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 16 

ABSTRACT 17 

We have recently reported a homozygous Alu insertion variant (termed Alu_Ins) within the 3'-18 

untranslated region (3'-UTR) of the SPINK1 gene as the cause of a new pediatric disease 19 

entity. Although Alu-Ins has been shown, by means of a full-length gene expression assay 20 

(FLGEA), to result in the complete loss of SPINK1 mRNA expression, the precise underlying 21 

mechanism(s) has remained elusive. Herein, we filled this knowledge gap by adopting a 22 

hypothesis-driven approach. Employing RepeatMasker, we identified two Alu elements 23 

(termed Alu1 and Alu2) within the SPINK1 locus; both are located deep within intron 3 and, 24 

most importantly, reside in the opposite orientation to Alu-Ins. Using FLGEA, we provide 25 

convincing evidence that Alu-Ins disrupts splicing by forming RNA secondary structures with 26 

Alu1 in the pre-mRNA sequence. Our findings reveal a previously undescribed disease-27 

causing mechanism, resulting from an Alu insertion variant, which has implications for Alu 28 

detection and interpretation in human disease genes. 29 

 30 

KEYWORDS 31 

Alu insertion variant, human genetic disease, inverted Alu elements, L1 retrotransposition, 32 

pre-mRNA splicing, RNA secondary structure, template switching during reverse 33 

transcription 34 

 35 

INTRODUCTION 36 

Alu elements, about 300 nucleotides in length, are one of the most prevalent mobile 37 

elements in primate genomes. There are over one million copies in the human genome, 38 

accounting for almost 11% of the genome size1. Alu elements continue to be amplified in the 39 

human genome through long interspersed element-1 (LINE-1 or L1)-mediated 40 

retrotransposition2,3, which is also an important cause of human genetic disease3-5. In part 41 

due to detection bias6, disease-causing Alu insertions have invariably been found to be 42 

located within the coding or proximal intronic regions of affected genes until very recently, 43 

when a full-length Alu insertion (henceforth termed SPINK1 Alu-Ins) was identified in the 3'-44 

untranslated region (3'-UTR) of the SPINK1 gene (OMIM# 167790) in a patient presenting 45 

with a new pediatric disease entity, termed severe infantile isolated exocrine pancreatic 46 

insufficiency (SIIEPI)7. This new finding would not have come to light had the gene’s 3'-UTR 47 

not been included in the mutational screen and had the Alu-Ins variant not been present in 48 

the homozygous state.  49 

Pathological mechanisms underlying disease-causing Alu insertions (apart from those 50 

associated with concurrently generated large genomic deletions due to L1-mediated target-51 

primed reverse transcription8) that have occurred within coding or proximal intronic regions 52 

have often not been explored experimentally but are generally thought either to involve the 53 

disruption of the coding sequences directly or to the promotion of aberrant splicing by virtue 54 
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of their location4,5. We have previously analyzed the functional impact of the SPINK1 Alu-Ins 55 

event using a cell culture-based full-length gene expression assay (FLGEA). We established 56 

that it caused a complete loss of SPINK1 mRNA expression in transfected HEK293T cells, 57 

an observation which was corroborated by three lines of evidence7. First, reverse 58 

transcription-PCR (RT-PCR) of mRNA from the SPINK1 Alu-Ins homozygote-derived 59 

cultured lymphocytes yielded no SPINK1 transcripts. Second, a homozygous deletion of the 60 

entire SPINK1 gene was found in a second SIIEPI patient. Third, significant pathological 61 

similarities in the pancreas were noted between SIIEPI patients and mice deficient for 62 

Spink39, the murine orthologue of SPINK1. This notwithstanding, the precise mechanism(s) 63 

underlying the complete loss of SPINK1 mRNA expression due to SPINK1 Alu-Ins has 64 

remained to be elucidated. In the present study, we investigated the underlying mechanism 65 

by employing a hypothesis-driven approach, leading to the discovery of a previously 66 

undescribed disease-causing mechanism mediated by an Alu insertion variant. 67 

 68 

RESULTS AND DISCUSSION 69 

3'-UTR luciferase reporter assay 70 

The 3'-UTRs of human genes play an important role in regulating mRNA 3' end formation, 71 

stability/degradation, nuclear export, subcellular localization and translation10,11. We surmised 72 

that the SPINK1 Alu-Ins mutation may affect one or more of these processes due to its 73 

location and therefore performed a 3'-UTR luciferase reporter assay. The Alu-Ins-containing 74 

