not inhibit NMD of other endogenous NMD-sensitive 272 

transcripts we tested, or affect the levels of NMD-insensitive CFTR mRNA. Likewise, the lead 273 

ASO cocktails did not affect CFTR mRNA levels in cells harboring PTCs upstream of exon 23. 274 
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Thus, our results demonstrate that the lead ASO cocktails inhibit NMD of CFTR-W1282X mRNA 275 

by preventing the binding of EJCs located downstream of the PTC and beyond the footprint of the 276 

stalled ribosome. These observations rule out the possibility of global NMD suppression due to 277 

ASO treatment, or CFTR mRNA stabilization by inhibition of other mRNA-degradation pathways.  278 

The lead 15-mer and 18-mer cocktails achieved similar levels of gene-specific NMD 279 

suppression, but had different effects on splicing. Compared to 12-mer ASOs, 18-mer ASOs tend 280 

to have fewer off-target effects on splicing 60, but whether our lead 18-mer ASO cocktail 281 

meaningfully reduces off-target effects and toxicity will require further investigation. We conclude 282 

that rationally designed ASOs can modulate clinically relevant NMD, expanding the current RNA 283 

and oligonucleotide therapeutics toolbox. 284 

 285 

Methods 286 

ASOs 287 

All ASOs were uniformly modified with 2'-O-(2-methoxyethyl) (MOE) ribose, phosphorothioate 288 

(P=S) linkages, and 5’-methylcytosine. The 15mer ASOs were obtained from Ionis 289 

Pharmaceuticals (Carlsbad, CA) and Integrated DNA Technologies (Coralville, IA), and 18mer 290 

ASOs were obtained from Bio-Synthesis (Lewisville, TX). All ASOs were dissolved in water and 291 

stored at -20 ℃. Stock ASO concentrations were calculated based on the A260 measurement and 292 

each ASO’s extinction coefficient e (mM-1 x cm-1 @ 260 nm). The sequences of all ASOs used in 293 

this study are listed in Table 1.  294 

Preparation of U2OS cells expressing NMD reporters 295 

The NMD reporters used for the ASO screening (pW1282X-IVS23, pW1282X-IVS24, pW1282X-296 

IVS25, and pW1282X-IVS26) were constructed from the parent NMD reporter GFP-CFTR22-27-297 

T7, which was cloned into the pCDNA5 FRT/TO plasmid (Life Technologies, Carlsbad, CA). 298 
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pCDNA5 FRT/TO allows tetracycline-inducible expression of the gene. GFP-CFTR22-27-T7 has 299 

the natural sequences of exons 22 to 27 of the human CFTR gene and shortened intervening 300 

sequences (IVS) modified from the natural sequences of introns 22 to 26 by taking 200 301 

nucleotides (nt) from the 5’ and 3’ ends of the corresponding introns. GFP and T7 cDNA 302 

sequences were added to the 5’ and 3’ ends of each reporter, respectively, to facilitate gene, 303 

transcript, and protein detection. NMD reporters pW1282X-IVS23, pW1282X-IVS24, pW1282X-304 

IVS25, and pW1282X-IVS26 comprise only IVS23, IVS24, IVS25, or IVS26, respectively, 305 

downstream of the PTC. The 5’ss and 3’ss of IVS25 and the 3’ss of IVS23 in pW1282X-IVS25 306 

were mutated to stronger splice-site sequences (Supplementary Figure 2B) to promote proper 307 

splicing in the minigene context.  308 

For stable expression of NMD reporters, the reporter plasmids were co-transfected with 309 

the pOG44 helper vector to express Flp recombinase into U2OS-TREx cells harboring a single 310 

FRT recombination site (Life Technologies). Cells with successful NMD-reporter integration were 311 

selected by hygromycin resistance. The expression and splicing of the transgenes were assessed 312 

by radioactive RT-PCR, following induction with 1 μg/ml doxycycline (Research Products 313 

International Corp, D43020-100).  314 

 315 

CRISPR mutant DLD1 and 16HBEge cells 316 

Using CRISPR/Cas9, we generated DLD1 cells with homozygous CFTR-W1282X mutation. 317 

sgRNA against exon 23 (Table 2) was cloned downstream of the U6 promoter of the 318 

pSpCas9(BB)-2A-GFP (PX458) plasmid (Addgene plasmid # 48138) 61, creating pSC2G-319 

