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14  SUMMARY:
15  Therole of RNA modifications in viral infections is just starting to be explored and could highlight
16  new viral-host interaction mechanisms. In this work, we provide a pipeline to investigate m°A
17  and m>C RNA modifications in the context of viral infections.
18
19  ABSTRACT:
20 Therole of RNA modifications in biological processes has been the focus of an increasing number
21  of studiesin the last few years and is known nowadays as epitranscriptomics. Among others, N6-
22  methyladenosine (m®A) and 5-methylcytosine (m°C) RNA modifications have been described on
23 mRNA molecules and may have a role in modulating cellular processes. Epitranscriptomics is thus
24 anew layer of regulation that must be considered in addition to transcriptomic analyses, as it can
25 also be altered or modulated by exposure to any chemical or biological agent, including viral
26  infections.
27
28  Here, we present a workflow that allows analysis of the joint cellular and viral epitranscriptomic
29 landscape of the m®A and m>C marks simultaneously, in cells infected or not with the human
30 immunodeficiency virus (HIV). Upon mRNA isolation and fragmentation from HIV- infected and
31 noninfected cells, we used two different procedures: MeRIP-Seq, an RNA immunoprecipitation-
32 based technique, to enrich for RNA fragments containing the m®A mark and BS-Seq, a bisulfite
33  conversion-based technique, to identify the m>C mark at a single nucleotide resolution. Upon
34  methylation-specific capture, RNA libraries are prepared for high-throughput sequencing. We
35 also developed a dedicated bioinformatics pipeline to identify differentially methylated (DM)
36 transcripts independently from their basal expression profile.
37
38 Overall, the methodology allows exploration of multiple epitranscriptomic marks simultaneously
39 and provides an atlas of DM transcripts upon viral infection or any other cell perturbation. This
40 approach offers new opportunities to identify novel players and novel mechanisms of cell
41  response, such as cellular factors promoting or restricting viral replication.
42
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It is long known that RNA molecules can be modified, and more than 150 post-transcriptional
modifications have been described to datel. They consist of the addition of chemical groups,
mainly methyl groups, to virtually any position of the pyrimidine and purine rings of RNA
molecules?. Such post-transcriptional modifications have already been shown to be highly
enriched in transfer RNA (tRNA) and ribosomal RNA (rRNA) and have recently been described on
mMRNA molecules as well.

The rise of new technologies, such as Next Generation Sequencing (NGS), and the production of
specific antibodies recognizing definite chemical modifications allowed, for the first time, the
investigation of the location and the frequency of specific chemical modifications at a
transcriptome-wide level. These advancements have led to a better understanding of RNA
modifications and to the mapping of several modifications on mRNA molecules®*.

While epigenetics investigates the role of DNA and histone modification in transcriptome
regulation, epitranscriptomics in a similar fashion focuses on RNA modifications and their role.
The investigation of epitranscriptomics modification provides new opportunities to highlight
novel mechanisms of regulation that may tune a variety of cellular processes (i.e., RNA splicing,
export, stability and translation)®. It was thus no great surprise that recent studies uncovered
many epitranscriptomic modifications upon viral infection in both cellular and viral RNAs®.
Viruses investigated so far include both DNA and RNA viruses; among them, HIV can be
considered as a pioneering example. Altogether, the discovery of RNA methylation in the context
of viral infections may allow the investigation of yet undescribed mechanisms of viral expression
or replication, thus providing new tools and targets to control them’.

In the field of HIV epitranscriptomics, modifications of viral transcripts have been widely
investigated and have shown that the presence of this modification was beneficial for viral
replication®13, To date various techniques can be used to detect epitranscriptomic marks at the
transcriptome-wide level. The most used techniques for m®A identification rely on immune
precipitation techniques such as MeRIP-Seq and mi-CLIP. While MeRIP-Seq relies on RNA
fragmentation to capture fragments containing methylated residues, miCLIP is based on the
generation of a-m°®A antibody specific signature mutations upon RNA-antibody UV crosslinking,
thus allowing a more precise mapping.

Detection of m>C modification can be achieved either by antibody-based technologies for m°A
detection (m>C RIP), by bisulfite conversion or by AZA-IP or miCLIP. Both Aza-IP and m>C miCLIP
use a specific methyltransferase as bait to target RNA while going through RNA methylation. In
Aza-IP, target cells are exposed to 5-azacytidine, resulting in the random introduction of cytidine
analog 5-azacytidine sites into nascent RNA. In miCLIP, the NSun2 methyltransferases are
genetically modified to harbor the C271A mutation41>,

In this work, we focus on the dual characterization of m®A and m>C modifications in infected cells,
using HIV as a model. Upon methodological optimization, we have developed a workflow that
combines methylated RNA immunoprecipitation (MeRIP) and RNA bisulfite conversion (BS),
allowing the simultaneous exploration of m®A and m°C epitranscriptomic marks at a
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transcriptome-wide level, in both cellular and viral contexts. This workflow can be implemented
on cellular RNA extracts as well as on RNA isolated from viral particles.

The Methylated RNA ImmunoPrecipitation (MeRIP)!® approach allowing investigation of mPA at
the transcriptome-wide level is well established and an array of mPA specific antibodies are
commercially available to date'’. This method consists of the selective capture of m®A-containing
RNA pieces using an mPA-specific antibody. The two major drawbacks of this technique are (i) the
limited resolution, which is highly dependent on the size of RNA fragments and thus provides an
approximated location and region containing the methylated residue, and (ii) the large amount
of material needed to perform the analysis. In the following optimized protocol, we standardized
the fragment size to about 150 nt and reduced the amount of starting material from 10 pg of
poly-A-selected RNA, which is currently the advised amount of starting material, to only 1 ug of
poly-A-selected RNA. We also maximized the recovery efficiency of the m®A RNA fragments
bound to the specific antibodies using an elution by a competition approach with a m°®A peptide
instead of more conventional and less specific elution methods using phenol-based techniques
or proteinase K. The main limitation of this RIP-based assay, however, remains the suboptimal
resolution that does not allow the identification of the exact modified nucleotide.

Analysis of the m>C mark can be currently performed using two different approaches: a RIP-based
method with m°C specific antibodies and RNA bisulfite conversion. As RIP offers only limited
resolution on the identification of the methylated residue, we used bisulfite conversion that can
offer single nucleotide resolution. RNA exposure to bisulfite (BS) leads to cytosine deamination,
thereby converting the cytoside residue into uracil. Thus, during the RNA bisulfite conversion
reaction, every nonmethylated cytosine is deaminated and converted to uracil, while the
presence of a methyl group in position 5 of the cytosine has a protective effect, preventing the
BS-induced deamination and preserving the cytosine residue. The BS-based approach allows for
the detection of a m>C modified nucleotide at a single base resolution and for assessment of the
methylation frequency of each transcript, providing insights into m>C modification dynamics?2.
The main limitation of this technique however relies on the false positive rate of methylated
residues. Indeed, BS conversion is effective on single-stranded RNA with accessible C residues.
However, the presence of a tight RNA secondary structure could mask the N5C position and
hamper BS conversion, resulting in nonmethylated C residues that are not converted to U
residues, and thus false positives. To circumvent this issue and minimize the false positive rate,
we applied 3 rounds of denaturation and bisulfite conversion cycles®®. We also introduced 2
controls in the samples to enable estimation of bisulfite conversion efficiency: we spike in ERCC
sequencing controls (nonmethylated standardized and commercially available sequences)?® as
well as poly-A-depleted RNAs to assess bisulfite conversion rate on one hand, and to verify by
RT-PCR the presence of a known and well conserved methylated site, C4447, on 28S ribosomal
RNA on the other hand 2.

In the field of virology, coupling these two epitranscriptomic investigation methods with next
generation sequencing and accurate bioinformatics analysis allows for the in-depth study of m°®A
and m>C dynamics (i.e., RNA modification temporal changes that could occur upon viral infection
and could uncover an array of new therapeutically relevant targets for clinical use).
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PROTOCOL:

1. Cell Preparation

NOTE: Depending on the cell type and its RNA content, the starting number of cells can vary.
1.1. Have enough cells to obtain between 200-500 pg of total RNA or 5-7 ug of poly-A+ RNA. For
example, 50 x 10° SupT1 cells should yield around 500 pg of total RNA upon extraction with
phenol based reagents, and is thus required for each individual condition tested.

1.2. Prepare the required number of cells according to the experimental design, and thus
according to the number of conditions tested (infection, timepoints, treatment). If the
experiment aims at obtaining noninfected cells and HIV-infected cells at 24 h post-infection, a
total of 100 x 108 cells is needed, half for noninfected condition and half for infected condition.
2. RNA Extraction

2.1. From Cells: RNA Extraction with Phenol-Chloroform

2.1.1. For each condition, collect cells (e.g., 50 x 108) by centrifugation and discard the
supernatant.

2.1.2. Add 5 mL of phenol-based reagent to each 50 x 10° cell pellet and mix by pipetting up and
down several times.

2.1.3. Incubate for 5 min at room temperature to allow complete lysis. Lysed cells can be stored
at -80 °C or processed directly.

