Journal of Visualized Experiments
A reporter based cellular assay for monitoring splicing efficiency

Article Type:
Manuscript Number:
Full Title:

Corresponding Author:

Corresponding Author's Institution:
Corresponding Author E-Mail:
Order of Authors:

Additional Information:

Question

Please specify the section of the
submitted manuscript.

Please indicate whether this article will be
Standard Access or Open Access.

Please indicate the city, state/province,
and country where this article will be
filmed. Please do not use abbreviations.

Please confirm that you have read and
agree to the terms and conditions of the
author license agreement that applies
below:

Please confirm that you have read and
agree to the terms and conditions of the
video release that applies below:

Please provide any comments to the
journal here.

--Manuscript Draft--

Methods Article - JOVE Produced Video
JoVE63014R1
A reporter based cellular assay for monitoring splicing efficiency

Shalini Sharma
The University of Arizona College of Medicine Phoenix
UNITED STATES

The University of Arizona College of Medicine Phoenix
shalinijs@email.arizona.edu

Jason Wong

William Martelly

Shalini Sharma

Response

Biochemistry

Standard Access ($1400)

Phoenix, Arizona, United States

| agree to the Author License Agreement

| agree to the Video Release

Powered by Editorial Manager® and ProduXion Manager® from Aries Systems Corporation


https://www.jove.com/files/Article_License_Agreement_1-29-21.pdf
https://www.jove.com/files/Video_Release_1-29-21.pdf

Manuscript Click here to access/download;Manuscript;63014_R1.docx %

1 TITLE:

2 A Reporter Based Cellular Assay for Monitoring Splicing Efficiency

3

4  AUTHORS AND AFFILIATIONS:

5 Jason Wong?!, William Martelly?, Shalini Sharma?

6

7 Department of Basic Medical Sciences, College of Medicine-Phoenix, University of Arizona,

8  Phoenix, Arizona, USA

9
10  Corresponding author:
11 Shalini Sharma (shalinijs@arizona.edu)
12
13 Email address of co-authors:
14  Jason Wong (jiphoenix@arizona.edu)
15  William Martelly (wmartelly@arizona.edu)
16
17  KEYWORDS:
18  RNA-—protein interaction; pre-mRNA splicing; spliceosome; U1l snRNP; intron; exon; splice site;
19  Dup51p reporter; exon skipping
20
21  SUMMARY:
22 This protocol describes a minigene reporter assay to monitor the impact of 5'-splice site
23 mutations on splicing and develops suppressor U1 snRNA for the rescue of mutation-induced
24 splicing inhibition. The reporter and suppressor U1 snRNA constructs are expressed in Hela cells,
25 and splicing is analyzed by primer extension or RT-PCR.
26
27  ABSTRACT:
28  During gene expression, the vital step of pre-mRNA splicing involves accurate recognition of
29  splice sites and efficient assembly of spliceosomal complexes to join exons and remove introns
30 prior to cytoplasmic export of the mature mRNA. Splicing efficiency can be altered by the
31  presence of mutations at splice sites, the influence of trans-acting splicing factors, or the activity
32  of therapeutics. Here, we describe the protocol for a cellular assay that can be applied for
33  monitoring the splicing efficiency of any given exon. The assay uses an adaptable plasmid
34  encoded 3-exon/2-intron minigene reporter, which can be expressed in mammalian cells by
35  transient transfection. Post-transfection, total cellular RNA is isolated, and the efficiency of exon
36  splicing in the reporter mRNA is determined by either primer extension or semi-quantitative
37 reverse transcriptase-polymerase chain reaction (RT-PCR). We describe how the impact of
38 disease associated 5’ splice-site mutations can be determined by introducing them in the
39 reporter; and how the suppression of these mutations can be achieved by co-transfection with
40 U1 small nuclear RNA (snRNA) construct carrying compensatory mutations in its 5’ region that
41  basepairs with the 5'-splice sites at exon-intron junctions in pre-mRNAs. Thus, the reporter can
42  be used for the design of therapeutic U1 particles to improve recognition of mutant 5’ splice-
43  sites. Insertion of cis-acting regulatory sites, such as splicing enhancer or silencer sequences, into
44  the reporter can also be used to examine the role of Ul snRNP in regulation mediated by a


https://www.editorialmanager.com/jove/download.aspx?id=1361230&guid=c649903a-7428-4487-8bd0-012365b716ef&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1361230&guid=c649903a-7428-4487-8bd0-012365b716ef&scheme=1

45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87

specific alternative splicing factor. Finally, reporter expressing cells can be incubated with small
molecules to determine the effect of potential therapeutics on constitutive pre-mRNA splicing or
on exons carrying mutant 5’ splice sites. Overall, the reporter assay can be applied to monitor
splicing efficiency in a variety of conditions to study fundamental splicing mechanisms and
splicing-associated diseases.

INTRODUCTION:

Pre-mRNA splicing is an essential processing step that removes non-coding introns and precisely
ligates coding exons to form mature mRNA. Recognition of consensus sequences at exon-intron
junctions, referred to as 5'-splice site and 3'-splice site, by components of the splicing machinery
initiates the splicing process. The U1 small nuclear ribonucleoprotein (snRNP) recognizes the 5'-
splice site by base pairing of the U1 snRNA to the pre-mRNA?. Genetically inherited mutations
that alter 5'-splice site sequences are associated with many diseases?3. It is predicted that the
loss of basepairing of U1 snRNA with the mutant 5'-splice sites, causes aberrant splicing, which
can compromise translation of the affected transcript. A potential therapeutic approach to
correct the splicing defects involves suppression of mutations by modified U1 snRNA carrying
compensatory nucleotide changes in its 5’-region that basepairs with the 5'-splice site. Such
modified U1 snRNAs, also referred to as exon specific U1 snRNAs, have been found to be effective

in reversing splicing defects, resulting in increased protein expression from the rescued mRNA*
8

Here, we describe the U1 snRNP complementation assay, which is a reporter-based cellular
splicing assay that allows assessment of the effect of 5’-ss mutations on splicing of an exon and
can also be used for the development of modified Ul snRNAs to enable the rescue of exon
inclusion. We also provide protocols for monitoring of the spliced reporter transcripts by primer
extension and RT-PCR, and for determining the expression of modified U1 snRNAs by primer
extension and RT-gPCR.

