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SUMMARY: 14 
The role of RNA modifications in viral infections is just starting to be explored and could highlight 15 
new viral-host interaction mechanisms. In this work, we provide a pipeline to investigate m6A 16 
and m5C RNA modifications in the context of viral infections.  17 
 18 
ABSTRACT: 19 
The role of RNA modifications in biological processes has been the focus of an increasing number 20 
of studies in the last few years and is known nowadays as epitranscriptomics. Among others, N6-21 
methyladenosine (m6A) and 5-methylcytosine (m5C) RNA modifications have been described on 22 
mRNA molecules and may have a role in modulating cellular processes. Epitranscriptomics is thus 23 
a new layer of regulation that must be considered in addition to transcriptomic analyses, as it can 24 
also be altered or modulated by exposure to any chemical or biological agent, including viral 25 
infections. 26 
 27 
Here, we present a workflow that allows analysis of the joint cellular and viral epitranscriptomic 28 
landscape of the m6A and m5C marks simultaneously, in cells infected or not with the human 29 
immunodeficiency virus (HIV). Upon mRNA isolation and fragmentation from HIV- infected and 30 
noninfected cells, we used two different procedures: MeRIP-Seq, an RNA immunoprecipitation-31 
based technique, to enrich for RNA fragments containing the m6A mark and BS-Seq, a bisulfite 32 
conversion-based technique, to identify the m5C mark at a single nucleotide resolution. Upon 33 
methylation-specific capture, RNA libraries are prepared for high-throughput sequencing. We 34 
also developed a dedicated bioinformatics pipeline to identify differentially methylated (DM) 35 
transcripts independently from their basal expression profile. 36 
 37 
Overall, the methodology allows exploration of multiple epitranscriptomic marks simultaneously 38 
and provides an atlas of DM transcripts upon viral infection or any other cell perturbation. This 39 
approach offers new opportunities to identify novel players and novel mechanisms of cell 40 
response, such as cellular factors promoting or restricting viral replication. 41 
 42 
INTRODUCTION:  43 
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It is long known that RNA molecules can be modified, and more than 150 post-transcriptional 44 
modifications have been described to date1. They consist of the addition of chemical groups, 45 
mainly methyl groups, to virtually any position of the pyrimidine and purine rings of RNA 46 
molecules2. Such post-transcriptional modifications have already been shown to be highly 47 
enriched in transfer RNA (tRNA) and ribosomal RNA (rRNA) and have recently been described on 48 
mRNA molecules as well. 49 
 50 
The rise of new technologies, such as Next Generation Sequencing (NGS), and the production of 51 
specific antibodies recognizing definite chemical modifications allowed, for the first time, the 52 
investigation of the location and the frequency of specific chemical modifications at a 53 
transcriptome-wide level. These advancements have led to a better understanding of RNA 54 
modifications and to the mapping of several modifications on mRNA molecules3,4. 55 
 56 
While epigenetics investigates the role of DNA and histone modification in transcriptome 57 
regulation, epitranscriptomics in a similar fashion focuses on RNA modifications and their role. 58 
The investigation of epitranscriptomics modification provides new opportunities to highlight 59 
novel mechanisms of regulation that may tune a variety of cellular processes (i.e., RNA splicing, 60 
export, stability and translation)5. It was thus no great surprise that recent studies uncovered 61 
many epitranscriptomic modifications upon viral infection in both cellular and viral RNAs6. 62 
Viruses investigated so far include both DNA and RNA viruses; among them, HIV can be 63 
considered as a pioneering example. Altogether, the discovery of RNA methylation in the context 64 
of viral infections may allow the investigation of yet undescribed mechanisms of viral expression 65 
or replication, thus providing new tools and targets to control them7. 66 
 67 
In the field of HIV epitranscriptomics, modifications of viral transcripts have been widely 68 
investigated and have shown that the presence of this modification was beneficial for viral 69 
replication8-13. To date various techniques can be used to detect epitranscriptomic marks at the 70 
transcriptome-wide level. The most used techniques for m6A identification rely on immune 71 
precipitation techniques such as MeRIP-Seq and mi-CLIP. While MeRIP-Seq relies on RNA 72 
fragmentation to capture fragments containing methylated residues, miCLIP is based on the 73 
generation of α-m6A antibody specific signature mutations upon RNA-antibody UV crosslinking, 74 
thus allowing a more precise mapping. 75 
 76 
Detection of m5C modification can be achieved either by antibody-based technologies for m6A 77 
detection (m5C RIP), by bisulfite conversion or by AZA-IP or miCLIP. Both Aza-IP and m5C miCLIP 78 
use a specific methyltransferase as bait to target RNA while going through RNA methylation. In 79 
Aza-IP, target cells are exposed to 5-azacytidine, resulting in the random introduction of cytidine 80 
analog 5-azacytidine sites into nascent RNA. In miCLIP, the NSun2 methyltransferases are 81 
genetically modified to harbor the C271A mutation14,15. 82 
 83 
In this work, we focus on the dual characterization of m6A and m5C modifications in infected cells, 84 
using HIV as a model. Upon methodological optimization, we have developed a workflow that 85 
combines methylated RNA immunoprecipitation (MeRIP) and RNA bisulfite conversion (BS), 86 
allowing the simultaneous exploration of m6A and m5C epitranscriptomic marks at a 87 



   

transcriptome-wide level, in both cellular and viral contexts. This workflow can be implemented 88 
on cellular RNA extracts as well as on RNA isolated from viral particles. 89 
 90 
The Methylated RNA ImmunoPrecipitation (MeRIP)16 approach allowing investigation of m6A at 91 
the transcriptome-wide level is well established and an array of m6A specific antibodies are 92 
commercially available to date17. This method consists of the selective capture of m6A-containing 93 
RNA pieces using an m6A-specific antibody. The two major drawbacks of this technique are (i) the 94 
limited resolution, which is highly dependent on the size of RNA fragments and thus provides an 95 
approximated location and region containing the methylated residue, and (ii) the large amount 96 
of material needed to perform the analysis. In the following optimized protocol, we standardized 97 
the fragment size to about 150 nt and reduced the amount of starting material from 10 µg of 98 
poly-A-selected RNA, which is currently the advised amount of starting material, to only 1 µg of 99 
poly-A-selected RNA. We also maximized the recovery efficiency of the m6A RNA fragments 100 
bound to the specific antibodies using an elution by a competition approach with a m6A peptide 101 
instead of more conventional and less specific elution methods using phenol-based techniques 102 
or proteinase K. The main limitation of this RIP-based assay, however, remains the suboptimal 103 
resolution that does not allow the identification of the exact modified nucleotide. 104 
 105 
Analysis of the m5C mark can be currently performed using two different approaches: a RIP-based 106 
method with m5C specific antibodies and RNA bisulfite conversion. As RIP offers only limited 107 
resolution on the identification of the methylated residue, we used bisulfite conversion that can 108 
offer single nucleotide resolution. RNA exposure to bisulfite (BS) leads to cytosine deamination, 109 
thereby converting the cytoside residue into uracil. Thus, during the RNA bisulfite conversion 110 
reaction, every nonmethylated cytosine is deaminated and converted to uracil, while the 111 
presence of a methyl group in position 5 of the cytosine has a protective effect, preventing the 112 
BS-induced deamination and preserving the cytosine residue. The BS-based approach allows for 113 
the detection of a m5C modified nucleotide at a single base resolution and for assessment of the 114 
methylation frequency of each transcript, providing insights into m5C modification dynamics18. 115 
The main limitation of this technique however relies on the false positive rate of methylated 116 
residues. Indeed, BS conversion is effective on single-stranded RNA with accessible C residues. 117 
However, the presence of a tight RNA secondary structure could mask the N5C position and 118 
hamper BS conversion, resulting in nonmethylated C residues that are not converted to U 119 
residues, and thus false positives. To circumvent this issue and minimize the false positive rate, 120 
we applied 3 rounds of denaturation and bisulfite conversion cycles19. We also introduced 2 121 
controls in the samples to enable estimation of bisulfite conversion efficiency: we spike in ERCC 122 
sequencing controls (nonmethylated standardized and commercially available sequences)20 as 123 
well as poly-A-depleted RNAs to assess bisulfite conversion rate on one hand, and to verify by 124 
RT-PCR the presence of a known and well conserved methylated site, C4447, on 28S ribosomal 125 
RNA on the other hand 21.  126 
 127 
In the field of virology, coupling these two epitranscriptomic investigation methods with next 128 
generation sequencing and accurate bioinformatics analysis allows for the in-depth study of m6A 129 
and m5C dynamics (i.e., RNA modification temporal changes that could occur upon viral infection 130 
and could uncover an array of new therapeutically relevant targets for clinical use). 131 



   