NOTE: If needed, cells can also be divided in aliquots of 10 x 10° cells per tube in 1.5 mL tubes
and lysed in 1 mL of phenol-based reagent for more convenient storage.

2.1.4. Add 1 mL of chloroform and mix by inversion.

2.1.5. Incubate for 3 min at room temperature.

2.1.6. Centrifuge for 15 min at 2,000 x g and 4 °C.

2.1.7. Pipette out the aqueous phase (upper phase) and transfer to a new tube. Finish

transferring the aqueous phase by angling the tube at 45° and carefully pipetting the solution
out.
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NOTE: The amount of agueous phase may vary among samples but should be close to the amount
of chloroform added to the sample (i.e., 1 mL). Do not transfer any interphase or organic layer!
The use of phase-lock or phase-maker tubes can facilitate this process.

2.1.8. Add 0.5 mL of 100% molecular grade isopropanol to the aqueous phase.

2.1.9. Incubate for 1 h at -80 °C to allow RNA precipitation.

2.1.10. Centrifuge for 10 min at 12,000 x g and 4 °C to pellet the precipitated RNA.

2.1.11. Discard the supernatant and resuspend the RNA pellet in 1 mL of 75% molecular biology
grade ethanol. Vortex briefly.

2.1.12. Centrifuge for 5 min at 7,500 x g and 4 °C and discard the supernatant.
2.1.13. Air-dry the pellet for 15 min.
2.1.14. Resuspend the pellet in 20 uL of RNase-free water and transfer to a new tube.

2.1.15. Wash the empty tube with an additional 20 pL of water to maximize RNA recovery, and
pool with the first 20 pL volume.

2.1.16. Quantify the total RNA with a spectrophotometer and assess the RNA quality with a
fragment analyzer.

2.2. From Viral Particles: RNA Extraction with Column Based Viral RNA Extraction Kit

NOTE: RNA extraction from viral particles with phenol-based reagent results in low quality viral
RNA and in lower quality libraries. A column-based RNA extraction should thus be favored.
RNA extraction kits using carrier RNA for RNA elution and recovery are not appropriate for this
procedure and should be avoided. Since HIV RNA is poly-Adenylated, direct RNA extraction
without further mRNA isolation is sufficient to enter the MeRIP-Seq and BS-Seq pipelines.
Normally 1-2 mL of viral supernatant from universally infected cells should provide enough RNA
to perform the entire workflow.

2.2.1. Prepare the buffer by adding 150 uL of beta-mercaptoethanol to 30 mL of lysis buffer.
Reconstitute the Viral Wash Buffer by adding 96 mL of 100% ethanol.

2.2.2. Collect virus-containing supernatants and centrifuge to pellet cell debris to minimize
cellular RNA contamination.

2.2.3. Transfer 1 mL of viral supernatant to a 15 mL tube.

2.2.4. Add 3 mL of Viral RNA Buffer to 1 mL of viral sample and mix by vortexing.
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2.2.5. Transfer 700 puL of sample in a column, inserted in a Collection Tube.
2.2.6. Centrifuge for 2 min at 13,000 x g at room temperature.
2.2.7. Discard the flowthrough.

2.2.8. Repeat the 3 previous steps until the whole sample has been processed, and thus all RNA
has been captured on the silica-based matrix column.

2.2.9. Add 500 pL of Viral Wash Buffer to the column.

2.2.10. Centrifuge for 1 min at 10,000 x g at room temperature. Discard the flowthrough.
2.2.11. Add 200 pL of Viral Wash Buffer to the column.

2.2.12. Centrifuge for 1 min at 10,000 x g at room temperature. Discard the flowthrough.
2.2.13. Place the column into an empty collection tube.

2.2.14. Centrifuge for 1 min at 10,000 x g at room temperature to further discard any remaining
wash buffer contaminant.

2.2.15. Carefully transfer the column into a 1.5 mL tube.

2.2.16. Add 20 pL of DNase/RNase-free water directly to the center of the column matrix and
centrifuge at 10,000 x g for 30 s at room temperature.

2.2.17. Add an additional 10 uL of DNase/RNase-free water directly to the center of the column
matrix and centrifuge again for 30 s.

2.2.18. Quantify the total RNA with a spectrophotometer and assess the RNA quality with a
fragment analyzer.

NOTE: RNA extraction can be carried out with any method, if the quality of the retrieved RNA is
high, with an RNA integrity/quality number > 9. Total RNA can be stored at -80 °C until further
processing.

3. mRNA Isolation by poly-A Selection with Oligo(dT)zs

NOTE: Due to the presence of highly methylated ribosomal RNA in cellular extracts, it is highly
recommended to isolate poly-A RNA either by rRNA depletion or preferentially by poly-A positive
selection. This step is optional and should be performed for cellular RNA samples only, to obtain
sequencing results at higher resolution. If analyzing methylation of nonpoly-Adenylated viral



262
263
264
265
266
267
268
269
270
271
272
273
274
275
276
277
278
279
280
281
282
283
284
285
286
287
288
289
290
291
292
293
294
295
296
297
298
299
300
301
302
303
304
305

RNAs, favor rRNA depletion rather than poly-A selection or eventually perform the analysis on
tot RNA.

3.1. Bead Preparation for poly-A Capture
3.1.1. Resuspend the Oligo(dT)2s magnetic beads stock vial by vortexing for >30 s.

3.1.2. Transfer 200 uL of magnetic beads to a 1.5 mL tube. Prepare the number of tubes with
magnetic beads according to the total quantity of RNA samples to be processed.

NOTE: One tube with 200 uL of Dynabead stock solution corresponds to 1 mg of beads and can
accommodate a sample of 75 pg of total RNA.

3.1.3. Place the tubes on a magnet for 1 min and discard the supernatant. Remove the tubes
from the magnet.

3.1.4. Add 1 mL of Binding Buffer (20 mM Tris-HCI, pH 7.5, 1.0 M LiCl, 2 mM EDTA), and resuspend
by vortexing. Place the tubes on the magnet for 1 min and discard the supernatant. Remove the
tubes from the magnet. Repeat.

3.1.5. Resuspend the washed magnetic beads in 100 uL of Binding Buffer.

3.2. Total RNA preparation

3.2.1. Dilute the total RNA at a final concentration of 0.75 pg/uL with RNase-free water, which
corresponds to 75 ug/100 pL.

NOTE: If RNA is at a lower concentration, proceed as described below without modifying the
volumes.

3.2.2. Aliquot the total RNA in multiple tubes by dispensing 100 uL of RNA sample per tube.
3.2.3. Add 100 pL of Binding buffer to each RNA sample.

3.2.4. Heat the total RNA to 65 °C for 2 min to disrupt secondary structures.

3.2.5. Place immediately on ice until ready to proceed to the next step.

NOTE: Incubation time may vary according to the number of samples to be processed but should
not exceed 1 h to avoid any RNA degradation.

3.3. Poly-A Selection

3.3.1. To each RNA tube (from step 3.2), add 100 uL of washed magnetic beads (from step 3.1).
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3.3.2. Mix thoroughly by pipetting up and down and allow binding on a rotating wheel at room
temperature for 15 min.

3.3.3. Open all tubes, place them on the magnet for 1 min, and carefully remove all the
supernatant.

3.3.4. Recover the supernatant in a new tube and keep aside for a second round of RNA capture
(step 3.3.14), in order to improve the poly-A final recovery.

3.3.5. Remove the tube from the magnet and add 200 pL of Washing Buffer (10 mM Tris-HCI, pH
7.5, 0.15 M LiCl, 1 mM EDTA 10 mM Tris-HCI, pH 7.5). Mix by pipetting carefully 4 to 5 times.

3.3.6. Place the tube on the magnet for 1 min and discard the supernatant.
3.3.7. Repeat the washing step once (repeat steps 3.3.5 and 3.3.6).

3.3.8. Add 20 uL of ice-cold 10 mM Tris-HCI to elute poly-A RNA from the beads.
3.3.9. Incubate at 80 °C for 2 min.

3.3.10. Place the tube on the magnet and quickly transfer the supernatant containing the poly-A
RNA to a new RNase-free tube. Place the tube on ice.

3.3.11. Repeat the elution step (steps 3.3.8 to 3.3.10) to increase the yield.

3.3.12. Wash the same beads once with 200 uL of washing buffer. Mix by pipetting carefully 4 to
5 times.

3.3.13. Place on the magnet for 1 min and discard washing buffer.

3.3.14. Add the flowthrough from step 3.3.4 to the beads and repeat the procedure from binding
to elution (steps 3.3.2 to 3.3.10). Keep the RNA eluates in separate tubes for now.

NOTE: Optionally, again keep the supernatant equivalent to step 3.3.4 in a new tube as it can be
used as a control. At the end of the procedure, purify and concentrate the RNA by ethanol
precipitation or with a column-based method of choice (i.e., RNA clean and concentrator). This
sample corresponds to a poly-A depleted RNA sample and can be used as a control for bisulfite
conversion (step 8.2.2).

3.3.15. Quantify the eluted RNA with a spectrophotometer and keep a 2 plL aliquot to further
assess the RNA quality with a fragment analyzer.