PROTOCOL:
1. Reagents and buffers

NOTE: All sterilization using vacuum filters should be performed with 0.2 um polyethersulfone
(PES) membrane in a biosafety cabinet.

1.1. Prepare RNase-free water by adding 1.0 mL of diethylpyrocarbonate (DEPC) to 1.0 L
deionized water, mix for at least 1 h at room temperature (RT), autoclave, and then cool to RT
before use.

1.2.  Prepare Dulbecco's Modified Eagle Medium (DMEM) by mixing one packet of DMEM
powder (13.4 g), 3.7 g of sodium bicarbonate, 100 mL of fetal bovine serum (FBS), and penicillin
and streptomycin to ~800 mL of sterile deionized water. The final concentration of penicillin and
streptomycin in DMEM should be 50 U/mL and 50 pg/mL, respectively. Adjust the pH to 7.4 and
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then make up the volume to 1.0 L with sterile deionized water. Sterilize by filtration and store at
4°C.

1.3.  Prepare 10x phosphate buffered saline (10xPBS) by adding 25.6 g of disodium hydrogen
heptahydrate (Na;HPO4-7H,0), 2 g of potassium dihydrogen phosphate (KH;PO4), 2 g of
potassium chloride (KCl), and 80 g of sodium chloride (NaCl) to 800 mL of deionized water. Mix
to dissolve and make up the volume to 1.0 L. Sterilize by filtration and store at 4 °C.

1.4. Prepare 0.5 M ethylene diamine tetraacetic acid (EDTA) by dissolving 186.1 g of
Na,eEDTA®2H,0 into ~800 mL of deionized water. Adjust pH to 8.0 and then make up the volume
to 1.0 L with sterile deionized water. Sterilize by filtration and store at 4 °C.

1.5.  Prepare 1x Trypsin-EDTA solution by mixing 100 mL of 10x trypsin (2.5%), 2 mL of 0.5 M
EDTA, and add 1x PBS up to 1.0 L. Sterilize by filtration and aliquot into 50 mL conical tubes. Store
at 4 °C for 1-2 weeks or freeze at -20 °C if not in use.

1.6.  Prepare 2x formamide DNA/RNA loading dye by mixing 14.4 mL of formamide and 0.6
mL of 0.5M EDTA for a final volume of 15 mL. Add bromophenol blue and xylene cyanol powder
to a final concentration of 0.02% and store at 4 °C.

NOTE: Formamide is toxic and corrosive. Read the material safety data sheets for additional
safety procedure.

1.7.  Prepare 5x Tris/Borate/EDTA (5x TBE) buffer by mixing 54.0 g of tris base, 27.5 g of boric
acid, and 20 mL of 0.5M EDTA into ~800 mL of deionized water. Mix to dissolve and make up the
volume to 1.0 L with deionized water.

1.8. Prepare Urea-PAGE solution by mixing 200 mL of 5x TBE, 250 mL of 40% 19:1
bis/acrylamide, and 450.5 g of urea. Then add deionized water up to 1.0 L. Mix until the
ingredients are completely dissolved, then sterilize by filtration, and store at 4 °C in an amber
glass bottle.

NOTE: Bis/acrylamide is toxic. Read the material safety data sheets for additional safety
procedures.

1.9. Prepare 10% ammonium persulfate (APS) by dissolving 1 g of APS in 10 mL of deionized
water.

2. Cotransfection of Hela cells with the reporter and U1 snRNA plasmids
NOTE: The transfection of Hela cells must be performed under sterile conditions in a biological

safety cabinet. The outer surface of all materials must be sprayed with 70% ethanol before being
introduced into the biological safety cabinet.
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2.1.  Maintain Hela cells in DMEM in a 37 "C incubator with 5% CO; by passaging every 2-3 days
when the cells are about 80-90% confluent.

2.2.  For passaging Hela cells, aspirate the spent medium and then incubate cells with 3 mL of
0.25% trypsin containing 1 mM EDTA at 37 °C for 3 min.

2.3.  After incubation, add 7 mL of fresh DMEM. Transfer the cell suspension to a 10 mL tube,
centrifuge at 1,000 x g for 5 min.

2.4. Resuspend the cell pelletin 10 mL of fresh DMEM, and then plate the cells on a new tissue
culture dish at 20% confluence.

2.5. For transient transfections, count Hela cells with a clean hemocytometer slide and
prepare a suspension with a density of 2.5 x 10° cells/mL.

2.6. Seed 1.0 mL of 2.5 x 10° cells/mL Hela cell suspension into each well of a 12-well plate
and incubate overnight at 37 °C.

2.7. The next day, aspirate the spent medium and add 0.8 mL of fresh DMEM with serum.
2.8. Prepare Solution | by adding 0.2 pug of Dup51 or Dup51p reporter plasmid, 1.8 ug of
pcDNA, pNS6U1, or pNS6U1-5a plasmid, and 100 pL of transfection medium into a new 1.5 mL

microcentrifuge tube.

2.9. Prepare a master mix of Solution Il by adding 100 uL of transfection medium and 4 uL of
transfection reagent per sample for all samples to be transfected.

2.10. Prepare the transfection mix by adding 100 uL of Solution Il into each microcentrifuge
tube containing Solution I.

2.11. Vortex the transfection mixes for 15 s, centrifuge in a tabletop microcentrifuge at 3,000 x
g for 10 s at RT, and then incubate at RT for 5 min.

2.12. Add all 200 pL of the transfection mix into one well of the 12-well Hela cell plate to
achieve a final volume of 1.0 mL per well and incubate the plate at 37 °C for 48 h.

2.13. After incubation, extract RNA from the transfected Hela cells with commercially available
guanidine isocyanate solution.

NOTE: This reagent contains phenol, and, therefore, this step should be performed in a fume
hood. The use of DEPC treated water is recommended for resuspension of extracted RNA.

