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SHORT ABSTRACT:  25 
We describe here a method for regulating picornavirus tropism by incorporating 26 
sequences complementary to specific microRNAs into the viral genome.  This protocol 27 
can be adapted to all different classes of viruses with modifications based upon the 28 
length and nature of their life cycle.   29 
 30 
LONG ABSTRACT: 31 
Cell-specific restriction of viral replication without concomitant attenuation can benefit 32 
vaccine development, gene therapy, oncolytic virotherapy, and understanding the 33 
biological properties of viruses. There are several mechanisms for regulating viral 34 
tropism, however they tend to be virus class specific and many result in virus 35 
attenuation.  Additionally, many viruses, including picornaviruses, exhibit size 36 
constraints that do not allow for incorporation of large amounts of foreign genetic 37 
material required for some targeting methods. MicroRNAs are short, non-coding RNAs 38 
that regulate gene expression in eukaryotic cells by binding complementary target 39 
sequences in messenger RNAs, preventing their translation or accelerating their 40 
degradation. Different cells exhibit distinct microRNA signatures and many microRNAs 41 
serve as biomarkers. These differential expression patterns can be exploited for 42 
restricting gene expression in cells that express specific microRNAs while maintaining 43 
expression in cells that do not.  In regards to regulating viral tropism, sequences 44 
complementary to specific microRNAs are incorporated into the viral genome, generally 45 
in the 3’ non-coding regions, targeting them for destruction in the presence of the 46 
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cognate microRNAs thus preventing viral gene expression and/or replication. 47 
MicroRNA-targeting is a technique that theoretically can be applied to all viral vectors 48 
without altering the potency of the virus in the absence of the corresponding 49 
microRNAs. Here we describe experimental methods associated with generating a 50 
microRNA-targeted picornavirus and evaluating the efficacy and specificity of that 51 
targeting in vitro. This protocol is designed for a rapidly replicating virus with a lytic 52 
replication cycle, however, modification of the time points analyzed and the specific 53 
virus titration readouts used will aid in the adaptation of this protocol to many different 54 
viruses.   55 
 56 
INTRODUCTION:  57 
The development of a broadly applicable, easy and effective method for engineering a 58 
vector with restricted tropism provides a major opportunity to enhance the safety, 59 
biological understanding and therapeutic utility of viruses.  Several mechanisms exist to 60 
target viral tropism including transductional, transcriptional, and translational-based 61 
techniques.  However, these methods are not generally applicable to all vector systems, 62 
may require defective signaling pathways in targeted cells or require insertion of large 63 
coding sequences into the viral genome.  Additionally, these methods can result in 64 
attenuation of the virus, significantly hindering their therapeutic activity and limiting 65 
insight into the unmodified system.  66 
 67 
MicroRNAs are small (22-25 nucleotides), non-coding RNAs that mediate gene 68 
silencing in eukaryotic cells.  MicroRNAs function by binding complementary target 69 
sequences (response elements) in messenger RNAs (mRNA) resulting in transcript 70 
destabilization, degradation or translational repression.  MicroRNAs normally bind 71 
response elements with partial complementarity and yield small modifications in gene 72 
expression1-5.  More significant alterations in gene expression can be achieved by 73 
increasing complementarity of the response element6.  Thousands of mature 74 
microRNAs have been identified in a variety of species and many exhibit differential 75 
expression patterns in a variety of cell and tissue types7-9.  These microRNA signatures 76 
can be exploited for cell-specific restriction of virus amplification by incorporating 77 
perfectly complementary response elements into the viral genome10-13. The overall goal 78 
of this microRNA-targeting technique is to control the tropism of a vector genome 79 
without additional attenuation.   80 
 81 
The utility of this method for regulating viral tropism was originally demonstrated in 82 
lentiviral vectors to restrict transgene expression in specific tissues14-16.  This technique 83 
has subsequently been applied to a vast array of replicating and non-replicating viral 84 
vectors for enhanced gene therapy as well as to improve the safety profiles of many 85 
oncolytic viruses by eliminating undesired toxicities in normal tissues10-13, 17.  It has also 86 
been utilized to generate safe and effective live-attenuated vaccines as well as to 87 
improve virus and vaccine manufacturing processes18-21.  MicroRNA-targeting of a 88 
vector can allow for attenuation in vaccinated hosts or targeted systems while 89 
maintaining wild-type growth levels in producer systems. MicroRNA-targeting can also 90 
be used to improve the biosafety of viruses for research purposes by restricting 91 
transmission in one species (e.g. humans) while maintaining transmission in other 92 
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hosts22.  Finally, microRNA-targeting can allow for in-depth analyses of viral life cycles 93 
and specific roles of cell types in pathogenesis and immunity by segregating viral 94 
growth23-26.   95 
 96 
This technique offers an alternative targeting method that is easily implemented and 97 
applicable for all virus systems.  Additionally, the ever-expanding collection of mature 98 
microRNAs with differential expression patterns in specific cell types makes this 99 
technique highly versatile. MicroRNA-based targeting has proven efficacious for a 100 
variety of virus systems without compromising system function. The major limitations of 101 
this technique include trial and error optimization, the potential for escape mutations, 102 
and potential off-target effects on endogenous transcripts.  However, these limitations 103 
can generally be overcome with optimized and rational response element design.  104 
Positive-sense RNA viruses tend to be particularly responsive to microRNA-targeting 105 
due to the positive-sense orientation of their genome and the availability of the 106 
transcripts to the microRNA machinery during the completely cytoplasmic replication 107 
cycle.  Here we describe a protocol for generating a microRNA-targeted picornavirus 108 
and the experimental methods to verify the efficiency and specificity of that targeting in 109 
vitro. 110 
 111 
PROTOCOL: 112 
1.  Cloning microRNA response elements into the viral genome. 113 
 114 
1.1) Design microRNA response element inserts.   115 
 116 
1.1.1) Identify the desired microRNA and its corresponding target sequence.  Several 117 
databases are available with mature microRNA sequences.  Recommended: 118 
http://www.mirbase.org/9, 27-30. 119 
 120 
1.2.) Clone the response element into plasmid DNA encoding the vector genome or 121 
transcript.  NOTE: For two or more copy response elements using a unique restriction 122 
site for insertion is easier and more versatile.   123 
 124 
1.2.1) Insert response element or unique restriction site using splice-overlap extension 125 
(SOE) PCR.  This method has been described in detail31.  126 
 127 
1.2.2) If using a restriction site for insertion, purchase commercially synthesized, 128 
PAGE-purified sense and antisense ultramers encoding the insert sequences flanked by 129 
the overhang sequences of the unique restriction site (Figure 2). 130 
 131 
1.2.3) Combine 0.5 μg sense ultramer, 0.5 μg antisense ultramer, DNA ligation buffer to 132 
final concentration of 1X, and bring to 50 μl with H2O.  Anneal the ultramers by 133 
incubating the reaction at 85 °C for 10 min and then reducing the temperature by 0.5 °C 134 