NOTE: Poly-A RNA can be stored at -80 °C until needed.
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4, RNA workflow

4.1. Divide the cellular poly-A RNA (mRNA) and viral RNA samples into 2 aliquots, dedicated to
the respective epitranscriptomic analysis pipeline:

(i) 5 ug of cellular mRNA or 1 pg of viral RNA for MeRIP-Seq and input controls (go to steps 5 to
7, and step 9).

(ii) 1 pg of cellular mRNA or 500 ng of viral RNA for BS-Seq (go to steps 8 and 9).

5. RNA Fragmentation

NOTE: RNA fragmentation is carried out with the RNA fragmentation reagent and is intended for
MeRIP-Seq and control RNA samples. This is a very important step that requires careful
optimization in order to obtain fragments that range between 100-200 nt.

5.1. Divide the total volume of mMRNA into 0.2 mL PCR tubes with 18 pL of mRNA/tube.

NOTE: Work quickly. Do not work with more than 8 samples at a time to have reproducible
results. Scaling up the volume will not guarantee a reproducible and uniform fragmentation.

5.2. Warm up a thermocycler at 70 °C.
5.3. Add 2 pL of fragmentation reagent on the edge of each PCR tube.

5.4. Close the tube and spin down (so that the reagent gets in contact with RNA at the same time
for the 8 tubes).

5.5. Incubate the samples 15 min at 70 °C in the preheated thermocycler.
5.6. As soon as the incubation is over, add quickly 2 pL of Stop solution in each tube.
5.7. Spin down and let sit on ice until ready to proceed to the next step.

NOTE: Incubation time may vary according to the number of samples to be processed but should
not exceed 1 h to avoid any RNA degradation.

5.8. Repeat the procedure for all the samples (if there are more than 8 aliquots).
5.9. Pool the tubes together and proceed to RNA purification with a RNA clean and concentrator
Kit (step 6) or any customized column-based kit to get rid of the buffers and recover clean

fragmented RNA in water.

6. RNA Purification
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NOTE: This step can be carried out by ethanol precipitation or with any kind of column-based
RNA purification and concentration method (i.e., RNA Clean and Concentrator).

6.1. Elute or resuspend the purified RNA in a total volume of 50-75 uL of DNase/RNase-free
water.

NOTE: If a column-based method is used, two rounds of elution are strongly recommended to
ensure maximum recovery

6.2. Quantify the purified fragmented mRNA with a spectrophotometer and assess the RNA
quality with a fragment analyzer.

6.3. Keep 100 ng of fragmented mRNA as input control for library preparation and sequencing
(go to step 9). The remaining fragmented mRNA (minimum 2.5 ug) can be used for MeRIP (go to
step 7.2).

7. MeRIP

NOTE: A minimum of 2.5 pg of fragmented mRNA is required for each immunoprecipitation (IP),
either using a specific anti-m°A antibody (test condition) or using an anti-IgG antibody (negative
control).

7.1. Magnetic Bead Preparation for Inmunoprecipitation

7.1.1. For each sample, prepare 4 mL of 1x IP buffer in a new conical tube by diluting 800 pL of
MRNA IP buffer 5x (50 mM Tris-HCl pH 7.4, 750 mM NaCl, 0.5% Igepal CA-630, and nuclease-free
water) with 3.2 mL of nuclease-free water.

NOTE: At least 2 reactions are needed (one test and one IgG control).

7.1.2. Place the tube onice.

7.1.3. Label the appropriate number of 1.5 mL microcentrifuge tubes for the number of desired
IP reactions:

n tubes (test) for anti-m6A antibody.

n tubes (negative control) for Normal Mouse IgG.

7.1.4. Resuspend the magnetic beads (e.g., Magna ChIP Protein A/G ) by inverting and vortexing.
No clumps of beads should be visible.

7.1.5. For each reaction planned, transfer 25 pL of magnetic beads to a microcentrifuge tube.

7.1.6. Add ten times more 1x IP buffer (from step 7.1.1) with respect to the original volume of
beads used (i.e., 250 pL of 1x IP buffer per 25 pL of magnetic beads).
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7.1.7. Mix the beads by gently pipetting up and down several times for complete resuspension.
7.1.8. Place the tube on the magnetic separator for 1 min.

7.1.9. Remove and discard the supernatant, making sure not to aspirate any magnetic beads.
Remove the tube from the magnet.

7.1.10. Repeat the washing step (steps 7.1.6 to 7.1.9).

7.1.11. Resuspend the beads in 100 uL of 1x IP Buffer per 25 uL of original volume of magnetic
beads.

7.1.12. Add 5 pL of antibody (1 pg/uL) per 25 uL of original volume of magnetic beads.
n tubes (test) with anti-m6A antibody (clone 17-3-4-1) [1 pug/uL].
n tubes (negative control) with Normal Mouse I1gG (1 ug/uL).

7.1.13. Incubate on the rotating wheel for 30 min at room temperature to allow conjugation of
the antibodies with the magnetic beads.

7.1.14. Place the tube on the magnetic separator for 1 min. Discard the supernatant. Remove the
tube from the magnet and resuspend the antibody-bead mixture in 100 uL of 1x IP Buffer.

7.2. RNA Immunoprecipitation (RIP)
7.2.1. Prepare 500 pL of RIP reaction mixture for each 2.5 ug mRNA sample as follows: 2.5 pgin
100 pL of Fragmented RNA (from step 6.12); 295 L of nuclease-free water; 5 pL of 40 U/uL RNase
Inhibitor; and 100 uL of 5x IP buffer.

7.2.2. Add 500 pL of RIP reaction mixture to each antibody-bead mixture (~100 uL from step
7.1.14). Mix by gently pipetting several times to completely resuspend the beads. Place on ice.

7.2.3. Incubate all RIP tubes on a rotating wheel for 2 hours at 4 °C.

7.2.4. Centrifuge the MeRIP reactions briefly to spin down liquid droplets from the cap and tube
sides. Place the tubes on a magnetic separator for 1 min.

7.2.5. Transfer the supernatant in a new centrifuge tube, being careful not to disturb the
magnetic beads.

NOTE: Flowthrough can be kept as control to verify RIP efficiency (go to step 7.3.9).

7.2.6. Remove tubes from the magnet. Wash the beads by adding 500 pL of cold 1x IP buffer. Mix
the beads by gently pipetting several times to completely resuspend the beads.
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7.2.7. Place the tubes on a magnetic separator for 1 min and discard supernatant.
7.2.8. Repeat the washing procedure (steps 7.2.6-7.2.7) twice for a total of 3 washes.
7.2.9. Place the tubes on ice and immediately proceed to elution.

7.3. Elution

7.3.1. Prepare 20 mM mPA solution by dissolving 10 mg of N6-Methyladenosine, 5'-
monophosphate sodium salt (m®A) in 1.3 mL of nuclease-free water. Prepare 150 pl aliquots and
store at -20 °C.

7.3.2. For each sample (test and controls): Prepare 225 pL of elution buffer by mixing the
following components: 45 pL of 5x IP Buffer, 75 uL of 20 mM m®A, 3.5 uL of 40U/uL RNase
Inhibitor, and 101.5 pL of nuclease-free water.

7.3.3. Add 100 pL of elution buffer (from step 7.3.2) to the beads (from step 7.2.9). Mix by gently
pipetting several times to completely resuspend beads.

7.3.4. Incubate all tubes for 1 h with continuous shaking on a rocker at 4 °C.

7.3.5. Centrifuge the RIP reactions briefly to spin down liquid droplets from the cap and tubes
sides. Place the tubes on a magnetic separator for 1 min.

7.3.6. Transfer the supernatant containing eluted RNA fragments to a new 1.5 mL
microcentrifuge tube. Be careful not to aspirate the beads, as it will increase background noise.

7.3.7. Repeat elution steps (7.3.3 to 7.3.6) by again adding 100 uL of elution buffer, incubating 1
h at 4 °C, and collecting the eluate after magnetic separation.

7.3.8. Combine all eluates from the same sample (total elution volume should be 200 puL).

7.3.9. Purify the eluted RNA and the flowthrough (optional, from step 7.2.5) by ethanol
precipitation or by a column-based method of choice (i.e., RNA Clean and Concentrator).

7.3.10. Assess the RNA quantity and quality of flowthrough and eluted samples with a fragment
analyzer using a high sensitivity detection kit. If the quality of the RNA is satisfactory, proceed to
library preparation and high-throughput sequencing (step 9).

NOTE: The amount of RNA retrieved upon MeRIP is very low, and imperatively requires high
sensitivity detection kits to ensure quantification. If a bioanalyzer are not available, it is possible
to proceed blindly to library preparation.
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8. RNA Bisulfite Conversion

8.1. Control and Reagent Preparation

8.1.1. ERCC mix spike-in control: Add ERCC mix following manufacturer’s instructions, which
recommend the addition of 0.5 pL of undiluted ERCC mix to 500 ng of mRNA. This control can
help assess the efficiency of bisulfite conversion.