 132 
PROTOCOL: 133 
 134 
1. Cell Preparation  135 
 136 
NOTE: Depending on the cell type and its RNA content, the starting number of cells can vary. 137 
 138 
1.1. Have enough cells to obtain between 200-500 µg of total RNA or 5-7 µg of poly-A+ RNA. For 139 
example, 50 x 106 SupT1 cells should yield around 500 µg of total RNA upon extraction with 140 
phenol based reagents, and is thus required for each individual condition tested. 141 
 142 
1.2. Prepare the required number of cells according to the experimental design, and thus 143 
according to the number of conditions tested (infection, timepoints, treatment). If the 144 
experiment aims at obtaining noninfected cells and HIV-infected cells at 24 h post-infection, a 145 
total of 100 x 106 cells is needed, half for noninfected condition and half for infected condition. 146 
 147 
2. RNA Extraction  148 
 149 
2.1. From Cells: RNA Extraction with Phenol-Chloroform 150 
 151 
2.1.1. For each condition, collect cells (e.g., 50 x 106) by centrifugation and discard the 152 
supernatant. 153 
 154 
2.1.2. Add 5 mL of phenol-based reagent to each 50 x 106 cell pellet and mix by pipetting up and 155 
down several times. 156 
 157 
2.1.3. Incubate for 5 min at room temperature to allow complete lysis. Lysed cells can be stored 158 
at -80 °C or processed directly. 159 
 160 
NOTE: If needed, cells can also be divided in aliquots of 10 x 106 cells per tube in 1.5 mL tubes 161 
and lysed in 1 mL of phenol-based reagent for more convenient storage. 162 
 163 
2.1.4. Add 1 mL of chloroform and mix by inversion. 164 
 165 
2.1.5. Incubate for 3 min at room temperature. 166 
 167 
2.1.6. Centrifuge for 15 min at 2,000 x g and 4 °C. 168 
 169 
2.1.7. Pipette out the aqueous phase (upper phase) and transfer to a new tube. Finish 170 
transferring the aqueous phase by angling the tube at 45° and carefully pipetting the solution 171 
out.  172 
 173 



   

NOTE: The amount of aqueous phase may vary among samples but should be close to the amount 174 
of chloroform added to the sample (i.e., 1 mL). Do not transfer any interphase or organic layer! 175 
The use of phase-lock or phase-maker tubes can facilitate this process. 176 
 177 
2.1.8. Add 0.5 mL of 100% molecular grade isopropanol to the aqueous phase. 178 
 179 
2.1.9. Incubate for 1 h at -80 °C to allow RNA precipitation. 180 
 181 
2.1.10. Centrifuge for 10 min at 12,000 x g and 4 °C to pellet the precipitated RNA. 182 
 183 
2.1.11. Discard the supernatant and resuspend the RNA pellet in 1 mL of 75% molecular biology 184 
grade ethanol. Vortex briefly. 185 
 186 
2.1.12. Centrifuge for 5 min at 7,500 x g and 4 °C and discard the supernatant. 187 
 188 
2.1.13. Air-dry the pellet for 15 min. 189 
 190 
2.1.14. Resuspend the pellet in 20 µL of RNase-free water and transfer to a new tube. 191 
 192 
2.1.15. Wash the empty tube with an additional 20 µL of water to maximize RNA recovery, and 193 
pool with the first 20 µL volume. 194 
 195 
2.1.16. Quantify the total RNA with a spectrophotometer and assess the RNA quality with a 196 
fragment analyzer.  197 
 198 
2.2. From Viral Particles: RNA Extraction with Column Based Viral RNA Extraction Kit  199 
 200 
NOTE: RNA extraction from viral particles with phenol-based reagent results in low quality viral 201 
RNA and in lower quality libraries. A column-based RNA extraction should thus be favored. 202 
RNA extraction kits using carrier RNA for RNA elution and recovery are not appropriate for this 203 
procedure and should be avoided. Since HIV RNA is poly-Adenylated, direct RNA extraction 204 
without further mRNA isolation is sufficient to enter the MeRIP-Seq and BS-Seq pipelines. 205 
Normally 1-2 mL of viral supernatant from universally infected cells should provide enough RNA 206 
to perform the entire workflow. 207 
 208 
2.2.1. Prepare the buffer by adding 150 µL of beta-mercaptoethanol to 30 mL of lysis buffer. 209 
Reconstitute the Viral Wash Buffer by adding 96 mL of 100% ethanol.  210 
 211 
2.2.2. Collect virus-containing supernatants and centrifuge to pellet cell debris to minimize 212 
cellular RNA contamination. 213 
 214 
2.2.3. Transfer 1 mL of viral supernatant to a 15 mL tube. 215 
 216 
2.2.4. Add 3 mL of Viral RNA Buffer to 1 mL of viral sample and mix by vortexing.  217 



   

 218 
2.2.5. Transfer 700 µL of sample in a column, inserted in a Collection Tube. 219 
 220 
2.2.6. Centrifuge for 2 min at 13,000 x g at room temperature.  221 
 222 
2.2.7. Discard the flowthrough.  223 
 224 
2.2.8. Repeat the 3 previous steps until the whole sample has been processed, and thus all RNA 225 
has been captured on the silica-based matrix column. 226 
 227 
2.2.9. Add 500 µL of Viral Wash Buffer to the column. 228 
 229 
2.2.10. Centrifuge for 1 min at 10,000 x g at room temperature. Discard the flowthrough. 230 
 231 
2.2.11. Add 200 µL of Viral Wash Buffer to the column. 232 
 233 
2.2.12. Centrifuge for 1 min at 10,000 x g at room temperature. Discard the flowthrough. 234 
 235 
2.2.13. Place the column into an empty collection tube. 236 
 237 
2.2.14. Centrifuge for 1 min at 10,000 x g at room temperature to further discard any remaining 238 
wash buffer contaminant. 239 
 240 
2.2.15. Carefully transfer the column into a 1.5 mL tube. 241 
 242 
2.2.16. Add 20 µL of DNase/RNase-free water directly to the center of the column matrix and 243 
centrifuge at 10,000 x g for 30 s at room temperature. 244 
 245 
2.2.17. Add an additional 10 µL of DNase/RNase-free water directly to the center of the column 246 
matrix and centrifuge again for 30 s. 247 
 248 
2.2.18. Quantify the total RNA with a spectrophotometer and assess the RNA quality with a 249 
fragment analyzer. 250 
 251 
NOTE: RNA extraction can be carried out with any method, if the quality of the retrieved RNA is 252 
high, with an RNA integrity/quality number > 9. Total RNA can be stored at -80 °C until further 253 
processing. 254 
 255 
3. mRNA Isolation by poly-A Selection with Oligo(dT)25  256 
 257 
NOTE: Due to the presence of highly methylated ribosomal RNA in cellular extracts, it is highly 258 
recommended to isolate poly-A RNA either by rRNA depletion or preferentially by poly-A positive 259 
selection. This step is optional and should be performed for cellular RNA samples only, to obtain 260 
sequencing results at higher resolution. If analyzing methylation of nonpoly-Adenylated viral 261 



   

RNAs, favor rRNA depletion rather than poly-A selection or eventually perform the analysis on 262 
tot RNA. 263 
 264 
3.1. Bead Preparation for poly-A Capture 265 
 266 
3.1.1. Resuspend the Oligo(dT)25 magnetic beads stock vial by vortexing for >30 s. 267 
 268 
3.1.2. Transfer 200 µL of magnetic beads to a 1.5 mL tube. Prepare the number of tubes with 269 
magnetic beads according to the total quantity of RNA samples to be processed.  270 
 271 
NOTE: One tube with 200 µL of Dynabead stock solution corresponds to 1 mg of beads and can 272 
accommodate a sample of 75 μg of total RNA. 273 
 274 
3.1.3. Place the tubes on a magnet for 1 min and discard the supernatant. Remove the tubes 275 
from the magnet.  276 
 277 
3.1.4. Add 1 mL of Binding Buffer (20 mM Tris-HCl, pH 7.5, 1.0 M LiCl, 2 mM EDTA), and resuspend 278 
by vortexing. Place the tubes on the magnet for 1 min and discard the supernatant. Remove the 279 
tubes from the magnet. Repeat.  280 
 281 
3.1.5. Resuspend the washed magnetic beads in 100 μL of Binding Buffer. 282 
 283 
3.2. Total RNA preparation 284 
 285 
3.2.1. Dilute the total RNA at a final concentration of 0.75 μg/μL with RNase-free water, which 286 
corresponds to 75 μg/100 µL.  287 
 288 
NOTE: If RNA is at a lower concentration, proceed as described below without modifying the 289 
volumes. 290 
 291 
3.2.2. Aliquot the total RNA in multiple tubes by dispensing 100 μL of RNA sample per tube. 292 
  293 
3.2.3. Add 100 µL of Binding buffer to each RNA sample. 294 
 295 
3.2.4. Heat the total RNA to 65 °C for 2 min to disrupt secondary structures.  296 
 297 
3.2.5. Place immediately on ice until ready to proceed to the next step. 298 
 299 
NOTE: Incubation time may vary according to the number of samples to be processed but should 300 
not exceed 1 h to avoid any RNA degradation. 301 
 302 
3.3. Poly-A Selection 303 
 304 
3.3.1. To each RNA tube (from step 3.2), add 100 µL of washed magnetic beads (from step 3.1).  305 



   