every 30 sec until the reaction reaches 25 °C. 135 
 136 
1.2.4) Combine 0.5 μg of vector DNA encoding the new unique restriction site, enzyme 137 
buffer to a 1X final concentration, 1 μl of the appropriate restriction enzyme, and bring to 138 
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a final volume of 20 μl with H2O.  Digest the vector at 37 °C for 2 hrs.  Purify the 139 
linearized DNA by agarose gel purification32. 140 
 141 
1.2.5) Ligate the annealed ultramers into the digested vector overnight at 16 °C using a 142 
3:1 ultramers:vector molar ratio and standard ligation techniques33.  IMPORTANT TIP: 143 
When using a single restriction enzyme site for insertion it can be more efficient to 144 
dephosphorylate the ends of the digested vector and phosphorylate the ends of the 145 
annealed oligonucleotides. 146 
 147 
1.2.6) Transform the ligated DNA into E. coli using the heat shock method34. NOTE: 148 
Plasmids encoding viral genomes are generally large, therefore using competent cells 149 
optimized to uptake large DNA constructs may increase transformation efficiency. 150 
 151 
1.2.7) Purify plasmid DNA from individual colonies using a commercially available 152 
purification kit35.  Identify an appropriate clone with the microRNA response element in 153 
the correct orientation (Figure 2) by sequencing the insert region36.  154 
 155 
2. Rescuing microRNA-targeted picornavirus from plasmid DNA. 156 
 157 
2.1.) Rescue microRNA-targeted picornavirus in a cell line permissive for virus 158 
replication that does not express the cognate microRNA(s).  This protocol uses H1-159 
HeLa cells because they do not express miR-142, miR-124, or miR-125, however it is 160 
not required to use H1-HeLa cells for rescue.  CAUTION: All guidelines for the safe 161 
handling and disposal of infectious agents should be followed accordingly. 162 
 163 
2.1.1) Plate H1-HeLa cells in a 6-well plate such that they are ~80% confluent at the 164 
time of transfection (24 hrs post seeding).  Plate cells in 2 mL per well of DMEM 165 
supplemented with 10% fetal bovine serum.   166 
 167 
2.1.2) Warm the transfection reagent to room temperature.  Combine 250 μl serum-free 168 
media, 2.5 μg of plasmid DNA encoding microRNA-targeted genome, and 7.5 μl of 169 
transfection reagent in a sterile microcentrifuge tube and pipet gently to mix.  Incubate 170 
the mixture at room temperature for 15-30 min. 171 
 172 
2.1.3) Aspirate the media from the plated cells and add 1 ml of fresh complete media. 173 
 174 
2.1.4) Add the entire transfection mixture from step 2.1.2 to one well of the 6-well plate 175 
drop-wise.  Add each drop to a different area of the well.  176 
 177 
2.1.5) Incubate the cells at 37 °C until cytopathic effects (CPE) or reporter proteins are 178 
detectable (~24-72 hrs). 179 
 180 
2.2.) Harvest and passage the rescued virus onto fresh cells. 181 
 182 
2.2.1) Plate cells in a 6-well plate such that they are 80-90% confluent at the time of 183 
infection (24 hrs post seeding).  NOTE: Scale up or down depending on the amount of 184 
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virus needed for all subsequent experiments.   185 
 186 
2.2.2) Harvest each rescue well by scraping the cells into the supernatant using a 187 
rubber cell scraper or rubber policeman.  Gently drag the scraper across the bottom of 188 
the well.  Transfer the cells and supernatant into a cryogenic storage tube. 189 
 190 
2.2.3) Freeze/thaw the samples two times and then pellet the cellular debris by 191 
centrifuging at 1200 x g for 5 min at 4 °C. 192 
 193 
2.2.4) Filter the cleared supernatant twice using 0.2 μm syringe filters.  The filtered 194 
rescue supernatant contains the virus.  NOTE: Filter pore size may vary depending on 195 
the size of virus particles and may not be applicable for large viruses. 196 
 197 
2.2.5) Aspirate media from the plated cells, wash once with serum-free media and add 198 
1 ml of fresh serum-free media to each well. 199 
 200 
2.2.6) Add 50 μl per well of filtered rescue supernatant and gently rock the plate to 201 
evenly distribute virus. 202 
 203 
2.2.7) Incubate the plate at 37 °C for 2 hrs and then aspirate media from each well to 204 
remove unincorporated virus.    205 
 206 
2.2.8) Add 1.5-2 ml of fresh complete media per well and incubate at 37 °C until CPE or 207 
reporter proteins are apparent (~24-48 hrs). 208 
 209 
2.2.9) Repeat steps 2.2.2 to 2.2.4.  Filtered rescue supernatant contains virus stock.  210 
Store virus stocks in single-use aliquots in cryogenic storage tubes at -80 °C. 211 
 212 
3. Rescuing microRNA-targeted virus from in vitro transcribed RNA 213 
transcripts. 214 
 215 
3.1.) Generate RNA transcripts from plasmid DNA encoding the microRNA-targeted 216 
viral genome using an upstream promoter.  IMPORTANT: Standard practices for 217 
generating and maintaining a nuclease-free environment should be used for all 218 
subsequent steps. 219 
 220 
3.2.) Linearize plasmid DNA using an enzyme restriction site downstream of the 221 
transcript. Combine 5 μg plasmid DNA, 1X final concentration enzyme buffer, 3 μl 222 
restriction enzyme and bring to 50 μl with H2O.  Incubate the reaction at 37 °C for 3 hrs. 223 
 224 
3.3.) Add 1/20th volume of 0.5 M EDTA, 1/10th volume 5 M NH4 acetate, and 2 225 
volumes of 100% ethanol to the digested reaction and mix.  Incubate at -20 °C for 1 hr 226 
up to overnight. 227 
 228 
3.4.) Pellet the precipitated DNA for 10 min at 17,000 x g at 4 °C.   Pour off the 229 
supernatant, resuspend the pellet in 500 μl of cold 70% ethanol and pellet the DNA by 230 
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centrifuging at 17,000 x g for 10 min at 4 °C. 231 
 232 
3.5.) Pour off the supernatant and centrifuge again for 30 sec.  Remove the residual 233 
supernatant with a pipet and air-dry the pellet.  Resuspend the DNA pellet in sterile 234 
nuclease-free H2O at a concentration of 0.5-1 μg/μl. 235 
 236 
3.6.) Thaw the in vitro transcription reagents at room temperature and place the 237 
ribonucleotides on ice (enzymes in glycerol do not freeze and should go directly on ice).  238 
Keep the reaction buffer at room temperature. 239 
 240 
3.7.) Assemble the transcription reaction in a PCR tube by combining 2 μl each of 241 
ATP, CTP, GTP, and UTP solutions, 2 μl 10X reaction buffer, 1 μg linearized DNA, 2 μl 242 
enzyme, and bring to a final volume of 20 μl with nuclease-free H2O.   243 
 244 
3.8.) Incubate the reaction at 37 °C for 2 hrs. 245 
 246 
3.9.) Purify the RNA transcripts.  NOTE: Before starting, prepare wash solution with 247 
ethanol as directed and preheat elution solution to 95 °C for elution step. 248 
 249 
3.9.1) Bring the transcription reaction to 100 μl with the elution solution (not-preheated).  250 
Add 350 μl of binding solution concentrate and 250 μl of 100% ethanol to reaction and 251 
mix. 252 
 253 
3.9.2) Transfer the sample to a filter cartridge inserted into a collection tube and 254 
centrifuge for 1 min at 12,000 x g.  Discard the flow-through. 255 
 256 
3.9.3) Add 500 μl of wash solution to the filter cartridge and centrifuge for 1 min at 257 
12,000 x g.  Discard flow-through.  Repeat this wash step one more time. Discard flow-258 
through. Centrifuge for 1 min at 12,0000 x g to remove residual ethanol. 259 
 260 
3.9.4) Transfer the filter cartridge to a clean collection tube and add 50 μl of the 261 
preheated elution solution to the filter cartridge.  Centrifuge for 1 min at 12,000 x g.  262 
Repeat this elution step for a total volume of 100 μl of eluent containing purified RNA 263 
transcripts.  Discard filter-cartridge. 264 
 265 
3.10.) Determine the RNA concentration in the eluent by measuring the absorbance of 266 
the sample at 260 and 280 nm and using the Beer-Lambert Law. 267 
 268 
3.11.) Assess the integrity of the RNA using RNA gel electrophoresis37.  See Figure 3 269 
for examples of good and bad RNA integrity.  RNA should be aliquotted into single-use 270 
tubes and stored at -80 °C to maintain integrity. 271 
 272 