3'-UTR of the SPINK1 gene was associated with a ~50% reduction in luciferase reporter 75 

activity as compared to its wild-type counterpart in both transfected HEK293T and COLO-76 

357 cells (Fig. 1). This partial reduction failed to account for the previously observed 77 

complete functional loss of SPINK17, obliging us to look for other potential mechanisms. 78 

 79 

 80 
Figure 1. 3'-UTR luciferase reporter assay. Transfections were performed in both HEK293T (a) and 81 
COLO-357 (b) cells. WT, wild-type SPINK1 3'-UTR luciferase reporter vector. Alu-C1 and Alu-C2, two 82 
clones of the mutant SPINK1 3'-UTR luciferase reporter vector. Results were expressed as the mean ± 83 
S.D. of three independent experiments each performed in triplicate. 84 
 85 

Hypothesis that the disease-causing Alu-Ins may form RNA secondary structure with 86 

pre-existing Alu element(s) within the SPINK1 gene 87 

Circular RNAs (circRNAs), an emerging class of RNA12, are formed through a back-splicing 88 

mechanism13. Back-splicing is potentiated by secondary structures in the pre-mRNAs, and 89 

these secondary structures are often generated by inverted Alu elements14-16. Further, two 90 

artificial Alu elements inserted into an intron of a three-exon-minigene in opposite orientation 91 

have been shown experimentally to undergo base-paring thereby affecting the splicing 92 

pattern of the downstream exon17. These findings prompted us to search for the possible 93 

presence of Alu elements within the SPINK1 locus that, if present, might have the potential to 94 

form RNA secondary structures with the disease-causing Alu-Ins. Employing RepeatMasker 95 

(http://www.repeatmasker.org/), we identified two such Alu elements within the SPINK1 96 

locus. Both are located deep within intron 3 of the SPINK1 gene and, most importantly, both 97 

reside in the opposite orientation to Alu-Ins (Fig. 2a; Supplementary Fig. 1). We surmised  98 
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 99 
Figure 2. Full-length gene expression assay (FLGEA). (a) Illustration of the wild-type (WT), mutant (Mut) 100 
and five artificial SPINK1 genomic sequences (drawn to scale) that were cloned into the pcDNA3.1/V5-101 
His TOPO vector for the purposes of FLGEA. All inserts invariably spanned c.1 to c.*(300) by reference 102 
to the WT SPINK1 genomic sequence. Coding sequences are shown as black bars and the 3'-UTR of 103 
SPINK1 is shown as a grey box. Sizes (bp) of the different introns as well as different components of 104 
intron 3 are indicated. c.194, c.240 and c.*81 refer to the last nucleotide positions of exon 3, the 105 
translation termination codon and 3'-UTR, respectively. Orientations of the Alu elements are indicated 106 
by horizontal solid arrows. Red crosses indicate artificially deleted Alu sequences. Alu_Ins, the disease-107 
causing Alu insertion. Alu_Ins_S, the artificially inverted version of Alu_Ins. (b) RT-PCR analyses of 108 
HEK293T cells transfected with the different expression vectors. The nature of the three bands in 109 
Mut_delAlu2 is similar to that of the three bands in Mut. Bands with * denote WT SPINK1 transcripts. 110 
Bands with # denote non-specific amplifications. Bands C and F correspond to normally spliced 111 
transcripts containing Alu_Ins whereas band G corresponds to normally spliced transcripts containing 112 
Alu_Ins_S. Bands A, B and D correspond to template switching events (see Fig. 3) due to inverted Alu-113 
mediated secondary structures. (c) A schema (not drawn to scale) to explain the generation of normally 114 
spliced transcripts (right panel) and template switching events (left panel) using the findings in Mut as 115 
an example. The facing green arrows indicate the approximate positions of the primers used for RT-116 
PCR analysis; the forward primer spanned the exon 1/exon 2 junction whilst the reverse primer 117 
corresponded to nucleotides c.*29_*46 of the 3'-UTR of the SPINK1 gene. 118 
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that SPINK1 Alu-Ins may have formed secondary structures with either or both of these two 119 