2.13.1 Aspirate the spent medium and add 500 pL of the reagent into each well. Incubate at RT
for 5 min.
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2.13.2 Homogenize by pipetting up and down. Then transfer the solution to a new 1.5 mL
microcentrifuge tube.

2.13.3 Add 100 pL of chloroform and vortex for 15 s.
2.13.4 Centrifuge at 12,000 x g for 15 min at 4 °C.

2.13.5 Transfer 200 pL of the RNA containing, top aqueous layer to a new 1.5 mL microcentrifuge
tube.

2.13.6 Add 2 pg of glycogen and 200 pL of isopropanol to each RNA sample. Mix by inverting the
tubes.

2.13.7 Collect the RNA precipitate by centrifugation at 12,000 x g for 10 min for 4 °C.
2.13.8 Remove and discard the supernatant without disturbing the RNA pellet.

2.13.9 Wash the pellet twice by adding 1.0 mL of 70% ethanol, inverting the tubes, and
centrifuging as described in Step 2.13.4.

2.13.10 Air dry the pellet for ~ 20-30 min at RT and resuspend the RNA in 10-20 pL of RNase-free
water.

2.13.11 Determine RNA concentration by measuring absorbance at 260 nm as described by
Desjardins and Conklin®.

2.14. Proceed with primer extension or store RNA samples in -20 °C. Isolated RNA can be stored
at -20 °C for 6-12 months.

3. 32p_|abeling of oligonucleotides

NOTE: Steps involving the use of 32P-ATP and 3?P-labeled oligonucleotides must be performed
behind an acrylic shield by trained individuals with approval from authorized institutional
entities. The protocol described below can be used for labeling of oligonucleotides, Dup3r and
Ul7.26-R, and markers for urea-polyacrylamide gel electrophoresis (urea-PAGE). Use of DEPC
treated water is recommended for resuspension of oligonucleotides and size exclusion beads.

3.1. Toal.5mLmicrocentrifuge tube, add oligonucleotide, T4 polynucleotide kinase (T4 PNK),
T4 PNK buffer, and 32P-ATP as described in Table 1. Add 32P-ATP last to the mixture; this is

important.

NOTE: For the addition of radioactive solutions, use of filter tips is recommended.
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3.2. Incubate in a water bath at 37 °C for 30 min.

3.3.  While the labeling reactions are incubating, resuspend the size exclusion beads with a 25
kDa molecular weight cut off by gently vortexing for ~10 s.

NOTE: The size exclusion beads should be prepared according to the manufacturer’s instructions
and stored as a 50% suspension in 25% ethanol at 4 °C.

3.4. Prepare columns by transferring 600 uL of the resuspended beads to a disposable mini
column placed in a 1.5 mL collection tube and returning beads stock to 4 °C.

3.5. Centrifuge at 2,000 x g for 1 min at RT and discard the flow through.
3.6. Wash beads by adding 300 uL of RNase-free water to the column.

3.7. Repeat steps 3.5. and 3.6. twice and transfer the mini-column to a new 1.5 mL centrifuge
tube.

3.8. Add the kinase reaction mix to the size-exclusion bead column and centrifuge at 5000 x g
for 1 min at RT.

3.9. Collect and save the flow through, which has the 32P-labeled oligonucleotide, and discard
all tips and tubes into an acrylic waste box.

3.10. Add 20 pL of RNase-free water to dilute 3’P-labeled oligonucleotide to a final
concentration of 2.5 uM.

NOTE: Dilute the labeled markers as needed for loading on urea-PAGE gels.

3.11. Store the labeled oligonucleotide in an acrylic microtube box at -20 °C or proceed with
primer extension analysis.

4, Analysis of the spliced reporter transcripts by primer extension

NOTE: It is recommended to clean surfaces and equipment with an RNase inactivating reagent
before use.

4.1. Add 2.0 pg of RNA extracted from the Hela cells into separate 200 pL microcentrifuge
tubes and add RNase-free water to make up the volume to 6.55 pL.

4.2. Prepare Master Mix | with the diluted 3?P-Dup3r and dNTPs as shown in Table 2 and add
0.9 pL of the mix to each PCR tube containing RNA samples.

4.3. Incubate the tubes, first at 65 °C for 5 min and then on ice for 1 min.
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4.4. Prepare Master Mix Il with 5x First Strand Buffer, dithiothreitol (DTT), RNase inhibitor,
and reverse transcriptase as shown in Table 2 and add 2.55 pL of the mix to each sample.

4.5. Add 2.55 L of the mix to each tube containing RNA and Master Mix 1; the total volume
of the reaction should be 10 uL. Keep the tubes at RT for 10 min.

4.6. Transfer the tubes to a dry bath or a thermal cycler and incubate, first at 50 °C for 60 min
and then at 70 °C for 15 min.

4.7.  After incubation, add 10 uL of 2x formamide RNA loading dye to each sample and store
in an acrylic box at -20 °C or proceed with the separation of fragments by urea-PAGE using a 14-
cm long gel and visualization of gel image as described below in Step 8.

4.8. Perform densitometric scanning of the gel image with an image analysis software and use
the band intensities of included and skipped products to calculate the percentage of exon 2
inclusion as shown below.

% E 2 Inclusion = Intensity of Included Product 100%
o Bxon & Inclusion = Intensity of Included Product + Intensity of Skipped Product X 0

5. Analysis of the spliced reporter transcripts by fluorescent RT-PCR

NOTE: The RT-PCR analysis described below uses random hexamers for cDNA synthesis and a
combination of unlabeled Dup8f and Cy5-labeled Dup3r oligonucleotides for PCR amplification
of the spliced products.

5.1. For cDNA synthesis, add 2.0 pug of RNA extracted from the transfected Hela cells into
separate 200 uL microcentrifuge tubes and add RNase-free water to make up the volume to 11.0

ML.

5.2. Prepare Master Mix |, containing random hexamers and dNTP as shown in Table 3 and
add 2.0 ulL of the mix to each sample. Incubate, first at 65 °C for 5 min then on ice for 1 min.