CFTR23, which allows co-expression of the sgRNA and Streptococcus pyogenes Cas9 320 

(spCas9). 4 μg of pSC2G-CFTR23 plasmid was co-transfected with 1 μM single-stranded DNA 321 

repair template (synthesized by Sigma, Table 3) comprising the CFTR-W1282X and silent 322 

protospacer adjacent motif (PAM) mutations, using lipofectamine 2000. Following transfection, 323 
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GFP+ DLD1 cells were collected using an ARIA-I cell sorter (BD), and individual clones of cells 324 

were isolated by limiting dilution into 96-well plates. Clonal cells were expanded and passaged 325 

until confluent in 6-well plates. We characterized 159 clones by Sanger sequencing, and 326 

identified two heterozygous and two homozygous W1282X mutant clones. 16HBE14o- parental 327 

cells gene-edited to yield 16HBEge cell lines CFF-16HBEge CFTR W1282X, F508del, G551D, 328 

G542X, or R1162X, homozygous for CFTR-W1282X, F508del, G551D, G542X, or R1162X 329 

mutation, respectively, in the endogenous loci were kindly provided by the Cystic Fibrosis 330 

Foundation’s CFFT Lab 18. Elsewhere in the text, these cells are referred to as 16HBE-W1282X, 331 

16HBE-F508del, 16HBE-G551D, 16HBE-G542X, or 16HBE-R1162X cells, respectively.  332 

 333 

Tissue culture and transfection of siRNA, ASO, and plasmids 334 

U2OS and DLD1 cells were cultured in DMEM with 10% FBS. 16HBEge cells were cultured in 335 

MEM with 10% FBS. All cells were incubated at 37 ℃ and 5% CO2. Cells were transfected with 336 

ASOs and plasmids using Lipofectamine 3000 (Life Technologies, L3000015) according to the 337 

manufacturer’s protocol, and harvested 48 hrs post-transfection. Cells were transfected with 338 

siRNA (Table 3) using Lipofectamine RNAiMax (Life Technologies, 13778075) according to the 339 

manufacturer’s protocol for transfecting short oligonucleotides, and harvested 48 hrs post-340 

transfection. NMD inhibition by cycloheximide was performed by treating the cells for 1 hr with 341 

cycloheximide (Sigma, 100 μg/mL). For ASO treatment by free-uptake, 1 mM stock ASO 342 

solutions were diluted into MEM with 10% FBS to the desired final concentrations, and the cells 343 

were cultured for 4 days before harvesting or Ussing-chamber assays. NMD-reporter 344 

expression was induced with 1 μg/ml doxycycline with media change, 6 hr after transfection. For 345 

the G418-treatment group, G418 (Sigma) was added to the culture medium at the indicated final 346 

concentrations, 24 hr before protein extraction or Ussing-chamber assays.  347 

 348 
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RNA extraction and RT-PCR 349 

Total RNA was extracted with TRIzol (Life Technologies) according to the manufacturer’s 350 

protocol. Oligo dT(18)-primed reverse transcription was carried out with ImProm-II Reverse 351 

Transcriptase (Roche). Semi-quantitative radioactive PCR (RT-PCR) was carried out in the 352 

presence of 32P-dCTP with AmpliTaq DNA polymerase (Thermo Fisher), and real-time 353 

quantitative RT-PCR (RT-qPCR) was performed with Power Sybr Green Master Mix (Thermo 354 

Fisher). Primers used for RT-PCR and RT-qPCR are listed in Table 4. RT-PCR products were 355 

separated by 6% native polyacrylamide gel electrophoresis, detected with a Typhoon FLA7000 356 

phosphorimager, and quantitated using MultiGauge v2.3 software (Fujifilm); RT-qPCR data 357 

were quantitated using QuantStudio 6 Flex system.  358 

 359 

Protein extraction, deglycosylation, and Western blotting 360 

Cells were harvested with RIPA buffer (150 mM NaCl, 50 mM Tris-HCl pH 8.0, 1% NP40, 0.5% 361 

sodium deoxycholate, and 0.1% SDS) and 2 mM EDTA + protease inhibitor cocktail (Roche) by 362 

sonicating for 5 min at medium power using a Bioruptor (Diagenode), followed by 15-min 363 

incubation on ice. Protein concentration was measured using the Bradford assay (Bio-Rad) with 364 