3.12.) Warm transfection reagents to room temperature. Combine 250 μl serum-free 273 
media, 2.5 μg of purified RNA transcripts, 5 μl of boost solution, and 5 μl of transfection 274 
reagent in a sterile microcentrifuge tube and pipet gently to mix.  Incubate the mixture at 275 
room temperature for 2-5 min. 276 
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 277 
3.13.) Plate H1-HeLa cells in a 6-well plate such that they are ~80% confluent at the 278 
time of transfection (24 hrs post seeding).  Plate cells in 2 mL per well of DMEM 279 
supplemented with 10% fetal bovine serum.   280 
 281 
3.14.) Aspirate the media from the plated cells and add 1 ml of fresh complete media. 282 
 283 
3.15.) Add the entire transfection mixture from step 3.12 to one well of the 6-well plate 284 
drop-wise.  Add each drop to a different area of the well.  285 
 286 
3.16.) Incubate the cells at 37 °C until cytopathic effects (CPE) or reporter proteins are 287 
detectable (~24-72 hrs). 288 
 289 
3.17.) Continue rescue of microRNA-targeted virus as described in steps 2.2 to 2.2.9. 290 
 291 
4. Titrating virus stocks by calculating 50% tissue-culture infectious dose 292 
(TCID50). 293 
 294 
4.1.) Plate H1-HeLa cells in a 96-well plate at 104 cells per well in DMEM 295 
supplemented with 10% fetal bovine serum.  Incubate cells at 37 °C overnight.  NOTE: 296 
Titrate virus in cells permissive for virus replication that do not express cognate 297 
microRNAs. 298 
 299 
4.2.) Make 10-fold serial dilutions of virus each in a total volume of 1 ml of serum-free 300 
media.  NOTE: Use lower dilutions if more precision is required.  IMPORTANT: Change 301 
tips after each dilution to prevent overestimation of titer as virus can stick to tips. 302 
 303 
4.3.) Tip 96-well plate to the side and aspirate media from plated HeLa cells.  Add 100 304 
μl of each virus dilution per well to 8-wells of 96-well plate (1 row per dilution).  Add 100 305 
μl of serum-free media without virus to row 1 and row 12 on plate for controls.  NOTE: 306 
Always aspirate and add media to wells by touching tip to side of well to prevent cell 307 
detachment. 308 
 309 
4.4.) Incubate plate at 37 °C for 2 hrs.  Tip plate to the side and aspirate the media 310 
from the wells.  NOTE: Change tips between each dilution row. 311 
 312 
4.5.) Add 100 μl of complete media to each well.  Incubate plate at 37 °C for 72 hrs. 313 
 314 
4.6.) Visualize the wells under a microscope and mark each well positive or negative 315 
for CPE. 316 
 317 
4.7.) Calculate each virus titer with the following equation: Log10 (TCID50/mL) = L + 318 
D(S-0.5) + log10 (1/V).  L is the negative log10 of the most concentrated virus dilution 319 
tested in which all wells are positive.  D is the log10 of the dilution factor.  S is the sum of 320 
individual proportions (pi).  pi is the calculated proportion of an individual dilution 321 
(amount of positive wells/total amount of wells per dilution.  V is the volume of inoculum 322 
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(ml/well).  [place Table 1 here] 323 
 324 
5. Evaluating microRNA-targeting efficacy: single-step growth kinetics. 325 
 326 
5.1.) Controls for this assay include mock-infected cells, unmodified virus and virus 327 
containing a non-targeted or non-functional response element. 328 
 329 
5.2.) Plate H1-HeLa cells for a time course experiment in 12-well tissue culture plates 330 
such that they are 80-90% confluent at the time of infection (24 hrs post seeding).  Plate 331 
cells in DMEM supplemented with 10% fetal bovine serum at 2 ml per well.  NOTE: 332 
Recommended to plate a separate plate for each time point.  This protocol uses 7 333 
different time points for a virus with an 8-12 hr replication cycle. H1-HeLa cells are not 334 
required to perform this assay.  This assay should be performed in permissive cells that 335 
do not express the targeted microRNAs. This assay can also be performed in cells 336 
expressing the cognate microRNAs to evaluate growth kinetics under selective 337 
pressure.   338 
 339 
5.3.) Aspirate media from wells.  Wash wells by adding 0.5 ml of serum-free medium 340 
to each well, swirl the plate, and aspirate media from wells.  Add 0.5 ml of fresh serum-341 
free media to each well. 342 
 343 
5.4.) Infect each well at a high multiplicity of infection (MOI; number of infectious 344 
particles per cell) to ensure all cells get infected.  This protocol uses an MOI of 3. 345 
 346 
5.4.1) Dilute virus stocks in serum-free media to a concentration of MOI = 3 per 100 μl. 347 
Add 100 μl of virus dilution each to seven different wells and incubate at 37 °C for 2 hrs. 348 
 349 
5.4.2) Aspirate the media from all wells and wash two times by adding 0.5 ml complete 350 
media per well, rocking gently and then aspirating.  351 
 352 
5.5.) Add 1 ml of complete media to each well and incubate at 37 °C until desired time 353 
point.   354 
 355 
5.6.) Collect samples for virus titration at 2, 4, 6, 8, 10, 24 and 48 hrs post-infection (1 356 
well per time point).  Transfer 700 μl of the media in the well to a cryogenic storage 357 
tube.  Scrape the cells into the remaining supernatant by gently moving a rubber 358 
scraper across the entire well.  Transfer the cell/supernatant mixture to the 359 
corresponding cryogenic storage tube containing the 700 μl of supernatant.  NOTE:  360 
Make sure not to splash supernatant from one well into another during scraping 361 
resulting in contaminated samples.  Transferring the 700 μl prior to scraping will 362 
minimize splashing. 363 
 364 
5.7.) Place samples at -80 °C until all samples are collected.   365 
 366 
5.8.) Freeze/thaw the samples three times and remove cellular debris by centrifuging 367 
the samples at 1200 x g for 5 min at 4°C. 368 
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 369 
5.9.) Titrate the virus as described in section 4 and compare growth kinetics over time.  370 
 371 
6. Evaluating microRNA-targeting specificity: virus-spreading assay using 372 
synthetic microRNA mimics.  NOTE: Use of a synthetic microRNA mimic is performed 373 
to show specificity of the microRNA:microRNA-target interaction. 374 
 375 
6.1.) Include mock transfection, negative control microRNA mimic and experimental 376 
microRNA mimic only controls for every assay to evaluate microRNA-mediated toxicity.  377 
It is also ideal to include a positive control (i.e. microRNA-targeted gene or genome) as 378 
low transfection efficiency of microRNA mimics can result in false negatives.  379 
 380 
6.2.) Plate H1-HeLa cells in a 96-well tissue culture plate such that they are 80-90% 381 
confluent at the time of transfection (24 hrs post-seeding).  Plate cells in DMEM 382 
supplemented with 10% fetal bovine serum at 2 ml per well.  NOTE: Perform this assay 383 
in cells permissive for viral replication that do not express the cognate microRNAs. 384 
 385 
6.3.) Warm the transfection reagents to room temperature.   Combine 9 μl serum-free 386 
media, 200 nM final concentration per well of microRNA mimic stock, 0.18 μl boost 387 
reagent, 0.18 μl transfection reagent and mix.  Incubate the mixture at room 388 
temperature for 2-5 minutes.  NOTE:  Volumes listed are per well.  It is recommended 389 
that a master mix be assembled for transfection of all wells to maintain consistency and 390 
minimize pipetting error.  The optimal concentration of microRNA mimic will vary.  391 
Consult the manufacturer’s instructions accompanying the microRNA mimic for a 392 
reasonable starting concentration.  This will generally range from 5-200 nM final 393 
concentrations. 394 
 395 
6.4.) Aspirate the media from the wells and add 92 μl of fresh complete medium.  396 
NOTE: If there are a significant number of samples, complete this step prior to 397 
assembling the transfection solution and store the plate at 37 °C until ready. 398 
 399 
6.5.) Add the entire transfection mixture in step 6.3 to the cells drop-wise.   400 
 401 
6.6.) Incubate at 37 °C for 6 hrs. 402 
 403 