5.3. Prepare Master Mix Il, containing First Strand Buffer, RNase inhibitor, DTT, and reverse
transcriptase as shown in Table 3 and add 7 plL of the mix to each tube.

5.4. Keep the tubes at RT for 10 min, and then incubate at 50 °C for 60 min and 70 °C for 15
min.

NOTE: Completed cDNA reactions may be stored at -20 °C.

5.5.  For PCR, dilute the cDNA reaction to yield a concentration of 100 ng/uL and transfer 1.0
pL of each cDNA sample to new PCR tubes.



307
308
309
310
311
312
313
314
315
316
317
318
319
320
321
322
323
324
325
326
327
328
329
330
331
332
333
334
335
336
337
338
339
340
341
342
343
344
345
346
347
348
349
350

5.6.  Prepare a master mix consisting of Dup8f, Cy5-Dup3r, dNTPs, Taq buffer, Tag polymerase,
and water as described in Table 4 and add 10.5 pL of the mix to each tube containing cDNA.

5.7.  Perform PCR using a thermal cycler with an initial denaturation step at 94 °C for 3 min;
followed by 20 cycles of denaturation (94 °C for 30 s), annealing (65 °C for 30 s), and extension
(72 °Cfor 15 s), and a termination step at 72 °C for 5 min.

5.8. Add 12.5 uL of 2x formamide DNA loading dye to each tube and heat at 95 °C for 5 min.

5.9. Store the PCR reaction at -20 °C or proceed with urea-PAGE as described below in Step
8.1-8.4.

5.10. After electrophoresis, remove the glass plates from the electrophoresis apparatus and
scan using a fluorescence imager to visualize the gel.

5.11. Perform densitometric scanning of the gel image and use band intensity of the included
and the skipped products to calculate percentage of exon 2 inclusion as described in Step 4.8.

6. Analysis of variant U1 snRNA expression by primer extension

6.1. Add 2.0 ug of RNA extracted from the Hela cells into separate 200 uL microcentrifuge
tubes and add dATP, RNase-free water to make up the volume to 4.7 pL as shown in Table 5.

6.2. Add 10,000 CPM of the 32P-U17.26-R oligonucleotide to each tube.

NOTE: To prepare a 10,000 cpm/uL solution of 32P-U17.26-R (from Step 3), dilute the labeled
oligonucleotide (1:20 dilution), determine cpm in 1.0 plL using a scintillation counter, and further
dilute with deionized water to prepare a solution of 10,000 cpm/uL in a new 1.5 mL
microcentrifuge tube.

6.3. Incubate at 65 °C for 5 min, and then on ice for 1 min.

6.4. Prepare a master mix with 5x First Strand Buffer, RNase inhibitor, DTT, and reverse
transcriptase as shown in Table 5 and add 1.8 uL of the mix to each sample.

6.5. Incubate, first at RT for 10 min and then at 42 °C for 10 min.
6.6.  After incubation, add 10 pL of 2x formamide RNA loading dye into each sample and store
in an acrylic box at -20 °C or proceed with separation of fragments by urea-PAGE using a 38-cm

long gel (see Step 8).

7. Analysis of variant U1 snRNA expression by RT-qPCR
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7.1.  Dilute the cDNA stock prepared as described above in Steps 5.1 — 5.4 to a concentration
of 0.2 ng/uL.

7.2.  Pipette 5.0 pL of diluted cDNA into individual wells of a 96-well gPCR plate in triplicate.
Add deionized water instead of cDNA for no-template control (NTC).

7.3.  Prepare two separate primer mixes consisting of the forward and reverse primers for Ul
and U2 snRNAs, and water as shown in Table 6.

NOTE: Sequences for U1 and U2 snRNA specific primers are provided in Table 7.
7.4. Add 5.0 pL of the U1 and U2 snRNA primer mix to the sample and NTC wells.
7.5. Add 10.0 pL of real-time PCR mix to each well.

7.6. Seal the plates with an optical film, then centrifuge at 1,000 x g for 2 min at RT to collect
the reactions to the bottom of the wells.

7.7.  Perform gPCR with an initial denaturation step at 95 °C for 10 min, followed by 40 cycles
of a 2-step protocol consisting of denaturation (95 °C for 15 s) and annealing/extension (62 °C for
60 s) while collecting the threshold quantification cycle (Cq) values of target amplicons.

7.8.  Finish the gPCR reaction by checking for a single peak in the dissociation curve for U1 and
U2 snRNA reactions.

7.9.  From the quantification cycle (Cq) values, calculate delta Cq (ACq) for U1 and U2 snRNAs
as compared to the pcDNA control.

7.10. Determine variant U1 snRNA expression as relative quantity (RQ) of U1 as compared to
U2 using the AACq value as shown below for all samples.

ACqu1 oruz = Cqu1oruz — Cqpepna
AACq = ACqu - Acquz
RQy, = 2744¢

8. Setup and running of Urea-PAGE gels

NOTE: Assembly of glass plates and the gel running apparatus should be performed according to
manufacturer’s protocol. The casting of the 10% urea-PAGE gel can be performed according to a
previously described protocol by Summer et al. 10, Steps involving the preparation of markers and
samples, and of running and visualization of gels are described below. Optionally, to prevent the
gel from sticking to glass plates, the inner surface may be coated with silicone solution by adding
1 mL of the solution onto the surface and evenly spreading over the entire surface with tissue.
Once dry, the plates should be washed with deionized water and dried again.
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CAUTION: Unpolymerized acrylamide is neurotoxic and must be handled with protections
recommended in the material safety data sheet.

8.1.  Prepare the primer extension samples and markers by heating at 95 “C for 5 min and then
centrifuging in a tabletop microcentrifuge at 3,000 x g for 5 s at RT.

8.2.  Prior to loading the makers and samples, flush out the wells with 1x TBE buffer to remove
the settled urea.

8.3. Load 10 ulL/sample/well and run the gel at 300-500V for 2-3 h or until the xylene cyanol
reaches the bottom.

NOTE: About 1,000 cpm of the 32P-labeled marker can be loaded.
8.4.  After electrophoresis, remove the glass plates from the electrophoresis apparatus.