8.1.2. Spike Poly-A-depleted RNA (from step 3.3.14) at a ratio 1/1000 (i.e., 500 pg of poly-A-
depleted RNA for 500 ng of mRNA). This sample is enriched in ribosomal RNA and should thus
contain the 28S rRNA, a positive control for bisulfite conversion.

NOTE: Total RNA can also be used as positive control instead of poly-A-depleted RNA.

8.1.3. Perform bisulfite conversion with an RNA methylation kit (e.g., Zymo EZ).

8.1.4. RNA Wash Buffer: Add 48 mL of 100% ethanol (or 52 mL of 95% ethanol) to 12 mL of RNA
Wash Buffer concentrate before use.

8.2. Bisulfite Conversion

NOTE: Bisulfite conversion was carried out with a commercially available RNA bisulfite conversion
kit following manufacturer’s procedure as stated below.

8.2.1. In 0.2 mL PCR tubes, add 1000 ng of mRNA (or between 300 and 1000 ng). Add spike-in
controls: 1 uL of ERCC mix (step 8.1.1) and 1000 pg of poly-A-depleted RNA (step 8.1.2). Complete
volume up to 20 pL with DNase/RNase-free water.

8.2.2. Add 130 pL of RNA Conversion Reagent to each 20 uL RNA sample.

8.2.3. Mix the sample by pipetting up and down.

8.2.4. Spin down briefly to ensure there are no droplets in the cap or sides of the tube.

8.2.5. Place the PCR tubes in a thermal cycler and perform the following steps: denaturation at
70 °C for 5 min; conversion at 54 °C for 45 min; repeat denaturation and conversion steps for a

total of 3 cycles; and then hold at 4 °C indefinitely.

NOTE: Three cycles of denaturation and bisulfite conversion ensure complete bisulfite conversion
of the sample. Samples can be stored at -80 °C or directly processed.

8.2.6. Proceed with in-column desulphonation. Place a column into an empty collection tube and
add 250 pL of RNA Binding Buffer to the column.
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8.2.7. Load the sample (~150 pL from Step 8.2.5) into the column containing the RNA Binding
Buffer and mix by pipetting up and down.

8.2.8. Add 400 pL of 95-100% ethanol to the sample-RNA Binding Buffer mixture in the column.
Close the cap and immediately mix by inverting the column several times.

8.2.9. Centrifuge at full speed (= 10,000 x g) for 30 s. Discard the flowthrough.

8.2.10. Add 200 pL of RNA Wash Buffer to the column and centrifuge at full speed for 30 s.
8.2.11. Add 200 pL of RNA Desulphonation Buffer to the column and incubate at room
temperature for 30 min. After the incubation, centrifuge at full speed for 30 s. Discard the

flowthrough.

8.2.12. Add 400 pL of RNA Wash Buffer to the column and centrifuge at full speed for 30 s. Repeat
the wash step with an additional 400 pL of RNA Wash Buffer. Discard the flowthrough.

8.2.13. Centrifuge the column in the emptied Collection Tube at full speed for 2 min. Transfer the
column into an RNase-free tube.

8.2.14. Add > 10 pL of DNase/RNase-free water directly to the column matrix, and incubate for 1
min at room temperature. Centrifuge at full speed for 30 s.

NOTE: We usually elute in a volume of 20 uL. The eluted RNA can be used immediately or stored
at -20 °C for up to 3 months. For long-term storage, keep at -80 °C.

8.2.15. Take out 2.5 uL for fragment analyzer assessment of RNA quality and quantity and
proceed to library preparation and high-throughput sequencing (step 9).

8.2.16. Take 4 pL of converted RNA for bisulfite conversion control of efficiency (step 8.3).
8.3. Bisulfite Conversion Control by RT-PCR

NOTE: This step ensures that bisulfite conversion was successful before proceeding to
sequencing. 28S ribosomal RNA from Homo sapiens will be used as positive control for RNA
methylation analysis, as the C residue at position 4447 (GenBank accession # NR_003287) has
been described as being 100% methylated.

Primer Sequences:
H 28SF primer: 5’-GGGGTTTTAYGATTTTTTTGATTTTTTGGG-3’
H 28SR primer: 5’-CCAACTCACRTTCCCTATTAATAAATAAAC-3’
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8.3.1. Prepare Reverse Transcription (RT) reaction mix using a High-Capacity cDNA Reverse
Transcription Kit. Thaw the kit components on ice and prepare the RT master mix on ice as
follows:

4 L of Bisulfite converted RNA (from step 8.2.14):

2 uL of 10x RT Buffer

0.8 puL of 25x dNTP Mix [100 mM]

2 uL of 10x RT Random Primers

1 uL of MultiScribe Reverse Transcriptase

1 pL of RNase Inhibitor

9.2 pl of nuclease-free H,0

NOTE: Each RT reaction should contain a 20 pL final volume in 0.2 mL PCR tubes.

8.3.2. Put the tubes in the thermal cycler with the following RT program: 25 °C for 10 min; 37 °C
for 120 min; 85 °C for 5 min; then at 4 °C indefinitely.

8.3.3. Prepare the PCR reaction to amplify specifically the 28S rRNA with a PCR proofreading
enzyme. Thaw the kit components on ice, gently vortex and briefly centrifuge. Prepare the PCR
master mix on ice or on an ice-cold metal plate holder as follows:

0.6 pL of 10 uM H 28SF primer

0.6 pL of 10 uM H 28SF primer

6.5 pL of Template cDNA

22.5 pL of DNA Polymerase master mix

NOTE: Each PCR reaction should contain a 20 pL final volume in 0.2 mL PCR tubes.

8.3.4. Put the tubes in the thermal cycler with the following PCR program: initial denaturation at
95 °C for 5 min; 45 cycles of denaturation (95 °C for 15 s), annealing (57 °C for 30 s), and
elongation (72 °C for 15 s), final elongation at 72°C for 10 min, and then holding at 4 °C
indefinitely.

8.3.5. Run 10 pL of the reaction on a 2% agarose gel. The expected band size is 130 — 200 bp.

8.4. Sequencing of PCR products

8.4.1. Purify the PCR products with a column based method of choice to remove enzymes and
DNTPs residues and elute the amplified DNA in at least 20 puL of DNase/RNase-free water.

8.4.2. Quantify the purified DNA with spectrophotometer.
8.4.3. Sequencing reaction

8.4.3.1. Use 40 ng of PCR product/sequencing reaction.
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8.4.3.2. Sequence in both directions with the H 28SF and H 28SR primers.

8.4.3.3. Align the sequences with the known nonconverted sequence (28S ribosomal N5
(RNA28SN5). Check for the presence of a C residue at position C4447, and for T residues instead
of C elsewhere.

9. Library Preparation and High-Throughput Sequencing

9.1. Prepare libraries for sequencing using mRNA kits (e.g., lllumina TruSeq Stranded), starting
the protocol at the Elute-Prime-Fragment step and following manufacturer instructions.

9.1.1. However, for the input RNA-Seq and MeRIP-Seq samples, incubate the samples at 80 °C
for 2 min to only prime but not further fragment them.

9.2. Carry out sequencing using lllumina platforms. Sequencing reactions can be carried out
according to preferences and experimental design, either single or paired ends, with a minimum
of 100 nt length.

10. Bioinformatics Analyses

10.1. m®A Data Processing

10.1.1. Run FASTQC?* to assess read quality in m®A and input FASTQ files from sequencing.

10.1.2. Run Atropos?’ to trim low-quality end and adapter sequences from the reads. Set the
following parameters in running Atropos.

10.1.2.1. Remove the following adapter sequences: AGATCGGAAGAG, CTCTTCCGATCT,
AACACTCTTTCCCT, AGATCGGAAGAGCG, AGGGAAAGAGTGTT, CGCTCTTCCGATCT.

10.1.2.2. Use the following Phred quality cutoff: 5, for trimming low-quality ends as specified by
the  manufacturer  (https://support.illumina.com/downloads/illumina-adapter-sequences-
document-1000000002694.html).

10.1.2.3. Use the following minimum read length after trimming: 25 base pairs.

10.1.3. Merge the GRh38 human genome and HIV [Integrated linear pNL4-3AEnv-GFP] reference
in FASTA format.

10.1.4. Index the merged reference with HISAT226,

10.1.5. Run HISAT2 on trimmed reads to aligned to the indexed reference. Use default HISAT
parameters.


https://support.illumina.com/downloads/illumina-adapter-sequences-document-1000000002694.html
https://support.illumina.com/downloads/illumina-adapter-sequences-document-1000000002694.html
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10.1.6. Sort and index the aligned reads with SAMtools?’.

10.1.7. Run SAMtools stat and Qualimap 2%% for post-alignment quality check of the sequenced
libraries.

10.1.8. Optionally, collect and summarize quality measures from the previous step with
multiQC?°.

10.1.9. HIV genome has homologous 634 bp sequences in the 5 LTR and 3’ LTR: Realign
multimapping reads from 5’ LTR to the corresponding 3’ LTR region with SAMtools.