6.7.) Infect each well at a low MOI to ensure a low percentage of cells get infected to 404 
allow analysis of virus spread. This protocol uses an MOI of 0.2.   405 
 406 
6.7.1) Dilute virus stocks in serum-free media to a concentration of MOI = 0.2 per 100 407 
μl.  Remove media from the wells and add 100 μl of virus dilution per well. 408 
 409 
6.7.2) Incubate at 37 °C for 2 hrs. 410 
 411 
6.8.) Aspirate media from each well and add 100 μl of fresh complete media. 412 
 413 
6.9.) Incubate at 37 °C for 20-22 hrs. 414 
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 415 
6.10.) Determine the virus titration in the supernatants. 416 
 417 
6.10.1) Collect the supernatant from each well and replace with 100 μl of fresh 418 
complete media.  NOTE: If using suspension cells, resuspend the cell pellet from the 419 
following step in 100 μl of fresh complete media and return to sample well for viability 420 
assay. 421 
 422 
6.10.2) Remove cellular debris from the collected supernatants by centrifuging at 300 x 423 
g for 5 min at 4 °C.   424 
 425 
6.10.3) Transfer the cleared supernatant to a fresh tube and titrate infectious virus on 426 
permissive cells that do not express the cognate microRNAs as described in section 4.  427 
NOTE: Keep all samples on ice to prevent loss of infectivity. 428 
 429 
6.11.) Determine the viability of the cells.   430 
 431 
6.11.1) Add 10 μl of MTT (3-(4,5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium bromide) 432 
reagent per well.   433 
 434 
6.11.2) Incubate at 37 °C for 2-4 hrs until purple precipitate is visible. 435 
 436 
6.11.3) Add 100 μl of detergent reagent. 437 
 438 
6.11.4) Incubate at room temperature in the dark for 2 hrs. 439 
 440 
6.11.5) Read absorbance of all wells at 570 nm.  NOTE: Normalize all samples to mock 441 
transfected cells for comparison of percent cell viability. 442 
 443 
REPRESENTATIVE RESULTS:  444 
Table 1 represents results typical of a titration assay for a picornavirus and describes 445 
how to calculate the 50% tissue culture infectious dose. A schematic representation of 446 
the overall concept of microRNA-based regulation of viral tropism described in this 447 
manuscript is shown in Figure 1. The orientation of microRNA to response element 448 
during intracellular interactions, proper design of response element oligonucleotides for 449 
annealing and plasmid insertion, and a map of plasmid DNA encoding a microRNA-450 
targeted viral genome for in vitro transcription is depicted in Figure 2.  Figure 3 shows 451 
RNA transcripts at varying degrees of integrity visualized by agarose gel 452 
electrophoresis.  Proper handling and the use of DNA templates devoid of impurities will 453 
result in properly transcribed RNA transcripts as shown in 3A lane 2.  Residual 454 
impurities within the linearized DNA templates or trace amounts of nuclease can result 455 
in low levels of improperly transcribed RNA and/or degradation products similar to that 456 
observed in 3A lane 3.  Incomplete linearization of plasmid DNA or DNA containing high 457 
amounts of impurities such as residual ethanol will result in improper transcription and 458 
degradation products represented in 3A lanes 4 and 5.  Figure 3 also shows an image 459 
of Mengovirus-mediated cytopathic effects (CPE) following transfection of clean RNA 460 
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transcripts.  Figure 4 displays data representative of a time course experiment 461 
evaluating the growth kinetics of unmodified and microRNA-targeted Mengovirus.  The 462 
results show that microRNA response elements engineered into the Mengovirus 463 
genome do not alter the kinetics of virus replication in H1-HeLa cells, which do not 464 
express any of the cognate microRNAs.  However, in RAW 264.7 macrophages, which 465 
express intermediate levels of microRNA-125 and high levels of microRNA-142, viruses 466 
encoding the corresponding response elements display inhibited replication kinetics that 467 
correlates with the level of microRNA expressed.  Data in Figure 5 shows the specificity 468 
of microRNA-based regulation of Mengovirus tropism.  Overexpression of each 469 
individual microRNA in H1-HeLa cells specifically inhibits propagation (lower virus titers) 470 
and cytotoxicity (increased cell viability) of Mengovirus encoding the cognate microRNA 471 
response element.  472 
 473 
FIGURE LEGENDS:  474 
Table 1.  Quantifying infectious virus particles by calculating the TCID50.  475 
Representative results from cells infected with a series of ten-fold dilutions of a virus 476 
stock.  “L” equates to 4 because the last dilution where all the wells are positive for CPE 477 
is 10-4.  “D” is the log10 of 10 since 10-fold dilutions were used and is therefore equal to 478 
1.  “S” is the sum of the individual proportions.  In this example the individual 479 
proportions are 1.0, 0.875, 0.375, 0.125, and 0.  The sum of these (S) is 2.375.  “V” is 480 
the volume of inoculum in ml used to infect the cells initially. 481 
 482 
Figure 1: Schematic representation of microRNA-based regulation of viral 483 
tropism.  MicroRNA response elements (RE) incorporated into a viral genome will be 484 
recognized by cognate microRNAs enriched within specific cell types and result in 485 
targeted degradation of the viral transcripts/genomes.  This will prevent virus replication, 486 
spread and toxicity to the surrounding cells.  However, viral replication will be 487 
maintained in cells that do not express the cognate microRNAs allowing for virus 488 
propagation, spread and cell death. 489 
 490 
Figure 2.  MicroRNA response element design.  [A] For successful targeting the seed 491 
sequence region of the RE should be perfectly complementary.  The RE should be 492 
oriented within the viral genome such that it can be recognized by the cognate mature 493 
microRNA in mRNA transcripts and/or the viral genome.  The majority of REs are 494 
placed within the 3’ UTR of the transcripts. [B] Depiction of properly designed and 495 
annealed oligonucleotides encoding REs containing tandem repeats of the microRNA-496 
target sequences (miRT) flanked by the overhanging nucleotides of the XhoI restriction 497 
enzyme site.  When designing tandem repeat REs, be sure to include spacer 498 
nucleotides (generally 4-6) between each microRNA-target copy. [C] Plasmid DNA 499 
encoding a full-length viral genome with a RE incorporated into the 3’ UTR, a T7 500 
promoter, and a unique restriction site for linearization for in vitro transcription. 501 
 502 
Figure 3.  Rescue of virus from genome-encoding RNA transcripts.  [A] RNA gel 503 
electrophoresis of in vitro transcribed RNAs encoding picornavirus genomes to evaluate 504 
transcript integrity.  Lane 1: RNA ladder.  Lane 2: Properly transcribed RNA with high 505 
integrity.  Lane 3: RNA transcripts with moderate integrity. Higher band is correct size 506 
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and lower band is potentially a degradation product or an undesired RNA transcript.   507 
Lane 4: Improperly transcribed RNA.  Lane 5: Low integrity RNA.  500 ng of in vitro 508 
transcribed RNA was loaded per well.  Improper transcription or degradation products 509 
are likely due to the use of low purity or incompletely linearized DNA. [B] Image of mock 510 
transfected H1-HeLa cells and cells transfected with RNA transcripts encoding 511 
Mengovirus.  Administration of transfection reagents only (Mock) will maintain cell 512 
viability following transfection as well as passage onto fresh cells.  Transfection of RNA 513 
transcripts encoding a Mengovirus genome (vMC24) results in cytopathic effects, which 514 
are maintained following filtration of the supernatant and passage onto fresh H1-HeLa 515 
cells.   Scale bar is 100 μm. 516 
 517 
Figure 4.  Growth kinetics of unmodified and microRNA-targeted Mengoviruses in 518 
the presence or absence of cognate microRNAs.  Modified from (17).  [A] H1-HeLa 519 
cells do not express miR-124, -125, or -142.  All three Mengovirus encoding microRNA 520 