pre-existing Alu elements in the mutant pre-mRNA, thereby hindering the recognition of the 3' 120 

splice site of intron 3. However, the aberrantly spliced transcripts would have to have been 121 

degraded by mRNA decay mechanisms such as nonsense-mediated mRNA decay (NMD)18, 122 

in order to explain the non-detection of SPINK1 mRNA sequences from either mutant-123 

transfected HEK293T cells or patient-derived lymphocytes observed in our previous study7. 124 

 125 

FLGEA re-performed in the presence of cycloheximide 126 

To test the above hypothesis, we firstly re-performed the cell culture-based FLGEA for the 127 

previously constructed SPINK1 wild-type (WT) and Alu-Ins mutant (Mut) expression vectors7 128 

but this time in the presence of cycloheximide, a known NMD inhibitor. RT-PCR of mRNAs 129 

from HEK293T cells transfected with the WT construct yielded two bands (Fig. 2b). The 130 

major band was confirmed to be the WT SPINK1 transcript by directly sequencing the RT-131 

PCR products. The faint band appeared to correspond to non-specific amplification products 132 

since sequencing the corresponding gel-purified product yielded no readable sequence 133 

despite multiple attempts. RT-PCR of mRNAs from cells transfected with the Mut construct 134 

yielded three bands (indicated as A, B and C in Fig. 2b). To identify the nature of these 135 

bands, we cloned the RT-PCR products into the pcDNA3.1/V5-His TOPO vector, 136 

transformed the resulting constructs into E. coli, and performed colony PCR followed by 137 

sequencing. The results of this experiment, including the number of colonies sequenced, 138 

nature of the corresponding RT-PCR products and their assignment to the three bands, are 139 

summarized in Fig. 3a (left panel). 140 

 141 

 142 
Figure 3. Findings from colony PCR followed by sequencing analysis. (a) Results obtained from analysis 143 
of the RT-PCR products derived from cells transfected with either the Mut construct (left panel) or 144 
Mut_delAlu1 construct (right panel). See Fig. 2b for the indicated bands. (b) Illustration of the different 145 
templated switching events and their associated direct short repeats. The boxed GGTTTG is the target 146 
site duplication.  147 
 148 

Sequences obtained from more than half (n = 15) of the 29 Mut-derived informative 149 

colonies corresponded to correctly spliced transcripts and were assigned to band C (Fig. 3a). 150 

Since band C was only barely detectable, this high representation rate was probably 151 

attributable to a bias in ligation efficiency towards shorter inserts during the cloning of the 152 

RT-PCR products into the pcDNA3.1/V5-His TOPO vector. Moreover, the detection of barely 153 

detectable correctly spliced transcripts under the new experimental conditions suggested that 154 

cycloheximide may have an additional impact upon mRNA stability beyond its well-155 

established role as an NMD inhibitor. Irrespective of the precise underlying mechanisms, our 156 
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new findings demonstrated that a minor fraction of mutant pre-mRNA sequences could 157 

undergo normal splicing (Fig. 2c). 158 

Sequences obtained from the other 14 Mut-derived informative colonies corresponded to 159 

five distinct products, of which three (A1, A2 and A3) were assigned to band A whereas the 160 

other two (B1 and B2) were assigned to band B (Fig. 3a). All these products turned out to be 161 

template switching events, invariably involving a copy of the underlying short direct repeat 162 

within SPINK1 Alu-Ins and the other copy of the short direct repeat within the retained intron 163 

3 sequence. Moreover, all copies of the involved short direct repeats within SPINK1 Alu-Ins 164 

are clustered within a 20-bp sequence tract whereas those within the retained intron 3 165 

sequence are distributed over a <100-bp tract. Furthermore, whereas the former 20-bp 166 

sequence tract is very close to the 3' end of SPINK1 Alu-Ins, the latter <100-bp tract spans 167 

sequence immediately upstream of the 5' end of Alu1 (Fig. 3b). Based upon these sequence 168 

features, we reconstructed the following possible scenario: secondary structures were first 169 

formed between Alu1 and SPINK1 Alu_Ins in almost all mutant pre-mRNA sequences; these 170 

secondary structures prevented the splicing out of intron 3; template switching then occurred 171 

during reverse transcription of the secondary structure-containing mutant mRNAs19; finally, 172 

subsequent RT-PCR generated the band A and band B products (left panel in Fig. 2c). 173 