10.1.10. In order to identify the m®A peaks, run the peak calling software MACS2%° (v 2.1.2).
Carefully select MACS2 running parameters, in order to ensure correct functioning on RNAseq
data as peak calling can be affected by gene expression level, and short exons may be miscalled
as peaks. Hence, input signal must be subtracted from m®A signal, without the smoothing
routinely applied by MACS2 to DNA based data. Apply the following parameters to the ‘callpeak’
sub-command from MACS2:

—keep-dup auto (controls the MACS2 behavior towards duplicate reads, ‘auto’ allows MACS to
calculate the maximum number of reads at the exact same location based on binomial
distribution using 1e-5 as p-value cutoff)

—g 2.7e9 (size of human genome in bp)

—g 0.01 (minimum FDR cutoff to call significant peaks)

—nomodel (to bypass building the shifting model, which is tailored for ChIP-Seq experiments)
—slocal 0

—llocal O (setting this and the previous parameter to 0 allows MACS2 to directly subtract, without
smoothing, the input reads from the m°®A reads)

—extsize 100 (average length of fragments in bp)

-B

10.1.11. Run the differential peak calling sub-command of MACS2, ‘bdgdiff’ to compare infected
vs noninfected samples. ‘bdgdiff’ takes as inputs the bedGraph files generated by ‘callpeak’ in
the previous step. For each time point, run the comparison of infected versus noninfected
samples with ‘bdgdiff’, subtracting the respective input signal from the m®A signal and providing
the additional parameters: -g 60 -1 120.

10.2. m>C Data Processing

10.2.1. Run Cutadapt3! to trim adapter sequences from the raw reads, with the following
parameters:

adapter “AGATCGGAAGAGCACACGTCTGAAC”

—minimum-length=25.
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10.2.2. Reverse-complement the trimmed reads using seqkit3?, as the sequencing protocol
produces reads from the reverse strand.

10.2.3. Run FastQC to examine read quality.

10.2.4. Merge GRh38 human genome and HIV [Integrated linear pNL4-3AEnv-GFP] reference in
FASTA format.

10.2.5. Index the merged reference with the application meRanGh from the meRanTK package®.

10.2.6. Align with meRanGh with the following parameters:
—UN enabling unmapped reads to be written to output files

—MM enabling multi-mapped reads to be written to output file

—bg for output in bedGraph

—mbgc 10 filter reported region by coverage (at least 10 reads of coverage)

10.2.7. HIV genome has homologous 634 bp sequences in the 5 LTR and 3’ LTR: realign
multimapping reads from 5’ LTR to the corresponding 3’ LTR region with SAMtools

10.2.8. Run methylation calling via the meRanCall tool, provided by meRanTK, with the following
parameters:

—rl =126, read length

—ei = 0.1, error interval for the methylation rate p-value calculation

—cr = 0.99, expected conversion

10.2.9. Run the MeRanTK’s utility estimateSizeFactors.pl for estimating size factors of each
sample. The size factors will be used as parameters in the next step.

10.2.10. Run MeRanCompare for differential methylation analysis of not infected vs infected)
across time points 12, 24, and 36h. The following parameters are applied: a significance value of
.01 as the minimal threshold for reporting and size factors from previous step.

REPRESENTATIVE RESULTS:

This workflow has proven useful to investigate the role of m®A and m>C methylation in the
context of HIV infection. For this, we used a CD4+ T cell line model (SupT1) that we either infect
with HIV or left untreated. We started the workflow with 50 million cells per condition and
obtained an average of 500 pg of total RNA with an RNA quality number of 10 (Figure 1A-B).
Upon poly-A selection we retrieved between 10 and 12 pug of mRNA per condition (representing
about 2% of total RNA) (Figure 1B). At this point, we used 5 pg of poly-A selected RNA for the
MeRIP Seq pipeline and 1 pg for the BS-Seq pipeline. Since HIV RNA is poly-adenylated, no further
action is needed and MeRIP-Seq and BS-Seq procedures can be directly applied.

[Place Figure 1 here]



787
788
789
790
791
792
793
794
795
796
797
798
799
800
801
802
803
804
805
806
807
808
809
810
811
812
813
814
815
816
817
818
819
820
821
822
823
824
825
826
827
828
829
830

MeRIP-Seq pipeline is an RNA immunoprecipitation-based technique that allows investigation of
mPA modification along RNA molecules. For this, RNA is first fragmented and then incubated with
mPA-specific antibodies coupled to magnetic beads for immunoprecipitation and capture. MeRIP-
enriched RNA fragments and the untouched (input) fraction are then sequenced and compared
to identify m®A-modified RNA regions and thus m®A-methylated transcripts (Figure 2A). The
resolution of the technique relies on the efficiency of RNA fragmentation. Indeed, shorter
fragments allow for a more precise localization of the m°®A residue. Here, cellular poly-A-selected
RNAs and viral RNAs were subjected to ion-based fragmentation with RNA fragmentation buffer
during 15 min in a 20 pl final volume to obtain RNA fragments of 100-150 nt. Starting with 5 ug
of mRNA, we recovered 4.5 pg of fragmented RNA, corresponding to a recovery rate of 90%
(Figure 2B). We used 100 ng of fragmented, purified RNA as input control, subjected directly to
library preparation and sequencing. The remaining RNA (~4.4 ug) was processed according to the
MeRIP-Seq pipeline, which starts with incubation of fragmented RNA with beads bound either to
anti-m°®A specific antibodies or to anti-IgG antibodies as control. m®A-specific RIP (MeRIP) of 2.5
ug of fragmented RNA allowed retrieving around 15 ng of m®A-enriched material that underwent
library preparation and sequencing (Figure 2B). RIP with anti-IgG control, as expected, did not
yield enough RNA to allow further analysis (Figure 2B).

[Place Figure 2 here]

BS-Seq pipeline allows exploration of m°C RNA modification at nucleotide resolution and leads
to the identification of m°>C-methylated transcripts. Upon bisulfite conversion, nonmethylated
cytosines are converted into uracil, while methylated cytosines remain unchanged (Figure 3A).
Due to the harsh conditions of bisulfite conversion procedure (i.e., high temperature and low
pH), converted mRNAs are highly degraded (Figure 3B), however this does not interfere with
library preparation and sequencing. Bisulfite conversion is efficient only on single-stranded RNA
and can thus potentially be hindered by secondary double-stranded RNA structures. To evaluate
the efficiency of C-U conversion we introduced two controls. As a positive control, we took
advantage of the previously described presence of a highly methylated cytosine in position C4447
of the 28S rRNA 23, Upon RT-PCR amplification and sequencing of a 200 bp fragment surrounding
the methylated site we could observe that all cytosines were successfully converted to uracils,
thereby appearing as thymidines in the DNA sequence, except the cytosine in position 4447 that
remained unchanged. As a control for bisulfite conversion rate, we used commercially available
synthetic ERCC RNA sequences. This mixture consists in a pool of known, nonmethylated and
poly-adenylated RNA sequences, with a variety of secondary structures and lengths. Upon library
preparation and sequencing, we focused on these ERCC sequences to calculate the conversion
rate, which can be performed by counting the number of converted C among the total C residues
in all the ERCC sequences and in each sample. We obtained a conversion rate of 99.5%,
confirming the efficiency and the success of the bisulfite conversion reaction (Figure 3D).

[Place figure 3 here]

MP®A-enriched samples, bisulfite converted samples and input controls are further processed for
library preparation, sequencing and bioinformatics analysis (Figure 4). According to the
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experimental design and biological question(s) addressed, multiple bioinformatic analyses can be
applied. As proof of principle here, we show representative results from one potential application
(i.e., differential methylation analysis), which focuses on the identification of differentially
methylated transcripts induced upon HIV infection. Briefly, we investigated the m®A or m>C
methylation level of transcripts, independently from their gene expression level, in both
noninfected and HIV-infected cells, in order to further understand the role of RNA methylations
during viral life cycle. Upon gene expression normalization, we identified that the ZNF469
transcript was differentially m®A-methylated according to the infection status, indeed this
transcript was not methylated in noninfected cells while it displayed several methylated peaks
upon HIV infection (Figure 5A). A similar differential methylation analysis on m>C revealed that
the PHLPP1 transcript contained several methylated residues, which tend to be more frequently
methylated in the HIV condition (Figure 5B). In this context, both analyses suggest that HIV
infection impacts the cellular epitranscriptome.

[Place figure 4 and 5 here]

FIGURE AND TABLE LEGENDS:

Figure 1: RNA preparation for downstream applications. A) Workflow depicting RNA
preparation and distribution for simultaneous MeRIP-Seq and BS-Seq pipelines. Every filled
hexagonal shape represents an RNA modification type, such as m®A (green) or m>C (pink).
Amounts of RNA material needed to carry out the experiment are indicated. B) Representative
results depicting expected RNA distribution profiles (size and amount) upon total RNA extraction
(upper panel) and poly-A selection (lower panel). Samples were loaded on the fragment analyzer
with standard sensitivity kit in order to assess RNA quality before entering specific MeRIPSeq and
BS-Seq procedures. RQN: RNA quality number; nt: nucleotides

Figure 2: MeRIP-Seq pipeline. A) Schematic representation of MeRIP-Seq workflow and input
control. Upon poly-A selection, samples were fragmented into 120-150 nt pieces and, either
directly subjected to sequencing (100 ng, input control), or used for RNA immunoprecipitation
(2.5 pg, RIP) with anti-m°®A specific antibody or anti-IgG antibody as negative control prior to
sequencing. B) Representative results showing expected RNA distribution profiles (size and
amount) upon fragmentation (upper panel) and RIP (lower panels, MeRIP: left, IgG control: right).
Samples were loaded on fragment analyzer to evaluate RNA quality and concentration before
further processing to library preparation and Sequencing. Fragmented RNA analysis was
performed using the RNA standard sensitivity kit while immunoprecipitated RNA used the high
sensitivity kit.