REs replicate with similar kinetics as the unmodified virus (vMC24) indicating that 521 
insertion of the microRNAs at this location (5’ UTR) do not alter virus replication.  [B] 522 
RAW 264.7 macrophages express intermediate levels of miR-125b and high levels of 523 
miR-142-3p, but do not express miR-124.  Incorporation of the corresponding 524 
microRNA-target sequences into the genome results in virus attenuation consistent with 525 
the level of microRNA expression.  Data is represented as mean viral titers +/- SD.   526 
 527 
Figure 5.  Analysis of microRNA-targeting specificity using synthetic microRNA 528 
mimics.  Modified from (17).  H1-HeLa cells transfected with individual microRNA 529 
mimics were infected with unmodified virus (vMC24) or microRNA-targeted virus (miRT-530 
vMC24) at an MOI of 0.2.  [A] The cell viability normalized to mock-treated cells was 531 
determined at 24 hrs post-infection via MTT cell proliferation assay. [B] Virus titer in the 532 
supernatant of all samples was also determined at 24 hrs post-infection.  The data is 533 
represented as mean viability or viral titer +/- SD.  Two-tailed unpaired Student t tests 534 
with Welch’s correction (for unequal variances) were used for statistical analysis.  A p 535 
value < 0.01 was considered significant. (**, p < 0.01, ***, p < 0.001). 536 
 537 
DISCUSSION: 538 
The design, composition and localization of the microRNA response elements within the 539 
viral genome will dictate targeting efficacy and specificity.  Optimizing these will require 540 
trial and error.  However, rational design based on RNA structural analysis and previous 541 
studies of viral replication and microRNA signatures aids in the implementation of this 542 
technique with minimal optimization10-13, 38. 543 
 544 
When initiating the design of REs, investigators should begin by compiling a set of 545 
microRNAs that are expressed in the target cells of interest, are diminished in the non-546 
target cells of interest, and that have been experimentally validated.  Following this 547 
compilation, several prediction-based analyses should be conducted to address the 548 
possibility of competing microRNA-target interactions.  Many viruses encode 549 
microRNAs or non-coding RNAs that sequester cellular microRNAs in order to 550 
manipulate viral and host gene expression.  Moreover, several RNA viruses have been 551 
shown to interact with cellular microRNAs in order to enhance their replication 552 
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capacity39, 40.  Therefore, when designing REs, be sure to investigate whether there are 553 
known interactions of the virus with cellular microRNAs or if they express viral 554 
microRNAs that could potentially recognize the chosen microRNA target or alter the 555 
endogenous expression of the chosen microRNA.  In addition to literature searches, the 556 
reader should consider online bioinformatics prediction tools and databases that include 557 
viral microRNA target information to aid in the rational design of REs.  Such databases 558 
and prediction tools can also facilitate identification of target sequences that can be 559 
recognized by multiple microRNAs or overlapping seed sequences present within the 560 
viral genome.  For a more in-depth discussion on methods of identifying microRNA 561 
targets and the pros and cons of some of the online prediction tools the reader is 562 
referred to references 41, 42.  It is recommended that these prediction tools serve only as 563 
guides as many times predictions can yield false positives or negatives.  To this end, 564 
there may be seed sequences that overlap, however the 3’ end of the microRNA will 565 
also influence the targeting efficiency. Using too stringent of a rule set can sometimes 566 
be detrimental. 567 
 568 
Once a set of potential microRNA targets have been identified, the investigator should 569 
continue by ranking the targets based on the biological properties of the microRNAs and 570 
RNA structural predictions10-13, 38. The absolute abundance of the mature microRNA in 571 
targeted cells and its level of association with an Argonaute protein will dictate the 572 
degree of gene silencing.  Several studies have demonstrated that only abundantly 573 
expressed microRNAs will significantly regulate gene expression16, 43, 44.  Moreover, 574 
while some microRNAs are abundantly expressed their interaction with Argonaute 575 
proteins and formation of RISC is insufficient to repress translation44. Using a highly 576 
abundant microRNA with validated function will also minimize the potential for 577 
microRNA saturation in the target cell and subsequent off-target toxicities.  A different 578 
approach may be to use REs that are targeted by multiple miRNAs45, 46, which could 579 
allow for a reduced copy number while still minimizing the potential for off-target 580 
toxicities.  The ratio of target mRNA to microRNA will also have a significant impact on 581 
the success of this approach.  A high target to microRNA ratio will reduce the level of 582 
repression42, 43, 47, 48.  This is especially critical with viruses that replicate rapidly when if 583 
improperly regulated early during infection will accumulate to levels beyond the control 584 
of endogenous microRNAs.  It is essential to consider these properties when choosing a 585 
microRNA for targeting; ideally, using a microRNA whose function has been 586 
experimentally validated. 587 
 588 
The efficiency of targeted gene silencing is also affected by the percent 589 
complementarity of the target to the mature microRNA as well as the number of copies 590 
of microRNA-target sequences inserted.  The 5’ region of the microRNA (nucleotides 2-591 
8) constitutes the seed sequence.  It is generally accepted that this region must be 592 
perfectly complementary for successful targeting48, 49.  The majority of studies use 593 
response elements with perfect complementarity because it can increase gene-silencing 594 
activity by promoting endonucleolytic cleavage of the transcript and rapid recycling of 595 
the microRNA.  This endonucleolytic cleavage only occurs when a microRNA interacts 596 
with an Argonaute protein that has endonucleolytic activity, which in mammalian cells is 597 
restricted to Argonaute-2. Other Argonaute proteins promote mRNA degradation by 598 
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deadenylation and exonucleolytic attack of the transcript.  The reader is referred to 599 
references 4, 5, 13, 50-52 for an in-depth description of microRNA biogenesis and function.  600 
It is generally thought that increasing the copy number will further enhance the targeting 601 
efficiency.  However, this can also potentiate microRNA saturation and has not always 602 
proven more efficacious.  It is sometimes better to incorporate target sequences for 603 
multiple different microRNAs enriched in the target cells or to use target sequences that 604 
are recognized by multiple microRNAs.  The copy number required is also highly 605 
dependent on the amount of transcript that will need silencing and the relative 606 
abundance of the microRNA in the target cells.  Transcripts that will accumulate quickly 607 
may require more copies to prevent them from outcompeting the microRNA levels.  608 
Experimentally determining the optimal copy number for each microRNA target that 609 
results in sufficient targeting, maintains viral fitness, and that minimizes the rate of 610 
escape mutations is recommended. 611 
 612 
Localization of the microRNA response element within the viral genome is extremely 613 
important.  A negative result when analyzing the targeting efficiency does not always 614 
mean the virus cannot be microRNA-targeted.  It may simply mean the target is not 615 
accessible in that location or that repression of the targeted gene is not sufficient to 616 
inhibit pathogenicity.  The majority of response elements are inserted into the 3’ 617 
untranslated regions (UTR) of the targeted transcript.  However, successful targeting of 618 