 306 
3.3.2. Mix thoroughly by pipetting up and down and allow binding on a rotating wheel at room 307 
temperature for 15 min. 308 
 309 
3.3.3. Open all tubes, place them on the magnet for 1 min, and carefully remove all the 310 
supernatant. 311 
 312 
3.3.4. Recover the supernatant in a new tube and keep aside for a second round of RNA capture 313 
(step 3.3.14), in order to improve the poly-A final recovery. 314 
 315 
3.3.5. Remove the tube from the magnet and add 200 μL of Washing Buffer (10 mM Tris-HCl, pH 316 
7.5, 0.15 M LiCl, 1 mM EDTA 10 mM Tris-HCl, pH 7.5). Mix by pipetting carefully 4 to 5 times. 317 
 318 
3.3.6. Place the tube on the magnet for 1 min and discard the supernatant. 319 
 320 
3.3.7. Repeat the washing step once (repeat steps 3.3.5 and 3.3.6).  321 
 322 
3.3.8. Add 20 µL of ice-cold 10 mM Tris-HCl to elute poly-A RNA from the beads.  323 
 324 
3.3.9. Incubate at 80 °C for 2 min. 325 
 326 
3.3.10. Place the tube on the magnet and quickly transfer the supernatant containing the poly-A 327 
RNA to a new RNase-free tube. Place the tube on ice. 328 
 329 
3.3.11. Repeat the elution step (steps 3.3.8 to 3.3.10) to increase the yield.  330 
 331 
3.3.12. Wash the same beads once with 200 µL of washing buffer. Mix by pipetting carefully 4 to 332 
5 times. 333 
 334 
3.3.13. Place on the magnet for 1 min and discard washing buffer. 335 
 336 
3.3.14. Add the flowthrough from step 3.3.4 to the beads and repeat the procedure from binding 337 
to elution (steps 3.3.2 to 3.3.10). Keep the RNA eluates in separate tubes for now. 338 
 339 
NOTE: Optionally, again keep the supernatant equivalent to step 3.3.4 in a new tube as it can be 340 
used as a control. At the end of the procedure, purify and concentrate the RNA by ethanol 341 
precipitation or with a column-based method of choice (i.e., RNA clean and concentrator). This 342 
sample corresponds to a poly-A depleted RNA sample and can be used as a control for bisulfite 343 
conversion (step 8.2.2). 344 
 345 
3.3.15. Quantify the eluted RNA with a spectrophotometer and keep a 2 µL aliquot to further 346 
assess the RNA quality with a fragment analyzer. 347 
 348 
NOTE: Poly-A RNA can be stored at -80 °C until needed. 349 



   

 350 
4. RNA workflow 351 
 352 
4.1. Divide the cellular poly-A RNA (mRNA) and viral RNA samples into 2 aliquots, dedicated to 353 
the respective epitranscriptomic analysis pipeline: 354 
(i) 5 µg of cellular mRNA or 1 µg of viral RNA for MeRIP-Seq and input controls (go to steps 5 to 355 
7, and step 9). 356 
(ii) 1 µg of cellular mRNA or 500 ng of viral RNA for BS-Seq (go to steps 8 and 9). 357 
 358 
5. RNA Fragmentation  359 
 360 
NOTE: RNA fragmentation is carried out with the RNA fragmentation reagent and is intended for 361 
MeRIP-Seq and control RNA samples. This is a very important step that requires careful 362 
optimization in order to obtain fragments that range between 100-200 nt. 363 
 364 
5.1. Divide the total volume of mRNA into 0.2 mL PCR tubes with 18 µL of mRNA/tube.  365 
 366 
NOTE: Work quickly. Do not work with more than 8 samples at a time to have reproducible 367 
results. Scaling up the volume will not guarantee a reproducible and uniform fragmentation. 368 
 369 
5.2. Warm up a thermocycler at 70 °C.  370 
 371 
5.3. Add 2 µL of fragmentation reagent on the edge of each PCR tube.  372 
 373 
5.4. Close the tube and spin down (so that the reagent gets in contact with RNA at the same time 374 
for the 8 tubes). 375 
 376 
5.5. Incubate the samples 15 min at 70 °C in the preheated thermocycler. 377 
 378 
5.6. As soon as the incubation is over, add quickly 2 µL of Stop solution in each tube. 379 
 380 
5.7. Spin down and let sit on ice until ready to proceed to the next step. 381 
 382 
NOTE: Incubation time may vary according to the number of samples to be processed but should 383 
not exceed 1 h to avoid any RNA degradation. 384 
 385 
5.8. Repeat the procedure for all the samples (if there are more than 8 aliquots).  386 
 387 
5.9. Pool the tubes together and proceed to RNA purification with a RNA clean and concentrator 388 
Kit (step 6) or any customized column-based kit to get rid of the buffers and recover clean 389 
fragmented RNA in water. 390 
 391 
6. RNA Purification 392 
 393 



   

NOTE: This step can be carried out by ethanol precipitation or with any kind of column-based 394 
RNA purification and concentration method (i.e., RNA Clean and Concentrator). 395 
 396 
6.1. Elute or resuspend the purified RNA in a total volume of 50-75 µL of DNase/RNase-free 397 
water. 398 
 399 
NOTE: If a column-based method is used, two rounds of elution are strongly recommended to 400 
ensure maximum recovery  401 
 402 
6.2. Quantify the purified fragmented mRNA with a spectrophotometer and assess the RNA 403 
quality with a fragment analyzer.  404 
 405 
6.3. Keep 100 ng of fragmented mRNA as input control for library preparation and sequencing 406 
(go to step 9). The remaining fragmented mRNA (minimum 2.5 µg) can be used for MeRIP (go to 407 
step 7.2).  408 
 409 
7. MeRIP  410 
 411 
NOTE: A minimum of 2.5 µg of fragmented mRNA is required for each immunoprecipitation (IP), 412 
either using a specific anti-m6A antibody (test condition) or using an anti-IgG antibody (negative 413 
control). 414 
 415 
7.1. Magnetic Bead Preparation for Immunoprecipitation 416 
 417 
7.1.1. For each sample, prepare 4 mL of 1x IP buffer in a new conical tube by diluting 800 μL of 418 
mRNA IP buffer 5x (50 mM Tris-HCl pH 7.4, 750 mM NaCl, 0.5% Igepal CA-630, and nuclease-free 419 
water) with 3.2 mL of nuclease-free water. 420 
 421 
NOTE: At least 2 reactions are needed (one test and one IgG control). 422 
 423 
7.1.2. Place the tube on ice. 424 
 425 
7.1.3. Label the appropriate number of 1.5 mL microcentrifuge tubes for the number of desired 426 
IP reactions:  427 
n tubes (test) for anti-m6A antibody. 428 
n tubes (negative control) for Normal Mouse IgG. 429 
 430 
7.1.4. Resuspend the magnetic beads (e.g., Magna ChIP Protein A/G ) by inverting and vortexing. 431 
No clumps of beads should be visible. 432 
 433 
7.1.5. For each reaction planned, transfer 25 μL of magnetic beads to a microcentrifuge tube. 434 
 435 
7.1.6. Add ten times more 1x IP buffer (from step 7.1.1) with respect to the original volume of 436 
beads used (i.e., 250 μL of 1x IP buffer per 25 μL of magnetic beads).  437 



   

 438 
7.1.7. Mix the beads by gently pipetting up and down several times for complete resuspension. 439 
 440 
7.1.8. Place the tube on the magnetic separator for 1 min. 441 
 442 
7.1.9. Remove and discard the supernatant, making sure not to aspirate any magnetic beads. 443 
Remove the tube from the magnet. 444 
 445 
7.1.10.  Repeat the washing step (steps 7.1.6 to 7.1.9). 446 
 447 
7.1.11. Resuspend the beads in 100 μL of 1x IP Buffer per 25 μL of original volume of magnetic 448 
beads.  449 
 450 
7.1.12. Add 5 μL of antibody (1 µg/µL) per 25 μL of original volume of magnetic beads.  451 
n tubes (test) with anti-m6A antibody (clone 17-3-4-1) [1 µg/µL]. 452 
n tubes (negative control) with Normal Mouse IgG (1 µg/µL). 453 
 454 
7.1.13. Incubate on the rotating wheel for 30 min at room temperature to allow conjugation of 455 
the antibodies with the magnetic beads. 456 
 457 
7.1.14. Place the tube on the magnetic separator for 1 min. Discard the supernatant. Remove the 458 
tube from the magnet and resuspend the antibody-bead mixture in 100 μL of 1x IP Buffer. 459 
 460 
7.2. RNA Immunoprecipitation (RIP) 461 
 462 
7.2.1. Prepare 500 μL of RIP reaction mixture for each 2.5 μg mRNA sample as follows: 2.5 μg in 463 
100 µL of Fragmented RNA (from step 6.12); 295 µL of nuclease-free water; 5 µL of 40 U/µL RNase 464 
Inhibitor; and 100 µL of 5x IP buffer.  465 
 466 
7.2.2. Add 500 μL of RIP reaction mixture to each antibody-bead mixture (~100 µL from step 467 
7.1.14). Mix by gently pipetting several times to completely resuspend the beads. Place on ice. 468 
 469 
7.2.3. Incubate all RIP tubes on a rotating wheel for 2 hours at 4 °C. 470 
 471 
7.2.4. Centrifuge the MeRIP reactions briefly to spin down liquid droplets from the cap and tube 472 
sides. Place the tubes on a magnetic separator for 1 min. 473 
 474 
7.2.5. Transfer the supernatant in a new centrifuge tube, being careful not to disturb the 475 
magnetic beads.  476 
 477 
NOTE: Flowthrough can be kept as control to verify RIP efficiency (go to step 7.3.9). 478 
 479 
7.2.6. Remove tubes from the magnet. Wash the beads by adding 500 μL of cold 1x IP buffer. Mix 480 
the beads by gently pipetting several times to completely resuspend the beads. 481 