BSA as a standard. To monitor post-translational maturation of CFTR protein, cell lysates were 365 

incubated in 40 μg/ml PNGase F (New England Biolabs, MA) for 2 hr at 37 °C to cleave all N-366 

glycans before immunoblotting 62. Cell lysates were mixed with Laemmli buffer and incubated at 367 

37 ℃ for 30 min. The protein extracts were separated by sodium dodecyl sulfate-polyacrylamide 368 

gel electrophoresis (SDS-PAGE) (6% Tris-chloride gels) and then transferred onto a 369 

nitrocellulose membrane. CFTR bands C, B, and A were detected with antibody UNC-596 (J. 370 

Riordan lab, University of North Carolina, Chapel Hill, NC). The C and B band intensities were 371 

measured together for the quantification of CFTR protein levels. The specificity of the antibody 372 

was confirmed by knocking down CFTR in WT DLD1 cells (Supplementary Fig. 11A). Na/K-373 

ATPase, detected with a specific antibody (Santa Cruz sc-48345), was used as a loading 374 
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control. UPF1 was detected with rabbit antibody D15G6 (Cell Signaling Technology #12040S); 375 

mouse anti-α-tubulin antibody (Sigma T9026) was used as a loading control. IRDye 800CW or 376 

700CW secondary antibody (LI-COR) was used for Western blotting, and the blots were imaged 377 

and quantified using an Odyssey Infrared Imaging System (LI-COR). Statistical significance was 378 

calculated using Student’s t-test or one-way ANOVA, followed by Tukey’s or Dunnett’s post-test. 379 

 380 

Ussing-chamber assay 381 

Preparing 16HBEge cells for Ussing-chamber assay. 16HBEge cells were grown as an electrically 382 

tight monolayer on Snapwell filter supports (Corning, cat# 3801), as described 63, and both serosal 383 

and mucosal membranes were exposed to the ASOs for 4 days, and to CFTR correctors for 24 384 

hrs, before the assays. The Snapwell inserts were transferred to an Ussing chamber (P2302, 385 

Physiologic Instruments, Inc., San Diego, CA). For 16HBEge cells, the serosal side only was 386 

superfused with 5mL of HB-PS buffer; on the mucosal side, 5 ml of CF-PS was used (137 mM 387 

Na-gluconate; 4 mM KCl; 1.8 mM CaCl2; 1 mM MgCl2; 10 mM HEPES; 10 mM glucose; pH 388 

adjusted to 7.4 with N-methyl-D-glucamine) to create a transepithelial chloride-ion gradient. After 389 

clamping transepithelial voltage to 0 mV, the short-circuit current (ISC) was measured with a 390 

Physiologic Instruments VCC MC6 epithelial voltage clamp, while maintaining the buffer 391 

temperature at 37 °C. Baseline activity was recorded for 20 min before agonists (final 392 

concentrations: 10 µM forskolin (Sigma, F6886), 50 µM genistein (Sigma, G6649), and 1-10 µM 393 

VX-770 (Selleckchem, S1144) and inhibitor (final concentration: 20 µM CFTRinh-172 (Sigma, 394 

C2992)) were applied sequentially at 10 or 20-minute intervals, to both serosal and mucosal 395 

surfaces. Agonists/inhibitor were added from 200x-1000x stock solutions. Data acquisition 396 

performed using ACQUIRE & ANALYZE Revision II (Physiologic Instruments). 397 

 398 
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ESE motif analysis 399 

Potential SR protein binding sites were analyzed by ESEfinder 46.  400 

 401 

Statistical analyses  402 

Statistical analyses were performed with GraphPad Prism 5. Statistical parameters are indicated 403 

in the figures and legends. For two-tailed t-test or one-way analysis of variance (ANOVA) with 404 

Tukey’s or Dunnett’s post-test, P<0.05 was considered significant. The Pearson correlation and 405 