8.5. Carefully separate the two plates so that the gel lays flat on either glass surface and
transfer the gel onto a filter paper and cover it with plastic wrap.

8.6.  Vacuum dry the gel on the filter paper at 80 °C for 30 min using a gel dryer.
8.7. Place the dried gel in a phosphor imaging cassette and keep at RT overnight.
NOTE: The phosphor screen should be erased using a light box prior to use.

8.8.  Tovisualize the gel image, remove the screen and scan using phosphor imager.

REPRESENTATIVE RESULTS:

The splicing reporter Dup51, a three exon-two intron minigene, was derived from the human f3-
globin gene and has been described previously (Figure 1A)'%'2 | We created a mutant reporter,
Dup51p, by introducing Usher syndrome associated 5’-splice site mutations that occur in exon 3
of the protocadherin 15 (PCDH15) gene®3. The 5’-splice site sequence at the exon 2-intron 2
junction was changed from CAG/GUUGGUAUC to AUG/GUGUGUAUC (/ is the exon-intron
boundary) (Figure 1B)'*. These sequence changes alter the predicted pattern of 5 -splice site
basepairing with the endogenous U1 snRNA and also result in skipping of exon 2 in the mature
transcript (Figure 2). The effect of these mutations could be suppressed by a compensatory
change in the 5'-region of U1 snRNA. Substitution of the uracil with adenine at the 5 position of
the U1 snRNA (U1-5a) reversed the effect of 5'-splice site mutations in Dup51p (Figure 1B).

The splicing of the Dup51 and Dup51p transcripts can be monitored by primer extension using
32p_Dup3r or by semi quantitative RT-PCR using Dup8f and Dup3r oligonucleotides (Figure 1);
sequences are provided in Table 7. When expressed in Hela cells, the Dup51 minigene expresses
the mature full-length transcript in which exon 2 is spliced-in efficiently (Figure 2A,B, lane 1). The
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5’-splice site mutations in Dup51p reduce exon 2 inclusion from ~95% to ~30%, leading to the
formation of the shorter transcript (Figure 2A,B, lane 5). Coexpression of Dup51p with U1l-5a
snRNA rescues exon 2 splicing and restores formation of full-length transcript (Figure 2A,B, lane
8). Coexpression with wildtype U1l (U1-WT) or U1-5g variant does not have a similar effect on
Dup51p splicing (lanes 6 and 7). U1-WT, U1-5g, or U1l-5a coexpression also does not alter the
splicing pattern of the Dup51 reporter (lanes 2-4). Overall, these results indicate that the rescue
of exon 2 splicing in Dup51p transcripts is specifically due to the U>A mutation in the U1-5a
snRNA.

To monitor the expression of transfected Ul snRNAs, primer extension or RT-gPCR can be
applied. Detection of U1-5a variant transcripts by primer extension uses the Ul
oligonucleotide, which is 20 nucleotides long and basepairs near the adenine at the 5t position
of U1 snRNA (Figure 3A). In the presence of dATP alone, Ul7.6 allows incorporation of 2-3
nucleotides for the endogenous wildtype U1 snRNA vyielding 22 or 23 nucleotides long product
(Figure 3B, lanes 1, 2, 5, and 6). For the U1-5a and U1-5g variants, extension terminates after
addition a single adenosine producing 21 nucleotides long product (lanes 3, 4, 7, and 8). Analysis
by RT-gPCR allows estimation of fold increase in expression of the variant Ul over the
endogenous wildtype snRNA. Here, U1 specific primer pairs are designed so that no overlap exists
with the mutations introduced into the variant snRNAs (Figure 3A). After normalization to U2
snRNA expression, the transfected Ul-wt, and the U1-5g and U1-5a variants were found to be
expressed at 3-5 folds over the endogenous snRNA (Figure 3C). Endogenous U1 is estimated to
be present at 10° copies per cell in Hela cells’®. Thus, the exogenous variant snRNAs are
expressed at ~3-5 fold over the endogenous U1. The ability of the U1-5a snRNA to rescue exon 2
inclusion to ~95% demonstrates that levels of the exogenous variant snRNAs are sufficient for
the splicing of the reporter pre-mRNAs.

FIGURE AND TABLE LEGENDS:

Table 1: 32P-labeling of oligonucleotides. Reaction for preparation of a 5’-3?P-labeled primer
using 32P-ATP.

Table 2: 32P-Dup3r primer extension. Reaction for the analysis of spliced reporter transcripts by
primer extension.

Table 3: cDNA Synthesis. Reaction for the synthesis of cDNA from total RNA.

Table 4: Fluorescent RT-PCR. Reaction for the analysis of the spliced reporter transcripts by RT-
PCR using Cy5-labeled primer.

Table 5: 32P-U1-snRNA primer extension. Reaction for the analysis of variant Ul snRNA
expression by primer extension.

Table 6: Quantitative RT-qPCR. Reactions for quantitative analysis of variant Ul snRNA
expression by RT-gPCR.
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Table 7: Sequence of oligonucleotides primers. List of primer names, sequences, and the
technique the primers were used for.

Figure 1: Dup51 and Dup51p Minigene Reporters. (A) Schematic representation of the three-
exon/two-intron minigene reporters, Dup51 and Dup51p. Locations of the Dup8f and Dup3r in
exons 1 and 3, respectively, are indicated. (B) Predicted basepairing of the wildtype U1 snRNA
and the U1-5a variant with the 5’-splice site sequences of Dup51 and Dup51p reporter
transcripts.