viral genomes has been accomplished and sometimes exhibits enhanced genetic 619 
stability when response elements are inserted into the 5’ UTR or within the coding 620 
regions of essential genes38.  Optimal insertion sites will allow high accessibility of the 621 
target sequence to the microRNA.  Accessibility can be hindered by RNA secondary 622 
structures and stoichiometric interference.  Therefore, localizing response elements in 623 
unstructured regions that are highly conserved is a good starting point.  The sequences 624 
being inserted may also influence and be influenced by the surrounding sequences.  625 
Thus, an optimal location for one microRNA target sequence is not necessarily optimal 626 
for other response elements.  While experimental validation and optimization of RE 627 
localization is necessary, using prediction software (e.g. http://unafold.rna.albany.edu/; 628 
http://rna.urmc.rochester.edu/software.html) to screen potential insert sites for 629 
perturbation of the surrounding RNA structures is highly recommended53, 54.   630 
 631 
The use of clean nucleic acid preparations of high integrity is also critical for obtaining 632 
the best results.  Aseptic technique and maintenance of an RNase-free environment 633 
when handling RNA transcripts or microRNA mimics is essential.  For the best results 634 
RNA transcripts, microRNA mimics, and final titrated virus stocks should be stored at -635 
80 °C in small aliquots to avoid repeated freezing and thawing resulting in RNA 636 
degradation and loss of virus infectivity. When in use, these reagents should be kept on 637 
ice at all times.  638 
 639 
It is important to note that many microRNAs are members of a family of microRNAs that 640 
share complementarity.  Therefore when conducting studies it may be beneficial to 641 
include members of the immediate microRNA family to improve targeting-specificity 642 
evaluation.  This becomes critical when the cells within which virus replication is 643 
desired, express members of the family (e.g. miR-Let7 family).  It should also be noted 644 
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that the specificity assay using microRNA mimics is an artificial system and over-645 
expression of a microRNA in some cells may result in off-target effects55.  If this occurs, 646 
the specificity can also be evaluated in cells that express the appropriate microRNAs 647 
using microRNA inhibitors instead.  This assay would allow analysis of targeting-648 
specificity based on virus titration and cell viability readouts in the presence of 649 
physiologically relevant levels of microRNAs.  650 
 651 
The main concerns when using microRNA-targeting as a method to control viral tropism 652 
are genetic stability, potential for off-target effects, and virus-mediated effects on the 653 
cellular microRNA environment10-13.  Many viruses exhibit high mutation rates and 654 
escape mutants may arise quickly.  Including multiple copies of a target sequence, 655 
including targets for more than one microRNA, localizing the targets within multiple 656 
highly conserved regions, or the presence of additional antiviral factors including an 657 
immune response can alleviate this.  Additionally, insertion of foreign genetic material 658 
into a viral genome will often result in diminished replication capacity of the virus.  If this 659 
occurs, the microRNA target is likely to be genetically instable and escape mutants will 660 
arise more rapidly.  Inclusion of multiple microRNA target copies can also increase the 661 
potential for recombinatorial deletion of the microRNA targets.  Therefore, experimental 662 
determination of the minimum copy number required for sufficient targeting is 663 
necessary.  Localizing microRNA target copies in various locations throughout the 664 
genome versus using tandem repeats can aid in bypassing this constraint.  However, 665 
identifying optimal RE configurations with the minimum number of target copies needed 666 
and insert sites that do not result in altered replication kinetics of the virus is critical for 667 
minimizing the rate of recombination and target mutation. Inclusion of too many copies 668 
of a target sequence may also increase the potential for off-target toxicities if it results in 669 
microRNA saturation.  A major alteration in the amount of microRNA available for 670 
regulating normal cellular proteins could result in undesired effects55.  To this end, many 671 
viruses alter the microRNA environment within a cell56 and if this includes the targeted 672 
microRNA, the efficiency of regulation may be decreased if enough virus replication is 673 
maintained. All of these concerns may be addressed by optimizing response element 674 
composition and/or localization and with a thorough understanding of the system being 675 
targeted and its limitations.    676 
 677 
Typical problems associated with other targeting methods include off-target attenuation 678 
of the virus, size constraints for genetic targeting material in viruses with limited carrying 679 
capacities, and safety concerns associated with engineering viruses to target cells that 680 
are normally not infected.  MicroRNA-targeting allows for regulation of viral tropism with 681 
minimal modification of the virus.  It requires minimal space within a viral genome and 682 
can be tailored based on an expansive array of cellular microRNA signatures.  This 683 
technique does not introduce new tropisms for the virus and therefore does not 684 
introduce any new safety concerns.  Additionally, this method can be used to regulate 685 
multiple tropisms simultaneously by using target sequences for multiple different 686 
microRNAs enriched within different cell types16, 17, 57-61.  This can all be accomplished 687 
without attenuating the virus in cells that do not express the corresponding microRNAs 688 
and therefore can provide a mechanism for improving the safety of therapeutic viruses 689 
with enhanced potency.  690 
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 691 
Exploitation of cellular microRNA machinery can be used for regulating the tropism of 692 
many different classes of viruses.  The protocols detailed here are designed for the 693 
rescue and characterization of a microRNA-targeted picornavirus, however they can be 694 
adapted according to a virus’ replication cycle and specific reporter readouts. Although 695 
different viruses have specific rescue strategies, microRNA target sequences can be 696 
inserted into the viral genome regardless of whether the entire genome is encoded in a 697 
single plasmid or whether the virus has a DNA or RNA genome.  As long as the 698 
producer cells do not express the cognate microRNAs, optimized microRNA targets 699 
should not disrupt virus rescue.  Experiments to analyze virus growth kinetics and 700 
microRNA-targeting specificity can be modified by changing the time points collected 701 
based on the length of a single round of virus replication and on specific readouts for 702 
virus replication/toxicity (e.g. reporter proteins, cytotoxicity, genome quantification, etc.).  703 
It is important to note that although this technique can theoretically be applied to all 704 
classes of viruses, many factors can affect the efficiency of this method.  For example, 705 
negative-sense RNA viruses have not proven as responsive as positive-sense RNA 706 
viruses likely due to limited accessibility of the genomic RNA to the miRNA machinery13.  707 
Thus, the biological properties of each class of viruses will impart additional constraints 708 
on RE optimization.  Despite these constraints, this technique offers an alternative 709 
method for targeting viral tropism facilitating research involving the safety, utility, and 710 
basic understanding of biological processes for all classes of viruses. 711 
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-4 8/8 1.000 V 0.1 log10(TCID50/ml) = 6.875
-5 7/8 0.875 (TCID50/ml) = 106.875