P values were calculated using R. The asterisks and hash signs mark statistical significance as 406 

follows: n.s. P>0.05; */# P<0.05; **/## P<0.01; ***/### P<0.001.  407 

 408 

409 
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 578 

Figure 1. Identification of NMD-inhibiting ASOs and assessment of their specificity. 579 

A. Schematic of NMD reporters. The numbers show the CFTR exons present in the NMD 580 

reporters. The red asterisk (*) indicates the location of the W1282X mutation. B. Schematic of 581 

ASO screening. 19 MOE-PS modified 15mer ASOs (yellow and magenta bars) were designed 582 

to cover the presumptive EJC binding sites on exons 24, 25, and 26 at 1-nt resolution. C-E. 583 
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U2OS cells stably expressing each NMD reporter were transfected with individual ASOs 584 

targeting EJC binding regions on CFTR (C) exon 24, (D) exon 25, or (E) exon 26, respectively. 585 

Reporter mRNA levels were measured by radioactive RT-PCR, using primers listed in Table 4. 586 

RPL32-normalized reporter expression is compared to that of the negative-control ASO (H26) 587 

transfection, and is shown below the RT-PCR images. F. Effect of cycloheximide (CHX) on 588 

CFTR expression in 16HBE-W1282X and DLD1-W1282X cells. G. Effect of the ASO cocktail 589 

C478-C495-C515 (LC) on CFTR expression in 16HBE-W1282X cells. H. Comparison between 590 

15mer and 18mer lead ASO cocktails (C478-C494-C514 or C24-C25-C26, respectively). The 591 

15mer and 18mer scramble ASOs were used as negative controls. I. Effect of cycloheximide 592 

(CHX) on CFTR expression in DLD1-WT, 16HBE-G551D, and 16HBE-F508del cells. J. CFTR 593 

mRNA levels in DLD1-WT, 16HBE-G551D, and 16HBE-F508del transfected with the control 594 

ASOs or the lead ASO cocktail at a nominal total concentration of 120 nM. K. Endogenous 595 

NMD-sensitive mRNA levels in 16HBE-W1282X cells treated with cycloheximide (orange), 120 596 

nM scramble ASO (Sc; purple) or 120 nM lead ASO cocktail (blue).  All mRNA levels in F-K 597 

were measured by RT-qPCR. RPL32 served as internal reference for all panels except panel H, 598 

in which HPRT served as internal reference. NT=No treatment; Dox: doxycycline 1 μg/mL; 599 

Sc=Scramble ASO; CC=Control ASO cocktail C488-C507-C526; LC= lead ASO cocktail C478-600 

C495-C515, C478-C494-C514, or C24-C25-C26; CHX = 1-hr incubation with 100 μg/mL 601 

cycloheximide. All error bars indicate standard deviation. For all treatments, n=3, except n=2 in 602 

LC18-mer 120nM in panel G. For all statistical tests, n.s. P>0.05, *P<0.05, **P<0.01, 603 

***P<0.001. Panel F, I, and K: Student’s t-test. Panel G, H, and J: one-way ANOVA with Tukey’s 604 

post-test.   605 
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 606 

Figure 2. ASO-cocktail optimization and mechanism of action. 607 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 18, 2021. ; https://doi.org/10.1101/2021.07.13.452144doi: bioRxiv preprint 

https://doi.org/10.1101/2021.07.13.452144
http://creativecommons.org/licenses/by-nc-nd/4.0/


29 

 

A-C. New ASOs targeting CFTR (H) exon 24, (I) exon 25, or (J) exon 26 were individually 608 

screened in 16HBE-W1282X cells, in combination with two ASOs that target the other two 609 

exons, at a total nominal concentration of 120 nM. Red bars indicate the lead ASO identified in 610 

each combination screen. D. Comparison between the ASO cocktails C478-C495-C515 and 611 

C478-C494-C514. E-F. CFTR and eIF4A2 mRNA levels in (D) 16HBE-G542X cells and (E) 612 