 174 

FLGEA using five additional expression vectors 175 

To provide further evidence to support the above postulate, we generated five additional 176 

expression vectors for FLGEA assay (Fig. 2a; Supplementary Fig. 2). Not surprisingly, 177 

deletion of either Alu1 or Alu2 in the context of the wild-type SPINK1 sequence (WT_delAlu1 178 

or WT_delAlu2) did not affect splicing; deletion of Alu2 in the context of the mutant SPINK1 179 

sequence (Mut_delAlu2) yielded similar results as Mut (Fig. 2b). However, deletion of Alu1 in 180 

the context of the mutant SPINK1 sequence (Mut_delAlu1) gave rise to three distinct RT-181 

PCR bands (indicated as D, E and F in Fig. 2b). To identify the nature of these three bands, 182 

we performed colony PCR followed by sequencing as performed for the three Mut-derived 183 

bands. We found that band F comprised normally spliced transcripts whereas band D 184 

comprised two different products, D1 and D2 (right panel in Fig. 3a). As in the case of the 185 

faint band observed in WT, sequencing the gel-purified band E product yielded no readable 186 

sequence despite several attempts. D1 and D2 turned out to represent the products of 187 

template switching events, each involving a copy of the underlying short direct repeat within 188 

SPINK1 Alu-Ins and the other short direct repeat copy within the retained intron 3 sequence. 189 

Whereas copies of the D1- and D2-involved short direct repeats within SPINK1 Alu-Ins are 190 

located within the above-mentioned 20-bp sequence tract, those within the retained intron 3 191 

sequence span sequence immediately upstream of the 5' end of Alu2. These sequence 192 

features suggested that in the absence of Alu1, SPINK1 Alu-Ins could also form secondary 193 

structures with Alu2, which in turn hinders the splicing out of intron 3. Nonetheless, given the 194 

detection of more abundant normally spliced transcripts from Mut-delAlu1 than from Mut 195 

(Fig. 2b), secondary structures formed between Alu2 and SPINK1 Alu-Ins would appear to 196 

be less stable than those formed between Alu1 and SPINK1 Alu-Ins. Finally, inversion of the 197 

SPINK1 Alu_Ins within the 3'-UTR of the SPINK1 gene resulted in an artificial Alu insertion in 198 

the same orientation as Alu1 and Alu2 (Alu_Ins_S); RT-PCR analysis of HEK293T cells 199 

transfected with the corresponding expression vector yielded a single band (i.e., band G in 200 

Fig. 2b), which was confirmed by sequencing to correspond to normally spliced transcripts. 201 

This finding clearly showed that it is not the primary sequence of the Alu insertion but rather 202 

its potentiated secondary structure that is critical for the virtually complete functional loss of 203 

the affected SPINK1 allele. 204 

 205 

CONCLUSIONS 206 

In summary, employing FLGEA, we have provided convincing evidence that the Alu insertion 207 

into the 3'-UTR of the SPINK1 gene disrupted splicing by forming secondary structures with a 208 

pre-existing Alu element that is located deep within intron 3 of the gene. Although inverted 209 

Alu elements have long been known to be capable of forming secondary structures, this is 210 

the first time that an Alu insertion variant has been shown to exert its effect via such a 211 
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mechanism causing human genetic disease. Given the abundance of pre-existing Alu 212 

elements within the human genome and the potential insertion of new Alu elements into 213 

virtually any site, our findings have important implications for the detection and interpretation 214 

of Alu elements in human disease genes: it follows that not only coding and proximal intronic 215 

sequences but also deep intronic and non-coding regions should be analyzed for possible 216 