Figure 2: Analysis of Spliced Reporter Transcripts. Hela cells were cotransfected with the Dup51
or Dup51p minigene plasmids and pcDNA control or pNS6U1 plasmids for Ul-wt, U1-5g, or U1l-
5a snRNAs. (A) Primer extension analysis with 32P-labeled Dup3r primer demonstrating the
splicing of the Dup51-WT and Dup51p minigene transcripts. The mRNA products are indicated to
the left of the gel image. The percentage of the full-length product (£ s.d., n = 3) was calculated
from band intensities of the two mRNA isoforms and is represented in the graphs below. (B) RT-
PCR analysis with Dup8f and Cy5-Dup3r primers on cDNA prepared from total RNA extracted
from Hela cells demonstrating splicing of the Dup51-WT or Dup51p minigene transcripts. The
mMRNA products are indicated to the left of the gel image. The percentage of the full-length
product (£ s.d., n = 3) was calculated from band intensities of the two mRNA isoforms and is
represented in the graphs below.

Figure 3: Analysis of the variant U1-5a snRNA. Hela cells were cotransfected with the Dup51 or
Dup51p minigene plasmids and pcDNA control or pNS6U1 plasmids for U1-wt, U1-5g, or U1-5a
snRNAs. (A) A two-dimensional representation of the U1 snRNA sequence. Position of the Ul7.26r
primer, used for primer extension analysis of U1 snRNA, is indicated by the red line. Position of
U1/17-30F and U1/ss-50R primers, used for RT-qPCR of U1 snRNA, is indicated by the blue lines. (B)
Primer extension analysis with 32P-labeled U17.,6 to detect the expression of the wildtype Ul
snRNA, and the U1-5g and U1-5a variants. Positions of the products formed from Ul-wt and the
variants snRNAs are indicated. (C) RT-qPCR analysis of the levels of U1 snRNA expression in Hela
cells. The fold change in Ul-snRNA expression was calculated relative to the pcDNA negative
control and normalized to U2-snRNA, fold change (+s.d.; n =3) in U1l is graphed.

DISCUSSION:

The assay can be adapted for splicing analysis in cell lines other than Hela, however, factors
affecting transfection efficiency, such as cell confluency and quantity of DNA may need to be
optimized. The reporter to U1 construct ratio is another critical parameter that may need to be
determined depending upon the expression levels observed in other cell types. The quality of
extracted RNA is critical for splicing analysis; therefore, the use of RNase-free water and
decontamination of surfaces with RNase inactivating agents is highly recommended.

Analysis of reporter transcripts by either primer extension or fluorescent RT-PCR yield similar
results, hence either technique can be employed for monitoring changes in the inclusion of exon
2 in the mature transcript. The fluorescent PCR reaction must be stopped and quantified in the
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exponential phase of amplification, which is dependent on the initial RNA concentration. Thus,
the number of amplification cycles may have to be determined for transfections conditions
employed for the assay. The ease of use due to the non-radioactive nature is an advantage of the
RT-PCR assay. Although primer extension with radioactively labeled primer requires extra safety
precautions, it can detect signals from a low amount of RNA. The low throughput of primer
extension and RT-PCR is a limitation of this assay.

The U1 snRNP complementation assay has been employed for multiple purposes. In addition to
reversing the effects of 5'-splice site mutations, U1 snRNAs carrying changes to the 5'-region
have been applied for gene silencing and for studying splicing mechanisms. Fortes et al. showed
that targeting U1 snRNAs to terminal exons of endogenous transcripts can efficiently inhibit gene
expression?®. Roca et al. used U1 complementation to study the noncanonical mechanisms of 5’
splice site recognition and showed that the Ul snRNA can basepair to 5 -splice sites in an
alternate register where basepairing is shifted by one nucleotide and also in “bulge registers”
where bulged nucleotides are present on either the pre-mRNA or the snRNA'”:18, This reporter
system can potentially be used to study the role of U1 snRNP in splicing modulation by small
molecules and splicing regulatory proteins. By substituting exon 2 of Dup51p with a target exon,
the assay can be applied for examining the mechanism of action of small molecules that are
known to enhance or repress splicing of specific exons, as in the case of splice switching
compounds®®. By incorporating regulatory sequences for alternative splicing factors into the
exons or introns, it should be possible to examine U1l dependence in splicing regulation. This
concept was applied by Hamid et al. to demonstrate the involvement of the stem-loop 4 of the
U1 snRNA in splicing regulation by the polypyrimidine tract binding protein 12°. We have used
this assay to study the functions of stem-loops 3 and 4 of the Ul snRNA. By incorporating
mutations in the stem-loop of the suppressor U1-5a snRNA that activates a mutant 5’ splice site
in the Dup51p splicing reporter, we have identified their critical roles in the formation of cross
intron contacts with the U2 snRNP specific protein SF3A1 in the early steps of spliceosome
assembly!*2%, Thus, the three-exon two-intron Dup51 reporter serves as an adaptive tool for
monitoring splicing efficiency in studies on mechanisms underlying spliceosome assembly and
splicing-associated disease.
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Table 1. 32P-Iabeling of oligonucleotides. Reaction for preparation of a 5'-3%p.labeled
. .32
primer using ~"P-ATP.

Ingredients Amount for One Reaction

PNK Buffer (10x) 2.0 uL

T4 Polynucleotide Kinase (T4 PNK) (10,000 U/mL) 1.0 uL

Oligonucleotide* (10 uM) 10.0 pL

2p_ATP (10 mM) 1.0 pL

ddH,O (DEPC treated) Bring up volume to 20.0 pL with ddH,0

*For labeling markers, 0.5 pL of the pBR322 DNA-Mspl Digest or the Low Molecular
Weight Marker is used.


https://www.editorialmanager.com/jove/download.aspx?id=1361392&guid=6e7c116f-058a-4cfe-8126-a4cd7a9fddd8&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1361392&guid=6e7c116f-058a-4cfe-8126-a4cd7a9fddd8&scheme=1

Click here to access/download;Table;Table 2.xIsx %

Table 2. 32P-Dup3r Primer Extension. Reaction for analysis of
spliced reporter transcripts by primer extension.

Ingredients - Master Mix | Amount for One Reaction
RNA and ddH,0O (DEPC treated) 6.55 pL

32P—Dup3»r (2.5 uM) 0.4 uL

dNTP (10 mM) 0.5 pL

Ingredients — Master Mix Il Amount for One Reaction
First-Strand Buffer (5x) 2.00 uL

RNase Inhibitor (40 U/uL) 0.25 pL

DTT (0.1 M) 0.05 pL

Reverse Transcriptase (RT) (200U/uL) 0.25 pL
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Table 3. cDNA Synthesis. Reaction for synthesis of cDNA from
total RNA.