16HBE-R1162X cells transfected with ASOs at a total nominal concentration of 120 nM. G. The 613 

number of required EJCs targeted by ASOs C478, C494, C515, or all together, was assessed 614 

by transfecting 16HBE-W1282X cells with one, two, or three EJC-targeting ASOs at the same 615 

total nominal concentration. H. 16HBE-W1282X cells were transfected with various 616 

combinations of the lead ASOs C478, C495, and C515. I. Mean PSI of each CFTR isoform in 617 

16HBE-W1282X cells transfected with various combinations of C478, C495, and C515. All 618 

mRNA levels in A-G were measured by RT-qPCR. RPL32 mRNA level served as an internal 619 

reference. Error bars show standard deviation. Abbreviations are as in Figure 1.  n=3 for all 620 

treatments, except in panel C, n=5 or 6, and panel G, n=4 for NT, Sc, CC, and Lead ASO 621 

40:40:40. For all Dunnett’s post-tests, n.s. P>0.05, *P<0.05, **P<0.01, ***P<0.001. For all 622 

Student’s t-tests, #P<0.05, ##P<0.01. Panels A-H: one-way ANOVA with Dunnett’s post-test 623 

versus NT, or Student’s t-test. Panel I: n=4, one-way ANOVA with Dunnett’s post-test, versus 624 

each isoform in ‘lead ASO 40:40:40’.  625 

 626 
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 627 

Figure 3. Effect of the lead ASO cocktail on CFTR-W1282X protein expression and function.  628 

A. Western blot of CFTR-W1282X protein in 16HBE-W1282X cells transfected with control or 629 

EJC-targeting ASO cocktail C478-494-C515 and treated with VX-809 at the indicated 630 

concentrations. The closed and open arrowheads indicate C and B bands of CFTR proteins, 631 

respectively. B. Quantification of total CFTR protein in (A). C-D. Average traces from Ussing-632 

chamber assay of 16HBE-W1282X cells treated with 20 μM of (C) 15mer scramble ASO (Sc) or 633 

(D) 15mer lead ASO cocktail C479-C494-C514. E. Total area under the curve in (C) and (D). 634 

Before the assays, the cells were treated for 24 h with VX-809 (3 μM). The traces shown are the 635 
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average of the three replicates. F. The levels of CFTR-W1282X and endogenous NMD-sensitive 636 

mRNAs in 16HBE-W1282X cells assayed in €, normalized to Sc control. RPL32 was used as 637 

internal reference. G-K Average traces from Ussing-chamber assay of 16HBE-W1282X cells 638 

treated with (G) 20 μM 18mer scramble ASO, (H) 20 μM 18mer lead ASO cocktail (C24-C25-639 

C26), (I) 20 μM 18mer scramble ASO and 200 μM G418, (J) 20 μM 18mer lead ASO cocktail 640 

and 200 μM G418, and (K) 20 μM 18mer lead ASO cocktail and 600 μM G418. All G418 641 

treatments were started 24 hr prior to the assay. The traces shown are the average of three 642 

replicates. Black error bars on each point show standard deviation.  L. The total area under the 643 

curve of (G-K). Error bars show standard deviations. Fsk: forskolin. n=3 for all treatments. For 644 

all statistical tests, n.s. P>0.05, *P<0.05, **P<0.01, ***P<0.001. Panels E and F: Student’s t-test. 645 

Panels B and L: one-way ANOVA with Tukey’s post-test. 646 

TABLES 647 

Table 1. ASOs 648 

ASO type ASO Name Sequence 

EJC-targeting candidate C470 CTTGATCACTCCACT  

EJC-targeting candidate C471 TCTTGATCACTCCAC  

EJC-targeting candidate C472 TTCTTGATCACTCCA  

EJC-targeting candidate C473 TTTCTTGATCACTCC  

EJC-targeting candidate C474 ATTTCTTGATCACTC  

EJC-targeting candidate C475 TATTTCTTGATCACT  

EJC-targeting candidate C476 ATATTTCTTGATCAC  

EJC-targeting candidate C477 CATATTTCTTGATCA  

EJC-targeting candidate C478 CCATATTTCTTGATC  

EJC-targeting candidate C479 TCCATATTTCTTGAT  
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EJC-targeting candidate C480 TTCCATATTTCTTGA  