Alu insertions. The functional effect of Alu insertions should be considered with respect to 217 

their distances and orientations in relation to Alu elements that are present within the target 218 

genes. 219 

 220 

METHODS 221 

Reference sequence 222 

SPINK1 mRNA reference sequence accession NM_003122.3 defines a five-exon gene, of 223 

which the first exon is non-coding. However, the gene expressed in the pathophysiologically 224 

relevant exocrine pancreas comprises only four exons20,21, which correspond to 225 

NM_003122.3-defined exons 2-5. To date, this latter four-exon gene has been invariably 226 

used by the genetics field as the de facto SPINK1 reference gene (see Tang and 227 

colleagues22 and references therein). This convention was followed here, with the 228 

corresponding SPINK1 reference genomic sequence being obtained from the GRCh38/hg38 229 

assembly (https://genome.ucsc.edu/). Nucleotide numbering was based upon the coding 230 

DNA sequence according to Human Genome Variation Society (HGVS) recommendations23. 231 

 232 

3'-UTR luciferase reporter assay 233 

Construction of wild-type and mutant reporter vectors 234 

The 3'-UTR of the wild-type (WT) SPINK1 gene is 81-bp long (Supplementary Fig. 1). A 235 

306-bp fragment containing the entire 3'-UTR (i.e., going from c.*1_*81) plus the downstream 236 

225-bp 3' flanking sequence (i.e., sequence from c.*(82)_*(306)) of the WT SPINK1 gene 237 

was PCR amplified from genomic DNA of a healthy subject using forward primer 5’-238 

TCTAGAGAACCAAGGTTTTGAAATCCCA-3’ containing an XbaI restriction site (underlined) 239 

and reverse primer 5’-GGATCCGATCATCTGTGCTCTGCCAT-3’ containing a BamHI 240 

restriction site (underlined). The corresponding fragment containing the disease-causing Alu 241 

insertion, SPINK1 Alu_Ins, was amplified from genomic DNA of the homozygous patient. The 242 

resulting PCR products were firstly digested with XbaI and BamHI and then cloned into the 243 

XbaI/BamHI sites of the pGL3 Control Vector (Promega, Charbonnieres, France), 244 

respectively. In the resulting pGL3-WT or pGL3-Alu SPINK1 3’-UTR reporter gene construct, 245 

the insert was placed immediately downstream of the translational termination codon of the 246 

luciferase reporter gene. The accuracy of both inserts was verified by sequencing using the 247 

BigDye™ Terminator v1.1 Cycle Sequencing Kit (ThermoFisher Scientific, Illkirch, France). 248 

 249 

Cell culture, transfection and luciferase reporter gene assay  250 

Human embryonic kidney (HEK293T) and human pancreatic adenocarcinoma (COLO-357) 251 

cell lines were maintained in DMEM nutrient mixture supplemented with 10% fetal calf 252 

serum. Transfections were carried out as previously described24 using 3.8 µg pGL3-WT or 253 

pGL3-Alu SPINK1 3’-UTR luciferase reporter vector plus 0.2 µg control pRL-CMV vector. At 254 

48 h after transfection, luciferase measurement was conducted as previously described25.  255 

 256 

Full-length gene expression assay (FLGEA) 257 

Construction of an additional five expression vectors 258 

Full-length WT and mutant (Mut) SPINK1 expression vectors were previously constructed7. 259 

Five additional expression vectors for FLGEA assay were newly generated in the present 260 

study. 261 

To generate an Alu1 deletion in the context of the WT or mutant SPINK1 sequence, two 262 

fragments (indicated by the primer pairs in different colors; Supplementary Fig. 2a) were 263 

amplified using genomic DNA from a healthy control or the SPINK1 Alu_Ins homozygous 264 

patient. For each fragment, PCR reaction was performed with 50 ng DNA in a 50 µL reaction 265 

mixture containing 2.5 U TaKaRa La Taq™ DNA polymerase, 400 µM TakaRa dNTP Mix, 266 
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and 0.4 µM each of the corresponding primer pair. The PCR program comprised an initial 267 

denaturation at 94°C for 1 min, 35 cycles of denaturation at 94°C for 20 s, annealing at 56°C 268 

for 20 s and extension at 72°C for 5 min, and a final extension step at 72°C for 10 min. After 269 

digestion with KpnI, the two fragments obtained from either subject were ligated together. 270 