   

 482 
7.2.7. Place the tubes on a magnetic separator for 1 min and discard supernatant. 483 
 484 
7.2.8. Repeat the washing procedure (steps 7.2.6-7.2.7) twice for a total of 3 washes. 485 
 486 
7.2.9. Place the tubes on ice and immediately proceed to elution. 487 
 488 
7.3. Elution 489 
 490 
7.3.1. Prepare 20 mM m6A solution by dissolving 10 mg of N6-Methyladenosine, 5′-491 
monophosphate sodium salt (m6A) in 1.3 mL of nuclease-free water. Prepare 150 μL aliquots and 492 
store at -20 °C.  493 
 494 
7.3.2. For each sample (test and controls): Prepare 225 μL of elution buffer by mixing the 495 
following components: 45 μL of 5x IP Buffer, 75 μL of 20 mM m6A, 3.5 μL of 40U/µL RNase 496 
Inhibitor, and 101.5 µL of nuclease-free water. 497 
 498 
7.3.3. Add 100 μL of elution buffer (from step 7.3.2) to the beads (from step 7.2.9). Mix by gently 499 
pipetting several times to completely resuspend beads. 500 
 501 
7.3.4. Incubate all tubes for 1 h with continuous shaking on a rocker at 4 °C.  502 
 503 
7.3.5. Centrifuge the RIP reactions briefly to spin down liquid droplets from the cap and tubes 504 
sides. Place the tubes on a magnetic separator for 1 min. 505 
 506 
7.3.6. Transfer the supernatant containing eluted RNA fragments to a new 1.5 mL 507 
microcentrifuge tube. Be careful not to aspirate the beads, as it will increase background noise. 508 
 509 
7.3.7. Repeat elution steps (7.3.3 to 7.3.6) by again adding 100 µL of elution buffer, incubating 1 510 
h at 4 °C, and collecting the eluate after magnetic separation. 511 
 512 
7.3.8. Combine all eluates from the same sample (total elution volume should be 200 μL). 513 
 514 
7.3.9. Purify the eluted RNA and the flowthrough (optional, from step 7.2.5) by ethanol 515 
precipitation or by a column-based method of choice (i.e., RNA Clean and Concentrator). 516 
 517 
7.3.10. Assess the RNA quantity and quality of flowthrough and eluted samples with a fragment 518 
analyzer using a high sensitivity detection kit. If the quality of the RNA is satisfactory, proceed to 519 
library preparation and high-throughput sequencing (step 9). 520 
 521 
NOTE: The amount of RNA retrieved upon MeRIP is very low, and imperatively requires high 522 
sensitivity detection kits to ensure quantification. If a bioanalyzer are not available, it is possible 523 
to proceed blindly to library preparation. 524 
 525 



   

8. RNA Bisulfite Conversion 526 
 527 
8.1. Control and Reagent Preparation 528 
 529 
8.1.1. ERCC mix spike-in control: Add ERCC mix following manufacturer’s instructions, which 530 
recommend the addition of 0.5 µL of undiluted ERCC mix to 500 ng of mRNA. This control can 531 
help assess the efficiency of bisulfite conversion. 532 
 533 
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-534 
depleted RNA for 500 ng of mRNA). This sample is enriched in ribosomal RNA and should thus 535 
contain the 28S rRNA, a positive control for bisulfite conversion.  536 
 537 
NOTE: Total RNA can also be used as positive control instead of poly-A-depleted RNA. 538 
 539 
8.1.3. Perform bisulfite conversion with an RNA methylation kit (e.g., Zymo EZ). 540 
 541 
8.1.4. RNA Wash Buffer: Add 48 mL of 100% ethanol (or 52 mL of 95% ethanol) to 12 mL of RNA 542 
Wash Buffer concentrate before use. 543 
 544 
8.2. Bisulfite Conversion 545 
 546 
NOTE: Bisulfite conversion was carried out with a commercially available RNA bisulfite conversion 547 
kit following manufacturer’s procedure as stated below. 548 
 549 
8.2.1.  In 0.2 mL PCR tubes, add 1000 ng of mRNA (or between 300 and 1000 ng). Add spike-in 550 
controls: 1 µL of ERCC mix (step 8.1.1) and 1000 pg of poly-A-depleted RNA (step 8.1.2). Complete 551 
volume up to 20 µL with DNase/RNase-free water. 552 
 553 
8.2.2. Add 130 μL of RNA Conversion Reagent to each 20 μL RNA sample. 554 
 555 
8.2.3. Mix the sample by pipetting up and down. 556 
 557 
8.2.4. Spin down briefly to ensure there are no droplets in the cap or sides of the tube. 558 
 559 
8.2.5. Place the PCR tubes in a thermal cycler and perform the following steps: denaturation at 560 
70 °C for 5 min; conversion at 54 °C for 45 min; repeat denaturation and conversion steps for a 561 
total of 3 cycles; and then hold at 4 °C indefinitely.  562 
 563 
NOTE: Three cycles of denaturation and bisulfite conversion ensure complete bisulfite conversion 564 
of the sample. Samples can be stored at -80 °C or directly processed.  565 
 566 
8.2.6. Proceed with in-column desulphonation. Place a column into an empty collection tube and 567 
add 250 μL of RNA Binding Buffer to the column. 568 
 569 



   

8.2.7. Load the sample (~150 μL from Step 8.2.5) into the column containing the RNA Binding 570 
Buffer and mix by pipetting up and down. 571 
 572 
8.2.8. Add 400 μL of 95-100% ethanol to the sample-RNA Binding Buffer mixture in the column. 573 
Close the cap and immediately mix by inverting the column several times. 574 
 575 
8.2.9. Centrifuge at full speed (≥ 10,000 x g) for 30 s. Discard the flowthrough. 576 
 577 
8.2.10. Add 200 μL of RNA Wash Buffer to the column and centrifuge at full speed for 30 s. 578 
 579 
8.2.11. Add 200 μL of RNA Desulphonation Buffer to the column and incubate at room 580 
temperature for 30 min. After the incubation, centrifuge at full speed for 30 s. Discard the 581 
flowthrough. 582 
 583 
8.2.12. Add 400 μL of RNA Wash Buffer to the column and centrifuge at full speed for 30 s. Repeat 584 
the wash step with an additional 400 μL of RNA Wash Buffer. Discard the flowthrough. 585 
 586 
8.2.13. Centrifuge the column in the emptied Collection Tube at full speed for 2 min. Transfer the 587 
column into an RNase-free tube. 588 
 589 
8.2.14. Add ≥ 10 μL of DNase/RNase-free water directly to the column matrix, and incubate for 1 590 
min at room temperature. Centrifuge at full speed for 30 s.  591 
 592 
NOTE: We usually elute in a volume of 20 μL. The eluted RNA can be used immediately or stored 593 
at -20 °C for up to 3 months. For long-term storage, keep at -80 °C. 594 
 595 
8.2.15. Take out 2.5 µL for fragment analyzer assessment of RNA quality and quantity and 596 
proceed to library preparation and high-throughput sequencing (step 9). 597 
 598 
8.2.16. Take 4 µL of converted RNA for bisulfite conversion control of efficiency (step 8.3). 599 
 600 
8.3. Bisulfite Conversion Control by RT-PCR 601 
 602 
NOTE: This step ensures that bisulfite conversion was successful before proceeding to 603 
sequencing. 28S ribosomal RNA from Homo sapiens will be used as positive control for RNA 604 
methylation analysis, as the C residue at position 4447 (GenBank accession # NR_003287) has 605 
been described as being 100% methylated. 606 
 607 
Primer Sequences: 608 
H 28SF primer: 5’-GGGGTTTTAYGATTTTTTTGATTTTTTGGG-3’ 609 
H 28SR primer: 5’-CCAACTCACRTTCCCTATTAATAAATAAAC-3’ 610 
 611 



   