Ingredients - Master Mix | Amount for One Reaction
RNA and ddH,O (DEPC treated) 11.0 pL

Random Hexamer (50 ng/uL) 1.0 uL

dNTP (10 mM) 1.0 uL

Ingredients — Master Mix Il Amount for One Reaction
First-Strand Buffer (5x) 4.0 pL

RNase Inhibitor (40 U/uL) 1.0 uL

DTT (0.1 M) 1.0 uL

Reverse Transcriptase (RT) (200U/uL) 1.0 pL

Click here to access/download;Table;Table 3.xIsx %
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Table 4. Fluorescent RT-PCR. Reaction for analysis of the spliced reporter
transcripts by RT-PCR using Cy5-labeled primer.

Ingredients Amount for One Reaction
cDNA Template (100 ng/pL) 1.00 pL
Forward Primer (Dup8f) (10 uM) 0.25 pL
Cy5 Reverse Primer (Cy5-Dup3r) (10 uM) 0.25 pL
dNTP (10 uM) 0.25 ulL
Taq Buffer (10x) 1.25 pL
Tag DNA Polymerase (5000 U/mL) 0.25 pL

ddH,O (DEPC treated) Bring up volume to 12.5 uL with ddH,0
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Table 5. *P-U1-snRNA Primer Extension. Reaction for analysis
of variant U1 snRNA expression by primer extension.

Ingredients Amount for One Reaction
RNA and ddH,0O (DEPC treated) 4.325 pL

dATP (10 mM) 0.375 pL

32P—U17_26-R oligo nucleotide* 1.000 pL

Ingredients — Master Mix Amount for One Reaction
First-Strand Buffer (5x) 1.5 pL

RNase Inhibitor (40 U/uL) 0.1 uL

DTT (0.1 M) 0.1 L

Reverse Transcriptase (RT) (200U/uL) 0.1 uL
*10,000 CPM of the 32P—U17_26-R oligonucleotide should be
added to the diluted RNA (Step 6.2.).

Click here to access/download;Table;Table 5.xIsx %
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Table 6. Quantitative RT-qPCR. Reactions for
quantitative analysis of variant U1 snRNA

Ingredients Amount for One Reaction
Real Time PCR Mix 10.0 pL
cDNA (0.2 ng/uL) 5.0 uL

Forward Primer (10 uM) 0.2 uL
Reverse Primer (10 uM) 0.2 uL
ddH,O0 (DEPC treated) 4.6 uL

Click here to access/download;Table;Table 6.xIsx %
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Table 7. Sequence of Oligonucleotides Primers. List of primer names,
sequences, and the technical application.

Oligo Name Sequence (5’ to 3’) Technique

Dup8f GACACCATGCATGGTGCACC Fluorescent RT-PCR
Cy5-Dup3r /5Cy5/AACAGCATCAGGAGTGGACAGATCCC Fluorescent RT-PCR
Dup3r AACAGCATCAGGAGTGGACAGATCCC Primer Extension
Ul,.,6R TGGTATCTCCCCTGCCAGGT Primer Extension
Ul/173F  GGAGATACCATGATCACGAAGG RT-gPCR

Ul/s5.50R  CATCCGGAGTGCAATGGATAAG RT-gPCR

U2/g.1oF CTCGGCCTTTTGGCTAAGATCA RT-gPCR

U2/ 8R  TCCTCGGATAGAGGACGTATCA RT-qPCR
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Dr. Nilanjana Saha
Review Editor
Journal of Visualized Experiments

Dear Dr. Saha:

| am submitting a revised version of our manuscript (JoVE63014) entitled “A reporter based
cellular assay for monitoring splicing efficiency” for your consideration.

We sincerely appreciate the editor and the reviewers for their constructive feedback. In
response to their comments, we have revised the manuscript to carefully address each of the
comments. The changes to the manuscript are tracked to identify the edits and content for
videography is highlighted. The details of our response and the edits to the manuscript are
attached.

We hope that with these improvements, the manuscript is now acceptable for publication in
Journal of Visualized Experiments. Please let me know if you need more information.

Thank you for your consideration!

Sincerely,

e
—

Shalini Sharma, PhD
Associate Professor
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We thank the editors and reviewers for their careful reading of the manuscript. In response to
their helpful suggestions, we have revised the text and figures, and trust that the revisions
clarify and enhance the revised manuscript. The specific changes and our responses to the
points raised in the critique are tracked in the revised manuscript and detailed below:

Editorial comments:
Changes to be made by the Author(s):

1.

Please take this opportunity to thoroughly proofread the manuscript to ensure that there
are no spelling or grammar issues.

We have proofread the manuscript to check for spelling or grammar and would willingly
correct any further errors.

Please rephrase the Summary to clearly describe the protocol and its applications in
complete sentences between 10-50 words: “Here, a protocol is presented to ...”
We have revised the abstract, reducing the size 50 words.

. The current Abstract is over the 150-300 word limit. Please rephrase the Abstract to more

clearly state the goal of the protocol.
We checked and found that the abstract is 291 words long, and therefore, did not change it.

Please ensure that abbreviations are defined at first usage.
We have gone through the protocol and defined abbreviations at first usage on pages 1 (line
38 and 40) and 2 (line 82) of the revised manuscript.

Please note that your protocol will be used to generate the script for the video and must
contain everything that you would like shown in the video. Please ensure you answer the
“how” question, i.e., how is the step performed? Alternatively, add references to
published material specifying how to perform the protocol action. There should be
enough detail in each Step to supplement the actions seen in the video so that viewers
can easily replicate the protocol.

We have gone through the protocol to check that we are explaining how each step is
performed. However, if any of the Steps need further explanation, we would be happy to
provide it.

Please add more details to your protocol steps:
Step 1.1: What the (*) symbol denotes here?

This was an error; the symbol has been deleted.