Each ligated product was then amplified using forward primer P1_F and reverse primer P1_R 271 

(Supplementary Fig. 2a). The PCR was performed using the GoTaq® Long PCR MasterMix 272 

(Promega, Charbonnieres, France) according to the manufacturer’s protocol. The PCR 273 

program had an initial denaturation at 94°C for 2 min, 35 cycles of denaturation at 94°C for 274 

20 s, annealing at 58°C for 20 s and extension at 65°C for 6 min, and a final extension step 275 

at 72°C for 10 min. The resulting two PCR products, WT_delAlu1 and Mut_delAlu1, were 276 

then separately cloned into the pcDNA3.1/V5-His TOPO vector according to the 277 

manufacturer’s instructions.  278 

Expression vectors for Alu2 deletions in both the WT and mutant SPINK1 sequence 279 

contexts, WT-delAlu2 and Mut_delAlu2, were constructed essentially as for WT_delAlu1 and 280 

Mut_delAlu1. The only differences were the use of different primers (Supplementary Fig. 281 

2b) and different extension times for amplifying the two fragments (6 min for the longer one 282 

(amplified by P1_F and Alu2_KpnI_R) and 1 min for the shorter one (amplified by 283 

Alu2_KpnI_F and P1_R)). 284 

To construct an expression vector for Alu_Ins_S (i.e., inversion of the disease-causing 285 

Alu_Ins within 3'-UTR of the SPINK1 gene), a natural NcoI restriction enzyme site located 286 

within intron 3 of the SPINK1 gene in the context of the previously constructed Mut 287 

expression vector was firstly eliminated by means of the QuickChange II XL Site-Directed 288 

Mutagenesis Kit (Agilent, Les Ulis, France) according to the manufacturer’s instructions; the 289 

primers used were 5'-TGGCCAACATGGTGAAACCCCGTGGTGGCGGGCGCCTATAATAC-290 

3' (forward) and 5'-GTATTATAGGCGCCCGCCACCACGGGGTTTCACCATGTTGGCCA-3' 291 

(reverse). Then three PCR reactions were performed each with 1 ng of the modified plasmid 292 

in a 50 µL reaction mixture containing 2.5U TaKaRa La Taq™ DNA polymerase, 400 µM 293 

TakaRa dNTP Mix, and 0.4 µM each of the corresponding primer pair (Supplementary Fig. 294 

2c). The PCR program had an initial denaturation at 94°C for 1 min, 35 cycles of 295 

denaturation at 94°C for 20 s, annealing at 56°C for 20 s and extension at 72°C for 7 min 296 

(fragment A) or 1 min (both fragments B and C), and a final extension step at 72°C for 10 297 

min. After being digested by KpnI and/or NcoI, the three fragments were ligated together. 298 

The subsequent steps were the same as described above for the other constructs. 299 

Primer sequences are provided in Supplementary Fig. 2d. All exon/intron boundaries 300 

and ligation junction(s) of the newly generated inserts were verified by sequencing.  301 

 302 

Cell culture, transfection and reverse transcription 303 

HEK293T cells were maintained as described earlier. Transfections were carried out using 1 304 

µg of the expression plasmid per well in a 6-well plate. Four hours before the RNA extraction, 305 

cells were treated with cycloheximide with a final concentration of 50 µg/ml as previously 306 

described26. At 24h after transfection, the cells were harvested for total RNA extraction using 307 

TRIzol RNA Isolation Reagents (ThermoFisher Scientific). The RNA concentration and purity 308 

were determined by measuring the OD at 260 nm and 280 nm, respectively. 4 µg RNA was 309 

treated with DNAse I (ThermoFisher Scientific, Illkirch, France) before reverse transcription 310 

(RT). RT was performed in a 20 µL mixture containing 1 µg RNA treated by DNase I, 10 U 311 

RNAse inhibitor (Promega, Charbonnieres, France), 250 ng Random Hexamers (Qiagen, 312 

Courtaboeuf, France), 4 μl 5× First Strand Buffer, 500 µM dNTPs, 5mM dithiothreitol and 200 313 