8.3.1. Prepare Reverse Transcription (RT) reaction mix using a High-Capacity cDNA Reverse 612 
Transcription Kit. Thaw the kit components on ice and prepare the RT master mix on ice as 613 
follows: 614 
4 µL of Bisulfite converted RNA (from step 8.2.14):  615 
2 µL of 10x RT Buffer 616 
0.8 µL of 25x dNTP Mix [100 mM] 617 
2 µL of 10x RT Random Primers 618 
1 µL of MultiScribe Reverse Transcriptase 619 
1 µL of RNase Inhibitor 620 
9.2 µL of nuclease-free H2O 621 
 622 
NOTE: Each RT reaction should contain a 20 µL final volume in 0.2 mL PCR tubes. 623 
 624 
8.3.2. Put the tubes in the thermal cycler with the following RT program: 25 °C for 10 min; 37 °C 625 
for 120 min; 85 °C for 5 min; then at 4 °C indefinitely. 626 
 627 
8.3.3. Prepare the PCR reaction to amplify specifically the 28S rRNA with a PCR proofreading 628 
enzyme. Thaw the kit components on ice, gently vortex and briefly centrifuge. Prepare the PCR 629 
master mix on ice or on an ice-cold metal plate holder as follows: 630 
0.6 µL of 10 µM H 28SF primer 631 
0.6 µL of 10 µM H 28SF primer 632 
6.5 µL of Template cDNA 633 
22.5 µL of DNA Polymerase master mix 634 
 635 
NOTE: Each PCR reaction should contain a 20 µL final volume in 0.2 mL PCR tubes. 636 
 637 
8.3.4. Put the tubes in the thermal cycler with the following PCR program: initial denaturation at 638 
95 °C for 5 min; 45 cycles of denaturation (95 °C for 15 s), annealing (57 °C for 30 s), and 639 
elongation (72 °C for 15 s), final elongation at 72°C for 10 min, and then holding at 4 °C 640 
indefinitely. 641 
 642 
8.3.5. Run 10 µL of the reaction on a 2% agarose gel. The expected band size is 130 – 200 bp. 643 
 644 
8.4. Sequencing of PCR products 645 
 646 
8.4.1. Purify the PCR products with a column based method of choice to remove enzymes and 647 
DNTPs residues and elute the amplified DNA in at least 20 µL of DNase/RNase-free water.  648 
 649 
8.4.2. Quantify the purified DNA with spectrophotometer. 650 
 651 
8.4.3. Sequencing reaction 652 
 653 
8.4.3.1. Use 40 ng of PCR product/sequencing reaction. 654 
 655 



   

8.4.3.2. Sequence in both directions with the H 28SF and H 28SR primers.  656 
 657 
8.4.3.3. Align the sequences with the known nonconverted sequence (28S ribosomal N5 658 
(RNA28SN5). Check for the presence of a C residue at position C4447, and for T residues instead 659 
of C elsewhere. 660 
 661 
9. Library Preparation and High-Throughput Sequencing 662 
 663 
9.1. Prepare libraries for sequencing using mRNA kits (e.g., Illumina TruSeq Stranded), starting 664 
the protocol at the Elute-Prime-Fragment step and following manufacturer instructions.  665 
 666 
9.1.1. However, for the input RNA-Seq and MeRIP-Seq samples, incubate the samples at 80 °C 667 
for 2 min to only prime but not further fragment them.  668 
 669 
9.2. Carry out sequencing using Illumina platforms. Sequencing reactions can be carried out 670 
according to preferences and experimental design, either single or paired ends, with a minimum 671 
of 100 nt length. 672 
 673 
10. Bioinformatics Analyses 674 
 675 
10.1. m6A Data Processing 676 
 677 
10.1.1. Run FASTQC24 to assess read quality in m6A and input FASTQ files from sequencing. 678 
 679 
10.1.2. Run Atropos25 to trim low-quality end and adapter sequences from the reads. Set the 680 
following parameters in running Atropos. 681 
 682 
10.1.2.1. Remove the following adapter sequences: AGATCGGAAGAG, CTCTTCCGATCT, 683 
AACACTCTTTCCCT, AGATCGGAAGAGCG, AGGGAAAGAGTGTT, CGCTCTTCCGATCT. 684 
 685 
10.1.2.2. Use the following Phred quality cutoff: 5, for trimming low-quality ends as specified by 686 
the manufacturer (https://support.illumina.com/downloads/illumina-adapter-sequences-687 
document-1000000002694.html).  688 
 689 
10.1.2.3. Use the following minimum read length after trimming: 25 base pairs. 690 
 691 

10.1.3. Merge the GRh38 human genome and HIV [Integrated linear pNL4-3Env-GFP] reference 692 
in FASTA format. 693 
 694 
10.1.4. Index the merged reference with HISAT226. 695 
 696 
10.1.5. Run HISAT2 on trimmed reads to aligned to the indexed reference. Use default HISAT 697 
parameters. 698 
 699 

https://support.illumina.com/downloads/illumina-adapter-sequences-document-1000000002694.html
https://support.illumina.com/downloads/illumina-adapter-sequences-document-1000000002694.html


   

10.1.6. Sort and index the aligned reads with SAMtools27. 700 
 701 
10.1.7. Run SAMtools stat and Qualimap 228, for post-alignment quality check of the sequenced 702 
libraries. 703 
 704 
10.1.8. Optionally, collect and summarize quality measures from the previous step with 705 
multiQC29. 706 
 707 
10.1.9. HIV genome has homologous 634 bp sequences in the 5’ LTR and 3’ LTR: Realign 708 
multimapping reads from 5’ LTR to the corresponding 3’ LTR region with SAMtools. 709 
 710 
10.1.10. In order to identify the m6A peaks, run the peak calling software MACS230 (v 2.1.2). 711 
Carefully select MACS2 running parameters, in order to ensure correct functioning on RNAseq 712 
data as peak calling can be affected by gene expression level, and short exons may be miscalled 713 
as peaks. Hence, input signal must be subtracted from m6A signal, without the smoothing 714 
routinely applied by MACS2 to DNA based data. Apply the following parameters to the ‘callpeak’ 715 
sub-command from MACS2: 716 
 717 
–keep-dup auto (controls the MACS2 behavior towards duplicate reads, ‘auto’ allows MACS to 718 
calculate the maximum number of reads at the exact same location based on binomial 719 
distribution using 1e-5 as p-value cutoff) 720 
–g 2.7e9 (size of human genome in bp)  721 
–q 0.01 (minimum FDR cutoff to call significant peaks) 722 
–nomodel (to bypass building the shifting model, which is tailored for ChIP-Seq experiments)  723 
–slocal 0  724 
–llocal 0 (setting this and the previous parameter to 0 allows MACS2 to directly subtract, without 725 
smoothing, the input reads from the m6A reads)  726 
–extsize 100 (average length of fragments in bp)  727 
–B  728 
 729 
10.1.11. Run the differential peak calling sub-command of MACS2, ‘bdgdiff’ to compare infected 730 
vs noninfected samples. ‘bdgdiff’ takes as inputs the bedGraph files generated by ‘callpeak’ in 731 
the previous step. For each time point, run the comparison of infected versus noninfected 732 
samples with ‘bdgdiff’, subtracting the respective input signal from the m6A signal and providing 733 
the additional parameters: -g 60 -l 120. 734 
 735 
10.2. m5C Data Processing 736 
 737 
10.2.1. Run Cutadapt31 to trim adapter sequences from the raw reads, with the following 738 
parameters: 739 
adapter “AGATCGGAAGAGCACACGTCTGAAC” 740 
–minimum-length=25. 741 
 742 



   

10.2.2. Reverse-complement the trimmed reads using seqkit32, as the sequencing protocol 743 
produces reads from the reverse strand. 744 
 745 
10.2.3. Run FastQC to examine read quality. 746 
 747 

10.2.4. Merge GRh38 human genome and HIV [Integrated linear pNL4-3Env-GFP] reference in 748 
FASTA format. 749 
 750 
10.2.5. Index the merged reference with the application meRanGh from the meRanTK package33. 751 
 752 
10.2.6. Align with meRanGh with the following parameters: 753 
–UN enabling unmapped reads to be written to output files 754 
–MM enabling multi-mapped reads to be written to output file 755 
–bg for output in bedGraph 756 
–mbgc 10 filter reported region by coverage (at least 10 reads of coverage)  757 
 758 
10.2.7. HIV genome has homologous 634 bp sequences in the 5’ LTR and 3’ LTR: realign 759 
multimapping reads from 5’ LTR to the corresponding 3’ LTR region with SAMtools 760 
 761 
10.2.8. Run methylation calling via the meRanCall tool, provided by meRanTK, with the following 762 
parameters: 763 
–rl = 126, read length  764 
–ei = 0.1, error interval for the methylation rate p-value calculation 765 
–cr = 0.99, expected conversion  766 
 767 
10.2.9. Run the MeRanTK’s utility estimateSizeFactors.pl for estimating size factors of each 768 
sample. The size factors will be used as parameters in the next step. 769 
 770 
10.2.10. Run MeRanCompare for differential methylation analysis of not infected vs infected) 771 
across time points 12, 24, and 36h. The following parameters are applied: a significance value of 772 
.01 as the minimal threshold for reporting and size factors from previous step. 773 
 774 
REPRESENTATIVE RESULTS:  775 
This workflow has proven useful to investigate the role of m6A and m5C methylation in the 776 
context of HIV infection. For this, we used a CD4+ T cell line model (SupT1) that we either infect 777 
with HIV or left untreated. We started the workflow with 50 million cells per condition and 778 
obtained an average of 500 µg of total RNA with an RNA quality number of 10 (Figure 1A-B). 779 
Upon poly-A selection we retrieved between 10 and 12 µg of mRNA per condition (representing 780 
about 2% of total RNA) (Figure 1B). At this point, we used 5 µg of poly-A selected RNA for the 781 
MeRIP Seq pipeline and 1 µg for the BS-Seq pipeline. Since HIV RNA is poly-adenylated, no further 782 
action is needed and MeRIP-Seq and BS-Seq procedures can be directly applied. 783 
 784 
[Place Figure 1 here] 785 
 786 