EJC-targeting candidate C481 TTTCCATATTTCTTG  

EJC-targeting candidate C482 CTTTCCATATTTCTT  

EJC-targeting candidate C483 ACTTTCCATATTTCT  

EJC-targeting candidate C484 AACTTTCCATATTTC  

EJC-targeting candidate C485 CAACTTTCCATATTT  

EJC-targeting candidate C486 GCAACTTTCCATATT  

EJC-targeting candidate C487 TGCAACTTTCCATAT  

EJC-targeting candidate C488 CTGCAACTTTCCATA  

EJC-targeting candidate C489 TTCATCAAGCAGCAA  

EJC-targeting candidate C490 GTTCATCAAGCAGCA  

EJC-targeting candidate C491 GGTTCATCAAGCAGC  

EJC-targeting candidate C492 GGGTTCATCAAGCAG  

EJC-targeting candidate C493 TGGGTTCATCAAGCA  

EJC-targeting candidate C494 CTGGGTTCATCAAGC  

EJC-targeting candidate C495 ACTGGGTTCATCAAG  

EJC-targeting candidate C496 CACTGGGTTCATCAA  

EJC-targeting candidate C497 GCACTGGGTTCATCA  

EJC-targeting candidate C498 AGCACTGGGTTCATC  

EJC-targeting candidate C499 GAGCACTGGGTTCAT  

EJC-targeting candidate C500 TGAGCACTGGGTTCA  

EJC-targeting candidate C501 ATGAGCACTGGGTTC  

EJC-targeting candidate C502 AATGAGCACTGGGTT  

EJC-targeting candidate C503 AAATGAGCACTGGGT  

EJC-targeting candidate C504 CAAATGAGCACTGGG  
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EJC-targeting candidate C505 CCAAATGAGCACTGG  

EJC-targeting candidate C506 TCCAAATGAGCACTG  

EJC-targeting candidate C507 ATCCAAATGAGCACT  

EJC-targeting candidate C508 TTGCTTCTATCCTGT  

EJC-targeting candidate C509 ATTGCTTCTATCCTG  

EJC-targeting candidate C510 CATTGCTTCTATCCT  

EJC-targeting candidate C511 GCATTGCTTCTATCC  

EJC-targeting candidate C512 AGCATTGCTTCTATC  

EJC-targeting candidate C513 CAGCATTGCTTCTAT  

EJC-targeting candidate C514 CCAGCATTGCTTCTA  

EJC-targeting candidate C515 TCCAGCATTGCTTCT  

EJC-targeting candidate C516 TTCCAGCATTGCTTC  

EJC-targeting candidate C517 ATTCCAGCATTGCTT  

EJC-targeting candidate C518 CATTCCAGCATTGCT  

EJC-targeting candidate C519 GCATTCCAGCATTGC  

EJC-targeting candidate C520 GGCATTCCAGCATTG  

EJC-targeting candidate C521 TGGCATTCCAGCATT  

EJC-targeting candidate C522 TTGGCATTCCAGCAT  

EJC-targeting candidate C523 GTTGGCATTCCAGCA  

EJC-targeting candidate C524 TGTTGGCATTCCAGC  

EJC-targeting candidate C525 TTGTTGGCATTCCAG  

EJC-targeting candidate C526 ATTGTTGGCATTCCA  

Scramble 15mer Scramble control based on C494 CACGCTACTTGATGC 

EJC 18mer C24-18m TTCCATATTTCTTGATCA  
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EJC 18mer C25-18m 

ACTGGGTTCATCAAGCA

G 

EJC 18mer C26-18m TTCCAGCATTGCTTCTAT 

Scramble 18mer Scramble control based on C25 

ACAGGCTTCTTCATGCA

C 

Control H24 CTCAGGATCCACGTG  

Control H26 CAGGATCCACGTGCA  

Control H27 AGGATCCACGTGCAG  

 649 

Table 2. sgRNA and W1282X repair template sequences  650 

CFTR 

sgRNA 

Sense 

strand  

5'-CACCGCAATAACTTTGCAACAGTGG-3' 

CFTR 

sgRNA 

antisense 

strand  

5'-AAACCCACTGTTGCAAAGTTATTGC-3' 