Figure 3: BS-Seq pipeline. A) Schematic representation of BS-Seq workflow. Upon poly-A
selection, samples are exposed to bisulfite, resulting in C to U conversion (due to deamination)
for nonmethylated C residues. In contrast, methylated C residues (m>C) are not affected by
bisulfite treatment and remain unchanged. B) Representative result of bisulfite converted RNA
distribution profile (size and amount) upon analysis on fragment analyzer with a standard
sensitivity kit. C) Electropherogram showing representative sequencing result of RT-PCR
amplicon of the region surrounding the 100% methylated C at position 4447 in 28S rRNA
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(highlighted in blue). In contrast, C residues of the reference sequence were identified as T
residues in the amplicon sequence due to bisulfite conversion success. D) Evaluation of C-U
conversion rate by analysis of ERCC spike-in sequences in HIV-infected and noninfected cells. The
average conversion rate is of 99.5%.

Figure 4: Schematic representation of the bioinformatics workflow for the analysis of m°A and
m>C data.

Figure 5: Example of differentially methylated transcripts upon infection. A) Representative
result showing m®A methylation of ZNF459 transcript in HIV-infected (green) and noninfected
(grey) cells. Peak intensity (upon input expression subtraction) is shown on the y-axis and position
in the chromosome along the x-axis. Differential methylation analysis reveals that ZFN469
transcript is hypermethylated upon HIV infection. B) Representative result of m>C methylated
gene in HIV-infected (upper lane) and noninfected (lower lane) cells. The height of each bar
represents the number of reads per nucleotide and allows coverage assessment. Each C residue
in represented in red, and the proportion of methylated C is represented in blue. The exact
methylation rate (%) is reported above each C residue. Arrows highlight statistically significant
differentially methylated C. Samples were visualized using IGV viewer.

DISCUSSION:

The role of RNA modifications in viral infection is still largely unknown. A better understanding of
the role of epitranscriptomic modifications in the context of viral infection could contribute to
the quest for new antiviral treatment targets.

In this work, we provide a complete workflow that allows investigation of the m®A and m>C
epitranscriptome of infected cells. Depending on the biological question, we advise to use poly-
A selected RNA as starting material. Although optional, as the pipeline could be used with total
RNA, it is important to keep in mind that rRNA as well as small RNAs are highly modified and
contain an important number of methylated residues. This could result in a decreased quality
and quantity of meaningful sequencing data.

However, if the focus of the study is non-poly-adenylated RNA, the RNA extraction step should
be adapted in order to avoid discarding small RNA (in case of column-based RNA extraction) and
to privilege ribosome-depletion techniques rather than poly-A selection to enter the pipeline.

In order to ensure high quality RNA, correct fragmentation and suitable m®A-enriched and BS
converted RNA quality for library preparation we strongly advise to use a fragment analyzer or a
bioanalyzer. However, this equipment is not always available. As an alternative, quality of RNA,
mRNA and size of fragmented RNA could also be assessed by visualization on agarose gel.
Alternatively, library preparation can be performed without previous assessment of RNA
quantity.

We used the antibody-based MeRIP-Seq® technique to explore the mP®A epitranscriptomic
landscape. This technique is based on RNA immunoprecipitation and is successful; however,
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some steps need careful optimization and can be critical. Although m®A methylation has been
described to occur mainly within the consensus sequence RRA3CH, this motif is highly frequent
along mRNA molecules and does not allow precise identification of the methylated site. It is thus
critical to achieve a reproducible and consistent RNA fragmentation, generating small RNA
fragments, to improve the RIP-based resolution. In this protocol, we recommend an optimized
procedure, providing reproducible and consistent results in our experimental setting; however,
this fragmentation step may need further optimization according to specific sample features.

Recently a new technique allowing m°A direct sequencing was described. It is based on the use
of specific reverse transcriptase variants that exhibit a unique RT-signatures as a response to
encountering m®A RNA modification?*. This technology, upon careful optimization could
circumvent the major limitation faced with MeRIP seq (decreasing the amount of initial material
and allow a higher resolution). To explore the m>C modification we decided to use the bisulfite
conversion technique in order to detect at nucleotide resolution the modified C residues. In order
to reduce the false positive rate due to the presence of RNA secondary structures, we performed
3 cycles of denaturation/bisulfite conversion and further control bisulfite conversion rate
performance thanks to the use of ERCC spike-in controls. One of the limitations linked to this
technique is that bisulfite conversion is very harsh and three cycles of denaturation/bisulfite
conversion could degrade some RNA and hence reduce resolution. However, in our setting, we
chose to settle for a potentially slightly lower resolution in order to increase the quality of the
dataset.

Thanks to these optimizations and controls, we were able to provide a reliable and sound
workflow that can be exploited to investigate the epitranscriptomic landscape and its alteration
in the context of viral infections, host-pathogen interactions, or any exposure to specific
treatments.
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Rebuttal letter

Dear Editor,

Thanks for the opportunity to revise our work.

We would like to thank the Editorial Board Members and the reviewers for their positive evaluation
and for the useful comments that helped us improving the manuscript that we hope is now suitable
for publication.

Please find below a point-by-point response to reviewers’ comments. Text modifications are clearly
stated below (in red) and are also highlighted in yellow in the submitted revised version of the
manuscript.

Kind regards

Sara Cristinelli

Editorial and production comments:

Changes to be made by the Author(s) regarding the written manuscript:

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

2. Please revise the following lines to avoid previously published work: 20-23, 443-768
Line 22-25 have been replaced by:

The role of RNA modifications in biological processes has been the focus of an increasing amount of
studies in the last years and is nowadays known as epitranscriptomics. Among others, N6-
methyladenosine (m®A) and 5-methylcytosine (m°C) RNA modifications have been described on
MRNA molecules, and may have a role in modulating cellular processes.

Line 454-494:

This paragraph contains the description of a commercialized kit. We used the kit, following
manufacturer’s instructions with only few modifications. To make this point clearer we have now
added the statement as described below:

Line 455-456

Bisulfite conversion was carried out with a commercially available RNA bisulfite conversion
kit following manufacturer’s procedure as stated below :

e JoVE cannot publish manuscripts containing commercial language. This includes
trademark symbols (™), registered symbols (®), and company names before an
instrument or reagent. Please remove all commercial language from your manuscript
and use generic terms instead. All commercial products should be sufficiently
referenced in the Table of Materials.

o For example: Trizol, Nanodrop, Dynabeads, etc.
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e Please revise the text to avoid the use of any personal pronouns (e.g., "we", "you",
"our" etc.).

e Please discuss limitations of the protocol in the discussion.

e Changes to be made by the Author(s) regarding the video:

e Please take this opportunity to thoroughly proofread the manuscript to ensure that

there are no spelling or grammar issues.
This issue has been reviewed and modifications are highlighted in yellow in the manuscript

The video has been submitted here:

https://www.dropbox.com/request/NCuYKOfsdN9h9aT40rsB?oref=e



Point by point response to reviewers' comments:

Reviewer #1:

Manuscript Summary:

Authors describe a very detailed protocol to prepare polyA RNA samples for m6A determination
using the mbA-seq strategy as well as 5mC determination through bisulfite conversion using an HIV-
infected T-cell line as a model.

Major Concerns:

While authors provide a very detailed protocol for RNA sample preparation either for m6A-
seq or bisulfite conversion, they do not provide details on library preparation, sequencing
and bioinformatic analyses, which limits de impact that this work could have on the readers.

We thank the reviewer for this useful comment. Starting from the fragmentation step, the
library preparation protocol and the sequencing were carried out in a facility using common
Illumina procedures. However, we agree with the reviewer that adding the bioinformatics
pipeline could increase the impact of the paper. We have now added a paragraph describing
the bioinformatic pipeline and supplied an additional figure depicting the bioinformatics
workflow.

Figure 4 and [line 562 — 647].

10. Bioinformatics analyses

10.1. m®A data processing

10.1.1.  run FASTQC?* to assess read quality in m®A and input FASTQ files from
sequencing.

10.1.2. run Atropos® to trim low-quality end and adapter sequences from the reads.
Set the following parameters in running Atropos.

. adapter sequences to be removed: AGATCGGAAGAG, CTCTTCCGATCT,
AACACTCTTTCCCT, AGATCGGAAGAGCG, AGGGAAAGAGTGTT, CGCTCTTCCGATCT
. Phred quality cutoff: 5, for trimming low-quality ends as specified by the
manufacturer (https://support.illumina.com/downloads/illumina-adapter-
sequences-document-1000000002694.html).