   

MeRIP-Seq pipeline is an RNA immunoprecipitation-based technique that allows investigation of 787 
m6A modification along RNA molecules. For this, RNA is first fragmented and then incubated with 788 
m6A-specific antibodies coupled to magnetic beads for immunoprecipitation and capture. MeRIP-789 
enriched RNA fragments and the untouched (input) fraction are then sequenced and compared 790 
to identify m6A-modified RNA regions and thus m6A-methylated transcripts (Figure 2A). The 791 
resolution of the technique relies on the efficiency of RNA fragmentation. Indeed, shorter 792 
fragments allow for a more precise localization of the m6A residue. Here, cellular poly-A-selected 793 
RNAs and viral RNAs were subjected to ion-based fragmentation with RNA fragmentation buffer 794 
during 15 min in a 20 µL final volume to obtain RNA fragments of 100-150 nt. Starting with 5 µg 795 
of mRNA, we recovered 4.5 µg of fragmented RNA, corresponding to a recovery rate of 90% 796 
(Figure 2B). We used 100 ng of fragmented, purified RNA as input control, subjected directly to 797 
library preparation and sequencing. The remaining RNA (~4.4 µg) was processed according to the 798 
MeRIP-Seq pipeline, which starts with incubation of fragmented RNA with beads bound either to 799 
anti-m6A specific antibodies or to anti-IgG antibodies as control. m6A-specific RIP (MeRIP) of 2.5 800 
µg of fragmented RNA allowed retrieving around 15 ng of m6A-enriched material that underwent 801 
library preparation and sequencing (Figure 2B). RIP with anti-IgG control, as expected, did not 802 
yield enough RNA to allow further analysis (Figure 2B).  803 
 804 
[Place Figure 2 here] 805 
 806 
BS-Seq pipeline allows exploration of m5C RNA modification at nucleotide resolution and leads 807 
to the identification of m5C-methylated transcripts. Upon bisulfite conversion, nonmethylated 808 
cytosines are converted into uracil, while methylated cytosines remain unchanged (Figure 3A). 809 
Due to the harsh conditions of bisulfite conversion procedure (i.e., high temperature and low 810 
pH), converted mRNAs are highly degraded (Figure 3B), however this does not interfere with 811 
library preparation and sequencing. Bisulfite conversion is efficient only on single-stranded RNA 812 
and can thus potentially be hindered by secondary double-stranded RNA structures. To evaluate 813 
the efficiency of C-U conversion we introduced two controls. As a positive control, we took 814 
advantage of the previously described presence of a highly methylated cytosine in position C4447 815 
of the 28S rRNA 23. Upon RT-PCR amplification and sequencing of a 200 bp fragment surrounding 816 
the methylated site we could observe that all cytosines were successfully converted to uracils, 817 
thereby appearing as thymidines in the DNA sequence, except the cytosine in position 4447 that 818 
remained unchanged. As a control for bisulfite conversion rate, we used commercially available 819 
synthetic ERCC RNA sequences. This mixture consists in a pool of known, nonmethylated and 820 
poly-adenylated RNA sequences, with a variety of secondary structures and lengths. Upon library 821 
preparation and sequencing, we focused on these ERCC sequences to calculate the conversion 822 
rate, which can be performed by counting the number of converted C among the total C residues 823 
in all the ERCC sequences and in each sample. We obtained a conversion rate of 99.5%, 824 
confirming the efficiency and the success of the bisulfite conversion reaction (Figure 3D). 825 
 826 
[Place figure 3 here] 827 
 828 
M6A-enriched samples, bisulfite converted samples and input controls are further processed for 829 
library preparation, sequencing and bioinformatics analysis (Figure 4). According to the 830 



   

experimental design and biological question(s) addressed, multiple bioinformatic analyses can be 831 
applied. As proof of principle here, we show representative results from one potential application 832 
(i.e., differential methylation analysis), which focuses on the identification of differentially 833 
methylated transcripts induced upon HIV infection. Briefly, we investigated the m6A or m5C 834 
methylation level of transcripts, independently from their gene expression level, in both 835 
noninfected and HIV-infected cells, in order to further understand the role of RNA methylations 836 
during viral life cycle. Upon gene expression normalization, we identified that the ZNF469 837 
transcript was differentially m6A-methylated according to the infection status, indeed this 838 
transcript was not methylated in noninfected cells while it displayed several methylated peaks 839 
upon HIV infection (Figure 5A). A similar differential methylation analysis on m5C revealed that 840 
the PHLPP1 transcript contained several methylated residues, which tend to be more frequently 841 
methylated in the HIV condition (Figure 5B). In this context, both analyses suggest that HIV 842 
infection impacts the cellular epitranscriptome. 843 
 844 
[Place figure 4 and 5 here] 845 
 846 
FIGURE AND TABLE LEGENDS: 847 
Figure 1: RNA preparation for downstream applications. A) Workflow depicting RNA 848 
preparation and distribution for simultaneous MeRIP-Seq and BS-Seq pipelines. Every filled 849 
hexagonal shape represents an RNA modification type, such as m6A (green) or m5C (pink). 850 
Amounts of RNA material needed to carry out the experiment are indicated. B) Representative 851 
results depicting expected RNA distribution profiles (size and amount) upon total RNA extraction 852 
(upper panel) and poly-A selection (lower panel). Samples were loaded on the fragment analyzer 853 
with standard sensitivity kit in order to assess RNA quality before entering specific MeRIPSeq and 854 
BS-Seq procedures. RQN: RNA quality number; nt: nucleotides 855 
 856 
Figure 2: MeRIP-Seq pipeline. A) Schematic representation of MeRIP-Seq workflow and input 857 
control. Upon poly-A selection, samples were fragmented into 120-150 nt pieces and, either 858 
directly subjected to sequencing (100 ng, input control), or used for RNA immunoprecipitation 859 
(2.5 μg, RIP) with anti-m6A specific antibody or anti-IgG antibody as negative control prior to 860 
sequencing. B) Representative results showing expected RNA distribution profiles (size and 861 
amount) upon fragmentation (upper panel) and RIP (lower panels, MeRIP: left, IgG control: right). 862 
Samples were loaded on fragment analyzer to evaluate RNA quality and concentration before 863 
further processing to library preparation and Sequencing. Fragmented RNA analysis was 864 
performed using the RNA standard sensitivity kit while immunoprecipitated RNA used the high 865 
sensitivity kit. 866 
 867 
Figure 3: BS-Seq pipeline. A) Schematic representation of BS-Seq workflow. Upon poly-A 868 
selection, samples are exposed to bisulfite, resulting in C to U conversion (due to deamination) 869 
for nonmethylated C residues. In contrast, methylated C residues (m5C) are not affected by 870 
bisulfite treatment and remain unchanged. B) Representative result of bisulfite converted RNA 871 
distribution profile (size and amount) upon analysis on fragment analyzer with a standard 872 
sensitivity kit. C) Electropherogram showing representative sequencing result of RT-PCR 873 
amplicon of the region surrounding the 100% methylated C at position 4447 in 28S rRNA 874 



   