-6 3/8 0.375 (TCID50/ml) = 7.5 x 106
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-9 0/8 0.000
-10 0/8 0.000
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Trans IT-mRNA Transfection 

Reagent
Mirus MIR 2225
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Competent Cells

ThermoFisher 

Scientific
18265017

pBlueScript II Vectors
Agilent 

Technologies
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Comments/Description

Sequence Designed by 

Investigator
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Investigator

Many other High Fidelity 
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RNase-free
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There are different plasmids with 

T7 or T3 promoters and variable 

cloning sites to enable cloning and 

RNA transcription.
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Response to Editorial and Reviewer comments:  We would like to thank the 
editorial staff and the reviewers for their very positive, fair and constructive 
comments and suggestions.  All of the concerns are addressed below and the 
changes have been tracked in the document 55033_R1_061716 using the 
Microsoft Word tracking tool.   
 
Editorial Review: 
Editorial comment: 1.1.1. Use superscripts for reference citations. 
Author response: Reference citations have been changed to superscript format. 
 
Editorial comment:  Please include spaces between numbers and units. 
Author response:  We have reviewed the entire manuscript and edited all of the 
occurrences when a space was not included between the numbers and units. 
 
Editorial comment: Branding: 2.2.2., 2.2.9, 5.6 – cryosafe.   
Author response: We have changed each “cryosafe” to “cryogenic storage 
tube.” 
 
Editorial comment: Figure 3: Please label the sizes on the RNA ladder. 
Author response: We labeled the RNA marker sizes in Kb in Figure 3. 
 
Editorial comment: Figure 4 is technically a table, and should be listed as such. 
Author response: Figure 4 is now included in the text as a table following the 
appropriate section 4.7 and is referred to as a table.  Subsequently, figures 5 and 
6 are now figures 4 and 5, respectively. 
 
Editorial comment: Figure 6 – what statistical test was used? 
Author response:  The following sentence is now included in the legend of 
Figure 6: “Two-tailed unpaired Student t tests with Welch’s correction (for 
unequal variances) were used for statistical analysis.” 
 
Editorial comment: For figures and tables that have been published before, 
please include phrases such as “Re-print with permission from (reference#)” or 
“Modified from” etc.  And please send a copy of the reprint permission for JoVE’s 
record keeping purposes.   
Author response: We have changed our phrasing for Figures 4 and 5 (formally 
5 and 6) which are modified versions from our manuscript “MicroRNA-Detargeted 
Mengovirus for Oncolytic Virotherapy” by Ruiz et al. 2016, Journal of Virology, 
90(8),p.4078-4092, doi:10.1128/JVI02810-15.  The legends now read “Modified 
from (17).  This Journal of Virology manuscript is an open-access article and to 
our knowledge does not require permission for reprinting. 
 
Editorial comment: JoVE reference format requires that the DOIs are included, 
when available, for all references listed in the article. 
Author response: We have reviewed each of the references and have included 
all available DOIs. 
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Editorial comment: IMPORTANT: Please copy-edit the entire manuscript for 
any grammatical errors you may find. 
Author response: Upon completion of all changes we copy-edited the entire 
manuscript. 
 
Reviewers’ Comments: 
Reviewer #1 comment:  One point of discussion that could be better highlighted 
is the importance of microRNA abundance.  It is mentioned, but it could be stated 
more overtly that the success of the approach is dependent on the absolute 
abundance of the microRNA. 
Author response:  We agree with the reviewer that this point needs to be 
emphasized.  To this end we have included the following paragraph in the 
manuscript as well as several new citations. 
 
“The absolute abundance of the mature microRNA in targeted cells and its level 
of association with an Argonaute protein will dictate the degree of gene silencing.  
Several studies have demonstrated that only abundantly expressed microRNAs 
will significantly regulate gene expression16, 43, 44.  Moreover, while some 
microRNAs are abundantly expressed their interaction with Argonaute proteins 
and formation of RISC is insufficient to repress translation44. Using a highly 
abundant microRNA with validated function will also minimize the potential for 
microRNA saturation in the target cell and subsequent off-target toxicities.  A 
different approach may be to use REs that are targeted by multiple miRNAs45, 46, 
which could allow for a reduced copy number while still minimizing the potential 
for off-target toxicities.  The ratio of target mRNA to microRNA will also have a 
significant impact on the success of this approach.  A high target to microRNA 
ratio will reduce the level of repression42, 43, 47, 48.  This is especially critical with 
viruses that replicate rapidly when if improperly regulated early during infection 
will accumulate to levels beyond the control of endogenous microRNAs.  It is 
essential to consider these properties when choosing a microRNA for targeting; 
ideally, using a microRNA whose function has been experimentally validated.” 
 
Reviewer #2 comment: The authors too easily state “without altering the 
potency” on page 2.  Many times sequence inserts have a negative impact on 
virus replication, which may require testing of multiple inserts at multiple 
positions.  In case of a negative impact, the insert is likely to be genetically 
instable and removed over time.  This could be addressed more specifically.  
Perhaps one can do a quick MFold-screen to see if the insert disturbs important 
local RNA structures. 
Author response:  We agree with the reviewer that many times microRNA 
target inserts can attenuate viral replication.  We have kept the phrasing “without 
altering the potency” as it is in reference to the theoretical potential of the 
technique and has been demonstrated to be possible.  We have however 
included a more in-depth discussion on the detrimental effects that sequence 



insertion can have on a virus, the genetic instability of microRNA targets, and 
mechanisms for predicting the best insertion sites.  This includes the following: 
 
“While experimental validation and optimization of RE localization is necessary, 
using prediction software (e.g. http://unafold.rna.albany.edu/; 
http://rna.urmc.rochester.edu/software.html) to screen potential insert sites for 
perturbation of the surrounding RNA structures is highly recommended53, 54.”   
 
“Additionally, insertion of foreign genetic material into a viral genome will often 
result in diminished replication capacity of the virus.  If this occurs, the microRNA 
target is likely to be genetically instable and escape mutants will arise more 
rapidly.  Inclusion of multiple microRNA target copies can also increase the 
potential for recombinatorial deletion of the microRNA targets.  Therefore, 
experimental determination of the minimum copy number required for sufficient 
targeting is necessary.  Localizing microRNA target copies in various locations 
throughout the genome versus using tandem repeats can aid in bypassing this 
constraint.  However, identifying optimal RE configurations with the minimum 
number of target copies needed and insert sites that do not result in altered 
replication kinetics of the virus is critical for minimizing the rate of recombination 
and target mutation.” 
 
Reviewer #2 comment: It sounds a bit too simple that time/titration adjustments 
will suffice to transplant this protocol onto other viruses.  Each virus has so many 
specific technical issues one has to deal with. 
Author response:  We agree with the reviewer that each virus will have many 
additional properties that can confound the adaptation of this technique.  To this 
end, we have changed our phrasing to “will aid in the adaptation.”  Additionally, 
we have added the following to our discussion: 
 
“It is important to note that although this technique can theoretically be applied to 
all classes of viruses, many factors can affect the efficiency of this method.  For 
example, negative-sense RNA viruses have not proven as responsive as 
positive-sense RNA viruses likely due to limited accessibility of the genomic RNA 
to the miRNA machinery13.  Thus, the biological properties of each class of 
viruses will impart additional constraints on RE optimization.  Despite these 
constraints, this technique offers an alternative method for targeting viral tropism 
facilitating research involving the safety, utility, and basic understanding of 
biological processes for all classes of viruses.” 
 
Reviewer #2 comment: Perhaps more test is needed to explain how many 
response elements one needs.  Are there cases where one will suffice?  If 
tandem copies are introduced, they may be a target for recombinatorial deletion 
on the repeat sequences. 
Author response:  There are cases where a single RE will suffice and the 
inclusion of tandem repeats will increase the potential for recombination.  We 
have now emphasized this in the discussion section and have exclusively stated 



that “Experimentally determining the optimal copy number for each microRNA 
target that results in sufficient targeting, maintains viral fitness, and that 
minimizes the rate of escape mutations is recommended.” 
 
 
Reviewer #2 comment: No idea why part of the test was in yellow?  This seems 
to be a resubmission? Anyhow, I did not see the original version and no rebuttal 
letter was enclosed. 
Author response: This was an original submission and the text highlighted in 
yellow distinguishes the steps within the protocol that will be included in the video 
portion of the manuscript. 
 