. Minimum read length after trimming: 25 base pairs.

10.1.3. merge GRh38 human genome and HIV [Integrated linear pNL4-3AEnv-GFP]
reference in FASTA format.

10.1.4.  index the merged reference with HISAT2%,

10.1.5. run HISAT2 on trimmed reads to aligned to the indexed reference. Use
default HISAT parameters.

10.1.6.  sort and index the aligned reads with SAMtools?’

10.1.7. run SAMtools stat and Qualimap 2% for post-alighment quality check of the
sequenced libreries.

10.1.8. optionally, quality measures from the previous step could be collected and
summarized with multiQC%.

10.1.9. HIV genome has homologous 634 bp sequences in the 5’ LTR and 3’ LTR:
realign multimapping reads from 5’ LTR to the corresponding 3’ LTR region with
SAMtools

10.1.10. in order to identify the m°®A peaks, run the peak calling software MACS23° (v
2.1.2). Caution must be applied in the choice of MACS2 running parameters, to allow


https://support.illumina.com/downloads/illumina-adapter-sequences-document-1000000002694.html
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the toll to correctly work on RNAseq data. In RNA-Seq data the peak calling can be
affected by the gene expression level, and short exons may potentially be miscalled
as peaks. Hence, signal from input must be subtracted from m°®A signal, without the
smoothing routinely applied by MACS2 to DNA based data. Apply the following
parameters to the ‘callpeak’ sub-command from MACS2:
. —keep-dup auto (controls the MACS2 behavior towards duplicate reads, ‘auto’
allows MACS to calculate the maximum number of reads at the exact same location
based on binomial distribution using 1e-5 as p-value cutoff)
. -g 2.7€e9 (size of human genome in bp)
.- 0.01 (minimum FDR cutoff to call significant peaks)
. --nomodel (to bypass building the shifting model, which is tailored for ChIP-Seq
experiments)
. --slocal 0
. —llocal O (setting this and the previous parameter to 0 allows MACS2 to directly
subtract, without smoothing, the input reads from the m°A reads)
. --extsize 100 (average length of fragments in bp)
.-B

10.1.11. run the differential peak calling sub-command of MACS2, ‘bdgdiff’ to
compare infected vs non-infected samples. ‘bdgdiff’ takes as inputs the bedGraph
files generated by ‘callpeak’ in the previous step. For each time point, run the
comparison of infected versus non-infected samples with ‘bdgdiff’, subtracting the
respective input signal from the m°®A signal and providing the additional parameters:
-g 60 -1 120.

10.2. m®C data processing

10.2.1. run Cutadapt®! to trim adapter sequences from the raw reads, with the
following parameters:
. adapter “AGATCGGAAGAGCACACGTCTGAAC”
. —minimum-length=25.

10.2.2. reverse complement the trimmed reads using seqgkit®?, as the sequencing
protocol produces reads from the reverse strand.

10.2.3. run FastQC to examine read quality.

10.2.4. merge GRh38 human genome and HIV [Integrated linear pNL4-3AEnv-GFP]
reference in FASTA format.

10.2.5. index the merged reference with the application meRanGh from the
meRanTK package®

10.2.6. aligning with meRanGh, with the following parameters:
. -UN enabling unmapped reads to be written to output files
. -MM enabling multi-mapped reads to be written to output file
. -bg for output in bedGraph
.-mbgc 10 filter reported region by coverage (at least 10 reads of coverage)

10.2.7. HIV genome has homologous 634 bp sequences in the 5’ LTR and 3’ LTR:
realign multimapping reads from 5’ LTR to the corresponding 3’ LTR region with
SAMtools

10.2.8. run methylation calling via the meRanCall tool, provided by meRanTK, with
parameters:
.-rl =126, read length
.-ei = 0.1, error interval for the methylation rate p-value calculation
.-cr = 0.99, expected conversion

10.2.9. run the MeRanTK’s utility estimateSizeFactors.pl for estimating size factors of
each sample. The size factors will be used as parameters in the next step.



10.2.10. run MeRanCompare for differential methylation analysis of not infected vs
infected) across time points 12, 24, and 36h. The following parameters are applied:
- significance value of .01 as the minimal threshold for reporting
- size factors from previous step

Indeed, authors mention they developed a home made pipeline for m6A analyses, which is
not described in the manuscript. Since peak assignment is critical in m6A-seq analyses,
authors should provide the reader with a guide to perform m6A peak determination.
These details have now been integrated to the manuscript in the bioinformatics analysis

paragraph [line 588-613] (and answer here-above)

In the introduction section, authors should mention additional strategies allowing
determination of m6A residues with single-nucleotide resolution as well as additional
methodologies employed for 5mC determination.

We would like to thank the reviewer for this comment. Additional technologies are now

added in the introduction
[line 66 to 77]

To date various techniques can be used to detect epitranscriptomic marks at transcriptome-
wide level. Most used techniques for m°®A identification rely on immune precipitation
techniques such as MeRIP-Seq and mi-CLIP. While MeRIP-Seq rely on RNA fragmentation to
capture fragments containing methylated residues, miCLIP is based on the generation of a-
mCA antibody specific sighature mutations upon RNA-antibody UV crosslinking, thus allowing
a more precise mapping.

Detection of m°C modification can be achieved either by antibody-based technologies as for
mPA detection (m°C RIP), by bisulfite conversion or by AZA-IP or miCLIP. Both Aza-IP and m>C
miCLIP capture only the RNA targets that are undergoing methylation by the enzyme with a
covalent linkage. In Aza-IP, the cytidine analog 5-azacytidine sites are randomly introduced
into nascent RNA following cellular exposure to 5-azacytidine, and in miCLIP, the NSun2
protein is engineered to harbor the C271A mutation®®

Figures 2 and 3 should include the cDNA library preparation step in order to avoid confusions
with the Direct RNA sequencing strategy using Oxford Nanopore Technologies.

Figure 2 and 3 have been modified to include the library preparation step as requested.

Revised figure 2
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Since authors are using HIV as an example, they should present some m6A-seq and 5mC data
analysis on viral transcripts



We thank the reviewer for the interest in our work. We used this pipeline in particular to
assess the differences in the epitransciptomic landscape of infected cells versus non-infected
once, as presented in figure 5. We think that presenting the results of HIV transcripts or viral
particles is out of the scope for this method issues. However, all these data are published in
our original research work https://doi.org/10.1101/2021.01.04.425358

Minor Concerns:

There is no mention to the brands of reagents with the exception of Zymo Research kits (e.g.,
fragmentation reagent, anti-m6A antibody, Magna Beads, etc). Is there any reason for this?
We agree with the reviewer that having the reagents brand and reference within the paper
could be handful; however, it is a journal policy not to integrate this information in the paper.
These informations are available in the dedicated excel table.

Some Buffer compositions such as that of the IP buffer should be provided

We thank the reviewer for noticing this mistake. Whenever possible buffer composition is
stated in the text. In case of commercial buffer, the information is provided in the method
table as per journal policy

[line 350-351] for IP buffer

For each sample : Prepare 4 ml of 1x IP buffer in a new conical tube by diluting 800 pl mRNA
IP buffer 5x (50 mM Tris-HCl pH 7.4 750 mM NaCl 0.5% Igepal CA-630 Nuclease-free water)
with 3.2 ml of nuclease-free water.

Point 7.1.6 needs rewording
We have now clarified the sentence in the text as follow:

[Line 362-363]

Add ten times more 1X IP buffer (from step 7.1.1) with respect to the original volume of
beads used (i.e. 250 pl of 1x IP buffer per 25 ul of magnetic beads).


https://doi.org/10.1101/2021.01.04.425358

Reviewer #2:

In their review entitled "Exploring m6A and m5C epitranscriptomes upon viral infection : an example
with HIV", the authors described two methods, called meRIP-seq and BS-seq, allowing the detection
of epitranscriptomic modifications (m6A and m5C, respectively) on messenger RNAs (mRNAs).
Overall, this technical review is extremely well written and provides two clear and highly detailed
protocols that will definitively help researchers to perform both techniques. The section
"Representative results" brings a nice addition to the present review. The reviewer has only a few
minor remarks/suggestions :

We would like to thank the reviewer for this positive evaluation and for appreciating our work.

e The present review is focused on the detection of epitranscriptomic modifications on polyA-
selected RNAs. Since many nonpolyadenylated transcripts could also harbor
epitranscriptomic modifications, the reviewer would appreciate a comment on putative
protocol adaptations to perform meRIP-seq and BS-seq on non-polyadenylated transcripts.

To analyze non polyadenylated RNA, the same procedure could be applied either on tot RNA
or on rRNA-depleted RNA.