(highlighted in blue). In contrast, C residues of the reference sequence were identified as T 875 
residues in the amplicon sequence due to bisulfite conversion success. D) Evaluation of C-U 876 
conversion rate by analysis of ERCC spike-in sequences in HIV-infected and noninfected cells. The 877 
average conversion rate is of 99.5%. 878 
 879 
Figure 4: Schematic representation of the bioinformatics workflow for the analysis of m6A and 880 
m5C data.  881 
 882 
Figure 5: Example of differentially methylated transcripts upon infection. A) Representative 883 
result showing m6A methylation of ZNF459 transcript in HIV-infected (green) and noninfected 884 
(grey) cells. Peak intensity (upon input expression subtraction) is shown on the y-axis and position 885 
in the chromosome along the x-axis. Differential methylation analysis reveals that ZFN469 886 
transcript is hypermethylated upon HIV infection. B) Representative result of m5C methylated 887 
gene in HIV-infected (upper lane) and noninfected (lower lane) cells. The height of each bar 888 
represents the number of reads per nucleotide and allows coverage assessment. Each C residue 889 
in represented in red, and the proportion of methylated C is represented in blue. The exact 890 
methylation rate (%) is reported above each C residue. Arrows highlight statistically significant 891 
differentially methylated C. Samples were visualized using IGV viewer. 892 
 893 
DISCUSSION: 894 
The role of RNA modifications in viral infection is still largely unknown. A better understanding of 895 
the role of epitranscriptomic modifications in the context of viral infection could contribute to 896 
the quest for new antiviral treatment targets. 897 
 898 
In this work, we provide a complete workflow that allows investigation of the m6A and m5C 899 
epitranscriptome of infected cells. Depending on the biological question, we advise to use poly-900 
A selected RNA as starting material. Although optional, as the pipeline could be used with total 901 
RNA, it is important to keep in mind that rRNA as well as small RNAs are highly modified and 902 
contain an important number of methylated residues. This could result in a decreased quality 903 
and quantity of meaningful sequencing data. 904 
 905 
However, if the focus of the study is non-poly-adenylated RNA, the RNA extraction step should 906 
be adapted in order to avoid discarding small RNA (in case of column-based RNA extraction) and 907 
to privilege ribosome-depletion techniques rather than poly-A selection to enter the pipeline. 908 
 909 
In order to ensure high quality RNA, correct fragmentation and suitable m6A-enriched and BS 910 
converted RNA quality for library preparation we strongly advise to use a fragment analyzer or a 911 
bioanalyzer. However, this equipment is not always available. As an alternative, quality of RNA, 912 
mRNA and size of fragmented RNA could also be assessed by visualization on agarose gel. 913 
Alternatively, library preparation can be performed without previous assessment of RNA 914 
quantity. 915 
 916 
We used the antibody-based MeRIP-Seq16 technique to explore the m6A epitranscriptomic 917 
landscape. This technique is based on RNA immunoprecipitation and is successful; however, 918 



   

some steps need careful optimization and can be critical. Although m6A methylation has been 919 
described to occur mainly within the consensus sequence RRA3CH, this motif is highly frequent 920 
along mRNA molecules and does not allow precise identification of the methylated site. It is thus 921 
critical to achieve a reproducible and consistent RNA fragmentation, generating small RNA 922 
fragments, to improve the RIP-based resolution. In this protocol, we recommend an optimized 923 
procedure, providing reproducible and consistent results in our experimental setting; however, 924 
this fragmentation step may need further optimization according to specific sample features. 925 
 926 
Recently a new technique allowing m6A direct sequencing was described. It is based on the use 927 
of specific reverse transcriptase variants that exhibit a unique RT-signatures as a response to 928 
encountering m6A RNA modification24. This technology, upon careful optimization could 929 
circumvent the major limitation faced with MeRIP seq (decreasing the amount of initial material 930 
and allow a higher resolution). To explore the m5C modification we decided to use the bisulfite 931 
conversion technique in order to detect at nucleotide resolution the modified C residues. In order 932 
to reduce the false positive rate due to the presence of RNA secondary structures, we performed 933 
3 cycles of denaturation/bisulfite conversion and further control bisulfite conversion rate 934 
performance thanks to the use of ERCC spike-in controls. One of the limitations linked to this 935 
technique is that bisulfite conversion is very harsh and three cycles of denaturation/bisulfite 936 
conversion could degrade some RNA and hence reduce resolution. However, in our setting, we 937 
chose to settle for a potentially slightly lower resolution in order to increase the quality of the 938 
dataset. 939 
 940 
Thanks to these optimizations and controls, we were able to provide a reliable and sound 941 
workflow that can be exploited to investigate the epitranscriptomic landscape and its alteration 942 
in the context of viral infections, host-pathogen interactions, or any exposure to specific 943 
treatments. 944 
 945 
ACKNOWLEDGMENTS:  946 
This work was supported by the Swiss National Science Foundation (grants 31003A_166412 and 947 
314730_188877). 948 
 949 
DISCLOSURES: 950 
The authors have nothing to disclose 951 
 952 
REFERENCES: 953 
1 Machnicka, M. A. et al. MODOMICS: a database of RNA modification pathways--2013 954 
update. Nucleic Acids Research. 41 (Database issue), D262-267 (2013). 955 
2 Zaccara, S., Ries, R. J., Jaffrey, S. R. Reading, writing and erasing mRNA methylation. 956 
Nature Reviews Molecular Cell Biology. 20 (10), 608-624 (2019). 957 
3 Davalos, V., Blanco, S., Esteller, M. SnapShot: Messenger RNA Modifications. Cell. 174 (2), 958 
498-498 e491 (2018). 959 
4 Saletore, Y. et al. The birth of the Epitranscriptome: deciphering the function of RNA 960 
modifications. Genome Biology. 13 (10), 175 (2012). 961 



   

5 Zhao, B. S., Roundtree, I. A., He, C. Post-transcriptional gene regulation by mRNA 962 
modifications. Nature Reviews Molecular Cell Biology. 18 (1), 31-42 (2017). 963 
6 Netzband, R., Pager, C. T. Epitranscriptomic marks: Emerging modulators of RNA virus 964 
gene expression. Wiley Interdisciplinary Reviews: RNA. 11 (3), e1576 (2020). 965 
7 Pereira-Montecinos, C., Valiente-Echeverria, F., Soto-Rifo, R. Epitranscriptomic regulation 966 
of viral replication. Biochimica et Biophysica Acta. 1860 (4), 460-471 (2017). 967 
8 Lichinchi, G. et al. Dynamics of the human and viral m(6)A RNA methylomes during HIV-1 968 
infection of T cells. Nature Microbiology. 1 16011 (2016). 969 
9 Courtney, D. G. et al. Epitranscriptomic Addition of m(5)C to HIV-1 Transcripts Regulates 970 
Viral Gene Expression. Cell Host & Microbe. 26 (2), 217-227 e216 (2019). 971 
10 Kennedy, E. M. et al. Posttranscriptional m(6)A Editing of HIV-1 mRNAs Enhances Viral 972 
Gene Expression. Cell Host & Microbe. 19 (5), 675-685 (2016). 973 
11 Tirumuru, N., Wu, L. HIV-1 envelope proteins up-regulate N (6)-methyladenosine levels of 974 
cellular RNA independently of viral replication. Journal of Biological Chemistry. 294 (9), 3249-975 
3260 (2019). 976 
12 Tirumuru, N. et al. N(6)-methyladenosine of HIV-1 RNA regulates viral infection and HIV-977 
1 Gag protein expression. Elife. 5 (2016). 978 
13 Cristinelli, S., Angelino, P., Janowczyk, A., Delorenzi, M., Ciuffi, A. HIV Modifies the m6A 979 
and m5C Epitranscriptomic Landscape of the Host Cell. Frontiers in Virology. 1 (11) (2021). 980 
14 Khoddami, V., Cairns, B. R. Transcriptome-wide target profiling of RNA cytosine 981 
methyltransferases using the mechanism-based enrichment procedure Aza-IP. Nature Protocols. 982 
9 (2), 337-361 (2014). 983 
15 Hussain, S., Aleksic, J., Blanco, S., Dietmann, S., Frye, M. Characterizing 5-methylcytosine 984 
in the mammalian epitranscriptome. Genome Biology. 14 (11), 215 (2013). 985 
16 Dominissini, D., Moshitch-Moshkovitz, S., Salmon-Divon, M., Amariglio, N., Rechavi, G. 986 
Transcriptome-wide mapping of N6-methyladenosine by m6A-seq based on immunocapturing 987 
and massively parallel sequencing. Nature Protocols. 8 (1), 176-189 (2013). 988 
17 Dominissini, D. et al. Topology of the human and mouse m6A RNA methylomes revealed 989 
by m6A-seq. Nature. 485 (7397), 201-206 (2012). 990 
18 Shobbir Hussain*†, J. A., Sandra Blanco, Sabine Dietmann and Michaela Frye*. 991 
Characterizing 5-methylcytosine in the mammalian epitranscriptome. Genome Biology. 14 (215) 992 
(2013). 993 
19 Amort, T. et al. Distinct 5-methylcytosine profiles in poly(A) RNA from mouse embryonic 994 
stem cells and brain. Genome Biology. 18 (1), 1 (2017). 995 
20 Endrullat, C., Glökler, J., Franke, P., Frohme, M. Standardization and quality management 996 
in next-generation sequencing. Applied & Translational Genomics. 10 2-9 (2016). 997 
21 Schaefer, M., Pollex, T., Hanna, K., Lyko, F. RNA cytosine methylation analysis by bisulfite 998 
sequencing. Nucleic Acids Research. 37 (2), e12 (2009). 999 
22 Cristinelli, S., Angelino, P., Janowczyk, A., Delorenzi, M., Ciuffi, A. HIV Modifies the m6A 1000 
and m5C Epitranscriptomic Landscape of the Host Cell. 1 (11) (2021). 1001 
23 Squires, J. E. et al. Widespread occurrence of 5-methylcytosine in human coding and 1002 
noncoding RNA. Nucleic Acids Research. 40 (11), 5023-5033 (2012). 1003 
24 Aschenbrenner, J. et al. Engineering of a DNA Polymerase for Direct m(6) A Sequencing. 1004 
Angewandte Chemie (International ed. in English). 57 (2), 417-421 (2018). 1005 



   