Step 1.2/1.3/1.4/1.5: Please mention the filtration membrane size and material.
A NOTE has been added to page 2 that includes membrane size and material information.

Step 2.10/8.1: Please mention the centrifugation speed and temperature.



The centrifugation speed and temperature have been added to Steps 2.11 (2.10 in the
original manuscript) and 8.1 which are on page 4 and page 10, respectively, of the revised
manuscript.

Step 2.12: Please elaborate on this step in case this needs to be filmed.

Step 2.13 (2.12 in the original manuscript) is described in detail in Steps 2.13.1-2.13.11 on
page 5 of the revised manuscript.

Step 2.13: How long can the RNA be stored?
RNA can be stored for 6-12 months. This information has been added to Step 2.14 (2.13 in
the original manuscript) on page 5, line 203 of the revised manuscript.

Step 3.3: Please provide a detailed explanation for this step in case this needs to be
filmed.

Step 3.3 has been elaborated further and appears in Steps 3.3 and 3.4 on pages 5 of the
revised manuscript.

Step 3.4: Please convert centrifuge speeds to centrifugal force (x g) instead of revolutions
per minute (rpm). Also, please mention the temperature.

In Step 3.5 (Step 3.4 in the original manuscript), centrifugation speed has been converted to
centrifugal force and temperature has been added.

Step 3.7/7.6: What is the centrifugation temperature?
Centrifugation temperature has been added to Steps 3.8 (Step 3.7 in the original
manuscript) and 7.6 on pages 6 and page 9, respectively of the revised manuscript.

Step 4.8: Please explain how the step is done.
An equation for the calculation of % exon 2 inclusion has been added to Step 4.8 on page 6
of the revised manuscript.

Please include a one-line space between each protocol step and then highlight up to 3
pages of the Protocol (including headings and spacing) that identifies the essential steps
of the protocol for the video, i.e., the steps that should be visualized to tell the most
cohesive story of the Protocol. Also, please ensure that it is in line with the title of the
manuscript. Remember that non-highlighted Protocol steps will remain in the manuscript,
and therefore will shall be available to the reader.

Protocol steps are separated by one-line space. The steps that need to be visualized have
been highlighted.

. As we are a methods journal, please revise the Discussion to explicitly cover the following

in detail in 3-6 paragraphs with citations:
a) Critical steps within the protocol
b) Any modifications and troubleshooting of the technique



c) Any limitations of the technique

d) The significance with respect to existing methods

e) Any future applications of the technique

To cover the above points, a paragraph has been added to the Discussion on page 12 of the
revised manuscript.

9. Please submit each figure individually as a vector image file to ensure high resolution
throughout production: (.psd, ai, .eps.).
Figure have been prepared as .ai files.

10. Please remove the embedded Table from the manuscript. All tables should be uploaded
separately to your Editorial Manager account in the form of an .xls or .xIsx file. Each table
must be accompanied by a title and a description after the Representative Results of the
manuscript text.
All tables have been removed from the manuscript and prepared separately as an .xlsx file.
Table titles and descriptions have been added after the Representative Results on pages 11-
12 of the revised manuscript.

11. Please spell out the journal titles in the References.
References have been formatted in the JoVE output style using Endnote20.

Reviewer #1:

Major Concerns:

1.

In this study, the author designed the splicing site mutations associated with Usher
syndrome and designed the corresponding U1 snRNA to restore the splicing abnormalities
caused by this mutation. Then, in different minigenes or different types of mutations,
whether a U1 snRNA can be designed to restore the effects of mutations?

The reviewer is correct, minigenes carrying other 5’-splice site mutations can be used to
design U1 snRNA carrying compensatory sequence changes to their 5°-region for rescue of
splicing.

. The author believes that the exogenous variant snRNA may be sufficient to splice the

reporter gene precursor mRNA. Please provide direct evidence to confirm it.

We appreciate the reviewer for bringing this up. Actually, the ability of the U1-5a snRNA to
rescue exon 2 inclusion to ~¥95% is the evidence that the variant U1-5a snRNA levels are
sufficient for splicing of the Dup51p transcript. We have edited the text to include this
explanation on page 11, line 464-467 of the revised manuscript.

Reviewer #2:
Minor Concerns:
I have only a few questions concerning the method and reagents described:



item 1.2, please indicate the concentration of components used to prepare DMEM or the
amount of each packet of DMEM (in grams) - although many labs will use DMEM from the
same manufacturer, other media might also be used; also please indicate the final
penicillin/streptomycin concentration.

The amount of DMEM powder (in grams), and the final penicillin and streptomycin
concentrations have been added to Step 1.2 on pages 2-3 of the revised manuscript.

item 1.5, please indicate trypsin molarity to prepare the 10X solution.
The 10x solution has 2.5% trypsin and this information has been added to Step 1.5 on page
3 of the revised manuscript.

item 1.6, please indicate the final volume of the formamide DNA/RNA loading dye.
The final volume of the formamide dye has been added to Step 1.6 on page 3 of the revised
manuscript.

item 2.1, is the number of passages important for this experiment? This might be
important to note because different labs might have Hela cells with variable number of
passages.

The number of Hela cell passages in not important for these experiments.

item 2.7, the medium used here is still DMEM? With or without serum?
In Step 2.7, the medium used is DMEM with serum and the text has been edited on page 4
of the revised manuscript.

item 2.12, does the RNA needs to be precipitated after extraction? If so, please specify.
Yes, the RNA needs to be precipitated. The steps involved in extraction and precipitation
have been elaborated on page 5 of the revised manuscript.

item 3.3, please specify the recommended exclusion size of the beads.
The beads have a molecular weigth cut off of 25 kDa. This information has been added to
Step 3.3 on page 5 of the revised manuscript.

item 8, is there a recommended length for the Urea-PAGE gels?
Length of the urea-PAGE gels has been added to Steps 4.7 and 6.6 of the revised manuscript
on pages 6 and 8, respectively.

. Tables 1-5: please specify the enzymes concentrations (T4 PNK or RT), in U.

The enzyme concentration has been added in units to Tables 1-5.