This is now further clarified in the text as shown below:
[line 229-232]

Please keep in mind that if you aim at analyzing methylation of non-polyadenylated viral
RNAs, you should favor rRNA depletion rather than polyA selection or eventually perform the
analysis on tot RNA.

and
[line 782-784]

However, if the focus of the study is non-polyadenylated RNA, the RNA extraction step
should be adapted in order to avoid discarding small RNA (in case of column based RNA
extraction) and to privilege ribosome-depletion techniques rather than polyA selection to
enter the pipeline

e Point 2.1.7 : which volume should be recovered in the aqueous phase to prevent pipetting of
the interphase ?
The amount of aqueous phase should be very similar to the amount of chloroform added;
however, this could slightly change depending on the sample. To clarify this point, we added
a note in the manuscript:

[Line 157-158]

Note: the amount of aqueous phase may vary among samples but should be close to the
amount of chloroform added to the sample (i.e. 1 ml)

e In each protocol, the RNA quality is assessed using a fragment analyzer which is not a
common laboratory equipment. Is there any alternative to this equipment to evaluate RNA
quality?

Fragment analyzer or bioanalyser are the best options to assess RNA quality and know
beforehand if it is worth to proceed with the experiment. However, if this is not available
total RNA and mRNA quality can be visually assessed by running a few ng of sample on



agarose gel. The quality and amount of immune precipitate and bisulfite converted RNA
however can only be assessed with highly sensitive methods, if this is not available it is
always possible to proceed blindly to library preparation.

This point is now further discussed in the text
[Line 785-789]

In order to ensure high quality RNA, correct fragmentation and suitable m®A-enriched and BS
converted RNA quality for library preparation we strongly advise to use a fragment analyzer
or a bioanalyzer. However this equipment is not always available. As an alternative, quality of
RNA, mRNA and size of fragmented RNA could also be assessed by visualization on agarose
gel. Alternatively library preparation can be performed without previous assessment of RNA
quantity.

Point 2.1.11 : the authors recommend the use of molecular biology grade ethanol. Is this
recommendation also important when using isopropanol ?

Yes, we recommend to use molecular grade isopropanol as well. This recommendation has
now been added to text

[Line 159]
2.1.8. Add 0.5 ml of 100% molecular grade isopropanol to the aqueous phase.

Regarding the use of specific kit, such as Quick RNA Viral kit, High-Capacity cDNA reverse
Transcription kit or PCRapace, it is maybe important to mention the name of the private
companies selling these kits for patent reasons ?

We apologize for the mistake, indeed as per journal policy, we will not be able to use the kit
name in the paper. The manuscript has now been corrected using only generic names within
the main text and providing kit names and references in the method table as requested by
the editor.

Point 3.2.4 : how long the tubes should be placed on ice ?

The incubation time does not need to be precise, however according to the number of
samples and technical settings it is important that the incubation time does not exceed 1h.
Maintaining RNA on ice is important to avoid possible degradation.

This point has now been clarified in the text:
[Line 256-259]
Place immediately on ice until you are ready to proceed to the next step.

Note: Incubation time may vary according to the amount of samples to be processed but
should not exceed 1h to avoid any RNA degradation.

When pipetting liquid containing magnetic beads, should we use cutted tips to avoid beads
retention?



The size of beads available today does not require the tips to be cut out, nor the use of any

special wide bore pipette tips.

Point 3.3.5 : to improve washing steps, would it be an alternative to place the tubes during 5
minutes on a rotating wheel as performed in common ChlIP protocols ?

We would like to thank the reviewer for the helpful advice that we may use in the future.
However, at this stage and according to our experience, simple washing without wheel
incubation is sufficient to provide high quality mRNA.

Point 5.7: how long should the tubes be placed on ice?

please see response to point 3.2.4
[Line 320-322]
5.7. Spin down and let sit on ice until you are ready to proceed to the next step.

Note: Incubation time may vary according to the amount of samples to be processed but
should not exceed 1h to avoid any RNA degradation.

Point 6.8 : no centrifugation step to further eliminate all putative contaminants from the
wash buffer (such at point 2.2.2.13) ?

We thank the reviewer for pointing out this mistake. Indeed, a further centrifugation step is
recommended to remove any further contaminant. However, as per journal policy we had to
remove any reference to particular kit and protocols. Therefore, this part of the protocol
description has to be removed.

Point 8.2.10 : discard the flow through ?

Discarding the flow through at this point it is not necessary as the amount of washing buffer
plus Desulphonation Buffer (total of 400 pl) is lower than the total volume that a collection
tube can handle without reaching the column filter (700ul)



Reviewer #3:

The RNA modifications in the field of virology are expanding. A few reports investigated the m6A and
m5C on HIV-infected cellular and HIV viral RNA in the previous study. This article provided a good
resource and detailed protocol for performing the m6A and m5C sequences on RNA. Some minor
issues need to be addressed.

e This study uses HIV as a model to study m6A and m5C RNA methylation. Although this is a
method article, some previous findings related to m5C and m6A RNA methylation in HIV
should be used as reference.

We thank the reviewer for the useful comment. We have now highlighted the previous works
performed on HIV epitranscriptomics in the text.

[line 63-65]

In the field of HIV epitranscriptomics, modification on viral transcripts have been widely
investigated and have overall shown that presence of this modification was beneficial for
viral replication®13,

e Using the HIV viral RNA as a material, how to get enough viral RNA for the study in a short
infection time (24h infection) should be considered. The author may need to consider
concentrating the virus first.

We thank the reviewer for the insightful comment. Since HIV RNA is polyadenylated, direct
RNA extraction without further mRNA isolation is sufficient to proceed to epitranscriptomic
analysis. Hence only 1-2 ml of infectious supernatant are normally enough to retrieve 1 ug of
viral RNA to proceed with the analysis. We also performed RNA extraction from concentrated
viral particles. However, upon column-based RNA extraction, the RNA quality was
unfortunately very low and we needed to switch to phenol-based methods.

This is now clarified in the text
[line 183-186]

Note: Since HIV RNA is polyadenylated, direct RNA extraction without further mRNA isolation
is sufficient to enter the MeRIP-Seq and BS-Seq pipelines. Normally 1-2 ml of viral
supernatant from universally infected cells should provide enough RNA to perform the entire
workflow.

e  For the m6A study, how much anti-m6A antibody did the author use in this study? How many
different anti-m6A antibodies from other vendors did the author test?

We tested 3 different antibodies from 3 different vendors,

1. Mouse monoclonal anti m6A : SYSY (clone 212B11)
2. Rabbit polyclonal anti m6A: NEB (ref E1610S)

3. Mouse monoclonal anti-m6A: Millipore (clone 17-3-4-1)

All tested antibodies performed very similarly, however clone 17-3-4-1 was the one resulting
in cleaner peaks upon elution. Hence, we decided to continue working with that one.



To remove the false positive of m5C on RNA, the author mentioned that they performed
three cycles of denaturation/ bisulfite conversion. The bisulfite conversion is harsh, and some
RNA will be lost each cycle. Although the accuracy is increased, some m5C sites may lose. The
author should discuss this.

The reviewer is absolutely right about it. However, in our setting we preferred to settle for a
slightly lower resolution in order to have very robust data with the lowest false positive rate
as possible.

This is now discussed in the text as follows
[Line 808-811]

One of the limitations linked to this technique is that bisulfite conversion is very harsh and
three cycles of denaturation/bisulfite conversion could degrade some RNA and hence reduce
resolution. However, in our setting we choose to settle for a potentially slightly lower
resolution in order to increase the quality of the dataset.

There are a few methods to measure the m5C RNA. Have the author tested other methods,
like miCLIP and AZA-IP? Do you have any comments about this?

We would like to thank the reviewer for noticing this. And we apologize as we forgot to
discuss this in the manuscript.

Indeed, although we are aware of the presence of other methods to investigate m5C we did
not test them as we are convinced that bisulfite conversion was the method that was best
fitting our study design. In the epitranscriptomic field there is still a lot of uncertainty and
performing AZA-IP or miCILP method would have forced us to be dependent on the 2 known
m5C methylatransferases (DNMT2 and NSUN2) not allowing to describe additional sites
potentially added but yet to be discovered methyltransferases. Furthermore, these
techniques presented the same limitation we had to face for m6A investigation (high amount
of starting material) without adding any significant advantage to bisulfite conversion.

This is now clarified in the introduction.
[Line 72-77]

Detection of m>C modification can be achieved either by antibody-based technologies as for
mPA detection (m°C RIP), by bisulfite conversion or by AZA-IP or miCLIP. Both Aza-IP and m>C
miCLIP capture only the RNA targets that are undergoing methylation by the enzyme with a
covalent linkage. In Aza-IP, the cytidine analog 5-azacytidine sites are randomly introduced
into nascent RNA following cellular exposure to 5-azacytidine, and in miCLIP, the NSun2
protein is engineered to harbor the C271A mutation®°.

According to the results you got, did you confirm any results from other studies? Did you find
a similar m5C /m6A position in HIV viral RNA compared to other studies?

We confirmed some of the modifications already published for the m®A HIV profile. However
the profile we recovered for m5C shows a different pattern with respect to the one published
by Cullen in 2019. These details are further discussed in our original work (doi:



https://doi.org/10.1101/2021.01.04.425358). However, these data were not discussed in this
paper as we felt they were out of the scope of this Jove issue.
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