U SuperScript® II Reverse Transcriptase (ThermoFisher Scientific, Illkirch, France). The 314 

reaction was incubated at 42°C for 50 min and inactivated by heating at 70°C for 15 min. The 315 

resulting complementary DNA (cDNA) were treated with 2U RNaseH (ThermoFisher 316 

Scientific, Illkirch, France) to degrade the remaining RNA at 37°C for 20 min.  317 

 318 

RT-PCR 319 

RT-PCR was performed using forward primer 5'-GAGTCTATCTGGTAACACTGGAGCT-3' 320 

and reverse primer 5'-CAGTCAGGCCTCGCGGTG-3' and the GoTaq® Long PCR 321 
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MasterMix according to the manufacturer’s protocol. The PCR program had an initial 322 

denaturation at 94°C for 2 min, followed by 40 cycles of denaturation at 94°C for 20 s, 323 

annealing at 58°C for 20 s, extension at 65°C for 4 min, and a final extension step at 72°C for 324 

5 min. PCR products were evaluated by electrophoresis on an 1% agarose gel.  325 

 326 

Sequencing of the RT-PCR products 327 

RT-PCR products resulting from the WT, WT_delAlu1, WT_delAlu2 and Alu_Ins_S 328 

expression vectors were respectively purified by Illustra™ ExoProStar™ (GE Healthcare, 329 

Orsay, France) and directly sequenced by means of the BigDye™ Terminator v1.1 Cycle 330 

Sequencing Kit using forward primer 5'-GAGTCTATCTGGTAACACTGGAGCT-3' and 331 

reverse primer 5'-CAGTCAGGCCTCGCGGTG-3'. 332 

RT-PCR products resulting from the Mut, Mut_delAlu1 and Mut_delAlu2 expression 333 

vectors were separately cloned in the pcDNA3.1/V5-His TOPO vector according to the 334 

manufacturer’s instructions. Transformation was performed using XL10-Gold Ultracompetent 335 

Cells (Stratagene, La Jolla, CA). Transformed cells were spread onto LB agar plates with 50 336 

mg/mL ampicillin and incubated at 37ºC overnight. Some 30 colonies from each plate were 337 

subjected to PCR amplification using the GoTaq® Long PCR MasterMix according to the 338 

manufacturer’s protocol; the primers used were 5'-GGAGACCCAAGCTGGCTAGT-3' 339 

(forward) and 5'-AGACCGAGGAGAGGGTTAGG-3' (reverse), both being located within the 340 

vector sequence. The PCR program had an initial denaturation at 94°C for 2 min, followed by 341 

35 cycles of denaturation at 94°C for 20 s, annealing at 58°C for 20 s, extension at 65°C for 1 342 

min (Mut and Mut_delAlu2) or 4 min (Mut_delAlu1), and a final extension step at 72°C for 5 343 

min. PCR products were controlled by electrophoresis on an 1% agarose gel, purified by 344 

Illustra™ ExoProStar™ and sequenced using the BigDye™ Terminator v1.1 Cycle 345 

Sequencing Kit. The primers used for sequencing were 5'-GGAGACCCAAGCTGGCTAGT-3' 346 

(forward), 5'-TGAAAATCGGTGAGTACA-3' (forward), 5'-GAAAACATCATGAGCATG-3' 347 

(forward) and 5'- AGACCGAGGAGAGGGTTAGG-3' (reverse). For Mut_delAlu1-derived 348 

products, the larger band (>2 kb) was further sequenced using three additional sequencing 349 

primers (all forward): 5'-CTGAGATTGACTTGAT-3’, 5’-TCTGAAACCTCCGAGT-3’ and 5’-350 

CTAACTTAAATGTGGCT-3’. 351 

Bands whose nature remained undermined after the aforementioned sequencing efforts 352 

were excised from the agarose gel, purified by MinElute Gel extraction kit (Qiagen, 353 

Courtaboeuf, France) and sequenced with the BigDye™ Terminator v1.1 Cycle Sequencing 354 

Kit. The primers used were 5'-GAGTCTATCTGGTAACACTGGAGCT-3' (forward) and 5'-355 

CAGTCAGGCCTCGCGGTG-3' (reverse). 356 

 357 
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