Reviewer #2 comment: Some viruses encode RNAi modulators, e.g. 
suppressor proteins.  This could be elaborated on.   
Author response:  We agree with the reviewer that RNAi modulation by the 
virus can have an effect on the success of this targeting approach.  We have 
elaborated on this possibility in the discussion section and noted methods for 
considering this during RE design. 
 
Reviewer #2 comment: Figure 5: I do see a significant titer difference in the left 
panel at 24 hours, but was not able to distinguish the symbols.  Anyhow, relates 
to my previous point, constructed viruses may have a reduced fitness, which may 
drive eventual mutation/removal of the insert. 
Author response:  The difference in titer at this time point was not considered 
significant and the lower data point is actually the unmodified virus.  We have 
changed the color of the control virus data set to red such that it can be more 
easily distinguished.  We do agree that constructed viruses may have reduced 
fitness and have emphasized this point in the discussion. 
 
Reviewer #3 comment:  The authors should explain the rationale of choosing 
and designing their response element (RE) in more detail (specifically 
optimization of response element composition) so that future users get a detailed 
outline in this aspect too.  The following points need to be addressed in this 
respect. 

(a) There might be multiple miRNAs targeting the same RE.  As the authors 
have specified that highly abundant host miRNAs will be considered for 
designing RE.  So, there can be multiple miRNAs with same abundance 
with all of them targeting the same RE.  Is it possible to deal with these 
cases using this method? 

(b) As because the RE/seed sequence is 2-8nts, the same RE can be present 
in the 5’UTR region as well.  What are the constraints that can be 
incorporated during RE designing to solve this off-target effect? 

(c) It is very well known that viruses encode miRNAs.  If the seed sequence 
of the viral miRNA and the host miRNA (which is abundantly expressed) 
both are complementary to the same RE how can one choose the correct 
RE? 



Author response:  We thank the reviewer for this suggestion as conducting an 
analysis of the genome for potential off-target interaction sites will significantly 
enhance the rational design of REs.  We have now included the following section 
in the discussion with additional citations: 
 
“When initiating the design of REs, investigators should begin by compiling a set 
of microRNAs that are expressed in the target cells of interest, are diminished in 
the non-target cells of interest, and that have been experimentally validated.  
Following this compilation, several prediction-based analyses should be 
conducted to address the possibility of competing microRNA-target interactions.  
Many viruses encode microRNAs or non-coding RNAs that sequester cellular 
microRNAs in order to manipulate viral and host gene expression.  Moreover, 
several RNA viruses have been shown to interact with cellular microRNAs in 
order to enhance their replication capacity39, 40.  Therefore, when designing REs, 
be sure to investigate whether there are known interactions of the virus with 
cellular microRNAs or if they express viral microRNAs that could potentially 
recognize the chosen microRNA target or alter the endogenous expression of the 
chosen microRNA.  In addition to literature searches, the reader should consider 
online bioinformatics prediction tools and databases that include viral microRNA 
target information to aid in the rational design of REs.  Such databases and 
prediction tools can also facilitate identification of target sequences that can be 
recognized by multiple microRNAs or overlapping seed sequences present within 
the viral genome.  For a more in-depth discussion on methods of identifying 
microRNA targets and the pros and cons of some of the online prediction tools 
the reader is referred to references 41, 42.  It is recommended that these prediction 
tools serve only as guides as many times predictions can yield false positives or 
negatives.  To this end, there may be seed sequences that overlap, however the 
3’ end of the microRNA will also influence the targeting efficiency. Using too 
stringent of a rule set can sometimes be detrimental. 
 
Once a set of potential microRNA targets have been identified, the investigator 
should continue by ranking the targets based on the biological properties of the 
microRNAs and RNA structural predictions10-13, 38...” 
 
Reviewer #3 comment:  Human cells have four different homologs of Argonaute 
protein (Ago 1-4) each of which participate in miRNA-mediated mRNA targeting 
by either endonucleolytic cleavage or by translational repression.  If the host 
miRNA is associated with an Argonaute which does not exhibit cleavage, how 
will the viral genome be degraded in this case? 
Author response:  Mammalian Argonaute-2 can directly result in 
endonucleolytic cleavage of a transcript when there is near to perfect 
complementarity between the microRNA and the target.  Other Argonaute 
proteins and when there is lower complementarity can also promote mRNA 
degradation by deadenylation and exonucleolytic attack of the transcript.  This 
will be a slower process, however translational repression followed by eventual 



genome degradation via this method will result in sufficient targeting.  We have 
now included an explanation for this in our discussion. 
 
Reviewer #3 comment:  Is it mandatory to use H1-HeLa always for rescuing 
miRNA-targeted picornavirus?  Is it possible to use any other cell line for this 
purpose?  If not, which property of H1-HeLa makes it the cell line of choice for 
this step? 
Author response:  It is not mandatory to use H1-HeLa cells.  We used these in 
the protocol because they do not express the miR-142, miR-124 or miR-125 and 
those are the microRNAs targeted in our representative results.  We have 
emphasized this point in step 2.1. 
 
“Rescue microRNA-targeted picornavirus in a cell line permissive for virus 
replication that does not express the cognate microRNA(s).  This protocol uses 
H1-HeLa cells because they do not express miR-142, miR-124, or miR-125, 
however it is not required to use H1-HeLa cells for rescue.” 
 
Reviewer #3 comment: Mention the name of the plasmid encoding the viral 
genome. 
Author response:  The plasmid we used in our representative studies was 
made using a cloning vector that is no longer in production.  Also, we believe 
listing the name in the text would infringe on the branding restrictions of JoVE.  
We have however included a recommended cloning vector (of similar backbone 
to our original) in the Table of Specific Materials and Equipment. 
 
Reviewer #3 comment: Mention the name of the E.coli strain in which the 
transformation was done. 
Author response: We believe this would infringe on the branding restrictions of 
JoVE, therefore we did not include the name in the text.  We have however 
included this in the Table of Specific Materials and Equipment. 
 
Reviewer #3 comment:  In the point 5.6) why is 700ul media preserved? What’s 
the utility? 
Author response:  The entire supernatant is collected and processed for virus 
titration.  The 700 ul is removed and preserved prior to scraping to minimize the 
potential for splashing into adjacent wells.  We have clarified this in the NOTE 
associated with this step. 
 
Reviewer #3 comment: Some steps to clarify that host cell remains viable at the 
measured titre of virus infection.  That’s one of the focal concerns of the method. 
Author response:  We do not fully understand which step in the process this 
suggestion is in regards to.  We believe the reviewer is referring to measuring the 
viability of the cells at each time point during the growth curve analysis.  
However, this assay is performed in cells that do not express the cognate 
microRNAs and therefore over time these cells should not exhibit any increased 
viability over cells infected with an unmodified virus.  Our representative data 



does show results in RAW264.7 cells that do express the microRNAs and this 
may be what the reviewer is referring to.  We believe adding in extra steps to this 
section of the protocol would only serve to confuse the reader that the purpose of 
the growth curve analysis is to show no disruption of virus growth and 
subsequent cell killing.  We do describe how to evaluate the viability of cells in 
the presence of microRNAs in the microRNA-targeting specificity protocol (steps 
6.11.1 – 6.11.5).  Additionally, we have added the following to the discussion: 
 
“the specificity can also be evaluated in cells that express the appropriate 
microRNAs using microRNA inhibitors instead.  This assay would allow analysis 
of targeting-specificity based on virus titration and cell viability readouts in the 
presence of physiologically relevant levels of microRNAs.”  
 
We hope this adequately addresses the reviewers’ concern.  
 
 