24 http://www.bioinformatics.babraham.ac.uk/projects/fastqc/ (2021). 1006 
25 Didion, J.P., Martin, M., Collins, F.S. Atropos: specific, sensitive, and speedy trimming of 1007 
sequencing reads. PeerJ. 5, e3720 (2017). 1008 
26 Kim, D., Langmead, B., Salzberg, S.L. HISAT: a fast spliced aligner with low memory 1009 
requirements. Nature Methods. 12 (4), 357-60 (2015). 1010 
27 Li, H. et al. The Sequence Alignment/Map format and SAMtools. Bioinformatics. 25 (16), 1011 
2078-9 (2009). 1012 
28 Okonechnikov, K., Conesa, A., García-Alcalde, F. Qualimap 2: advanced multi-sample 1013 
quality control for high-throughput sequencing data. Bioinformatics (Oxford, England). 32 (2), 1014 
292-4 (2016). 1015 
29 Ewels, P., Magnusson, M., Lundin, S., Käller, M. MultiQC: summarize analysis results for 1016 
multiple tools and samples in a single report. Bioinformatics (Oxford, England). 32 (19), 3047-8 1017 
(2016). 1018 
30 Zhang, Y. et al. Model-based Analysis of ChIP-Seq (MACS). Genome Biology. 9 (9), R137 1019 
(2008). 1020 
31 Martin, M. Cutadapt removes adapter sequences from high-throughput sequencing 1021 
reads. EMBnet Journal. 17, (1) (2011). 1022 
32 Shen, W., Le, S., Li, Y., Hu, F. SeqKit: A Cross-Platform and Ultrafast Toolkit for FASTA/Q 1023 
File Manipulation. PLOS ONE. 11 (10), e0163962 (2016). 1024 
33 Rieder, D., Amort, T., Kugler, E., Lusser, A., Trajanoski, Z. meRanTK: methylated RNA 1025 
analysis ToolKit. Bioinformatics. 32 (5), 782-5 (2015). 1026 

http://www.bioinformatics.babraham.ac.uk/projects/fastqc/


Tot RNA (RQN=10)

PolyA selected RNA (mRNA)

Size (nt)

Pe
ak

 in
te

ns
ity

 (R
FU

)

A B

BS-Seq pipeline
(Steps 8,9)

PolyA selec�on
(Step 3) 

mRNA (4-5 μg) mRNA (0.3-1 μg) 

Total RNA (500 μg) 
AAm7

G A

AAm7
G A

mRNA (5-7 μg) AAm7
G A

AAm7
G A

AAm7
G A AAm7

G A

MeRIP-Seq pipeline
(Steps 5-7,9)

Cell prepara�on, RNA extrac�on
(Steps 1,2) 

Figure_1 Click here to access/download;Figure;Figure_1.pdf

https://www.editorialmanager.com/jove/download.aspx?id=1372882&guid=76bc60e6-d6e2-4fb1-afb0-c02df29ea59f&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1372882&guid=76bc60e6-d6e2-4fb1-afb0-c02df29ea59f&scheme=1


A B
mRNA (˜5 μg)  

Binding with
α-m6A specific Ab
(or α-IgG control)

m6A  RIP (MeRIP)
(or IgG RIP)

Sequencing of m6A
 enriched fragments

(or input control)

AAm7G A

AAm7G A

AAm7G A

A A CCG TT G A

Fragmented mRNA
 (˜4.5 μg) 

A A CCG TT G A

Comparison with input control

Input MeRIP

N
b 

of
 re

ad
s

Size (nt)

Pe
ak

 in
te

ns
ity

 (R
FU

)

Fragmented mRNA

MeRIP α-m6A RIP α-IgG(1.4 ng/μl) (0.02 ng/μl)

127nt

129nt

123nt

Input control pipeline
(100ng)

MeRIP-Seq pipeline
2.5 μg/RIP (m6A or IgG)

cDNA
 library preparation

Figure 2_rev Click here to access/download;Figure;Figure 2 m6A workflow results_rev.pdf

https://www.editorialmanager.com/jove/download.aspx?id=1372883&guid=f578ae8b-13cf-42e1-930f-ae78fc396291&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1372883&guid=f578ae8b-13cf-42e1-930f-ae78fc396291&scheme=1


mRNA
(0.5 - 1 μg)

Bisulfite conversion

A AC CG T

A AG TT

m5C

C

Sequencing

Reference
Bisulfite converted

C U

m5C

C

m5C

C

m5C

Ref sequence

BS sequence 

C4447

HIV NI
0

20

40

60

80

C
on

ve
rs

io
n 

ra
te

 (%
)

Size (nt)

Pe
ak

 in
te

ns
ity

 (R
FU

)

A B

C

D

% Converted C
% Non converted C100

AAm7
G A

C C C

U
AAm7

G A

C U

cDNA library 
preparation

Figure 3_rev Click here to access/download;Figure;Figure 3 Bisulfite conversion_rev.pdf

https://www.editorialmanager.com/jove/download.aspx?id=1372884&guid=e538bf99-bf7e-46f2-ad17-c377782a8903&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1372884&guid=e538bf99-bf7e-46f2-ad17-c377782a8903&scheme=1


Figure 4_new Click here to access/download;Figure;Figure 4 Bioinformatic pipeline.pdf

https://www.editorialmanager.com/jove/download.aspx?id=1372885&guid=fdeb2dad-f197-4c7c-ac63-2c2abd860dfe&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1372885&guid=fdeb2dad-f197-4c7c-ac63-2c2abd860dfe&scheme=1


C C G G G T G C C T T C G G G G G G C C T C C G C G C G C G C C C C C C G C C G
A D

62 716 540 bp 62 716 550 62 716 560 62 716 570 62 716 580

PHLPP1
Hg38_Chr18

HIV

24h

21� 22�23�

11� 16�14�

5.5

0

5.5

0

HIV

NI

88,420 kb 88,425 kb 88,430 kb 88,435 kb 88,440 kb 88,445 kb 88,450 kb 88,455 kb

Hg38_Chr16 ZNF469 ZFPM1

A

B

Figure 5 Click here to access/download;Figure;Fig 5_sequencing results.pdf

https://www.editorialmanager.com/jove/download.aspx?id=1372886&guid=90f079e8-3131-43b4-a084-e5cf41db495c&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1372886&guid=90f079e8-3131-43b4-a084-e5cf41db495c&scheme=1


  

Table of Materials

Click here to access/download
Table of Materials
JoVE_Materials.xls

https://www.editorialmanager.com/jove/download.aspx?id=1381305&guid=49900a30-217b-4184-991f-1ae01cb164e2&scheme=1


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 (m6A) and 5-methylcytosine (m5C) 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 : 
 

 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. 

Point by point answer to reviewrs Click here to access/download;Rebuttal Letter;Response to
reviewers.docx

https://www.editorialmanager.com/jove/download.aspx?id=1372888&guid=36a49f38-6e3e-4a4f-8519-3fb97e204eb6&scheme=1
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 Please revise the text to avoid the use of any personal pronouns (e.g., "we", "you", 
"our" etc.). 

 Please discuss limitations of the protocol in the discussion. 

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

 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 m6A-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. m6A data processing 
10.1.1. run FASTQC24 to assess read quality in m6A and input FASTQ files from 

sequencing. 
10.1.2. run Atropos25 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 pNL4-3Env-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. 
10.1.6. sort and index the aligned reads with SAMtools27 
10.1.7. run SAMtools stat and Qualimap 228, for post-alignment quality check of the 

sequenced libreries. 
10.1.8. optionally, quality measures from the previous step could be collected and 

summarized with multiQC29. 
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 m6A peaks, run the peak calling software MACS230 (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
https://support.illumina.com/downloads/illumina-adapter-sequences-document-1000000002694.html


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 m6A 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)  
. -q 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 0 (setting this and the previous parameter to 0 allows MACS2 to directly 
subtract, without smoothing, the input reads from the m6A 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 m6A signal and providing the additional parameters: 
-g 60 -l 120. 
 

10.2. m5C data processing 
10.2.1. run Cutadapt31 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 seqkit32, 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 pNL4-3Env-GFP] 
reference in FASTA format. 

10.2.5. index the merged reference with the application meRanGh from the 
meRanTK package33  

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 m6A 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  α-

m6A antibody specific signature mutations upon RNA-antibody UV crosslinking, thus allowing 

a more precise mapping. 

Detection of m5C modification can be achieved either by antibody-based technologies as for 

m6A detection (m5C RIP), by bisulfite conversion or by AZA-IP or miCLIP. Both Aza-IP and m5C  

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 mutation8,9 

 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 
 



 
 

 Revised figure 3 
 

 
 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 μl 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 μl of 1x IP buffer per 25 μl 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. 

 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 

 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) 

 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 m6A-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 ChIP 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 µl) is lower than the total volume that a collection 

tube can handle without reaching the column filter (700µl) 

 

  



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. 

 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 replication8-13. 

 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. 

 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 m5C modification can be achieved either by antibody-based technologies as for 

m6A detection (m5C RIP), by bisulfite conversion or by AZA-IP or miCLIP. Both Aza-IP and m5C  

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 mutation8,9. 

 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 m6A 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. 

 

https://doi.org/10.1101/2021.01.04.425358