W1282X 

repair 

template 

5’-

AACACTGAAGGAGAAATCCAGATCGATGGTGTGTCTTGGGATTCAATAACT

TTGCAACAGTGAAGAAAAGCCTTTGGAGTGATACCACAGGTGAGCAAAAG

GACTTAGCCAGAAAAAAGG-3’ 

 651 

 652 
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Table 3. siRNA 653 

Source Target gene Sequence  Source 

Custom-

sense 
UPF1 GAUGCAGUUCCGCUCCAUU 

Sigma 

Custom-

antisense 
UPF1 AAUGGAGCGGAACUGCAUC 

Sigma 

Predesigned CFTR SASI_Hs02_00302648  Sigma 

 654 

Table 4. Primers for RT-PCR and RT-qPCR 655 

Target gene primer seq source 

NMD-sensitive 

GADD45A 

GADD45A_NMD

_F 
GAGCTCCTGCTCTTGGAGAC 

Mabin et 

al., 2018 

NMD-sensitive 

GADD45A 

GADD45A_NMD

_R 
GCAGGATCCTTCCATTGAGA 

Mabin et 

al., 2018 

NMD-sensitive 

eIF4A2 
eIF4A2_NMD_F AGGGTCAAGTCGTGTTCTGATC 

Mabin et 

al., 2018 

NMD-sensitive 

eIF4A2 
eIF4A2_NMD_R ACCAACTGCTGCTATCGACTC 

Mabin et 

al., 2018 

NMD-sensitive 

SF3B1 
SF3B1_NMD_F AATTTCCCCAGAGCGTCTTG 

Mabin et 

al., 2018 

NMD-sensitive 

SF3B1 
SF3B1_NMD_R TTCGTGCCTTTGTCTCCATC 

Mabin et 

al., 2018 

NMD-sensitive 

C1orf37 
C1orf37_NMD_F TTGCTGCTCGAATCTCCAAG 

Mabin et 

al., 2018 
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NMD-sensitive 

C1orf37 
C1orf37_NMD_R ACTTCTGCTGCCATCACAAC 

Mabin et 

al., 2018 

NMD-sensitive 

SRSF2 
SRSF2_NMD_F CCTCTTAAGAAAATGCTGCGGTCTC 

Lareau et 

al., 2007 

NMD-sensitive 

SRSF2 
SRSF2_NMD_R ATCAGCCAAATCAGTTAAAATCTGC 

Lareau et 

al., 2007 

NMD-sensitive 

SRSF4 
SRSF4_NMD_F GGATCTGAAGAACGGTCTGTTATGT 

Lareau et 

al., 2007 

NMD-sensitive 

SRSF4 
SRSF4_NMD_R TCACTCGTCTTTTGGTTCCCATTAG 

Lareau et 

al., 2007 

NMD-sensitive 

RPL12 
RPL12_NMD_F CTGGGCCTTAGCTTCTTCAC 

Lareau et 

al., 2007 

NMD-sensitive 

RPL12 
RPL12_NMD_R AAGTGGCACCGACTTCACCT 

Mabin et 

al., 2018 

CFTR-exon22 CFTR22F CAATAAGTCCTGGCCAGAGG   

CFTR-exon26 CFTR26F 
GCACAGTAATTCTCTGTGAACACAG

G 
  

CFTR-exon27 CFTR27R  TCCTCTCGTTCAGCAGTTTCTGG   

CFTR-exon23 CFTR23F TTGCAACAGtgaAGGAAAGCC   

CFTR-exon23 CFTR23R AAGGCTTTCCTtcaCTGTTGC   

CFTR-exon22-

splicing 
CFTR-22F-splice GCGATCTGTGAGCCGAGTC  

CFTR-exon24-

splicing 
CFTR-24R-splice 

CTTGATCACTCCACTGTTCATAGGG

ATC 
 

RPL32 RPL32_F AGAGGCATTGACAACAGGGTT   
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RPL32 RPL32_R GTGAGCGATCTCGGCACAG   

HPRT HPRT_F TGACCAGTCAACAGGGGACA   

HPRT HPRT_R TGCCTGACCAAGGAAAGCAA   

 656 

 657 
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