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SUMMARY: 27 
Here we describe a clinically relevant, high-efficiency, feeder-free method to reprogram human 28 
primary fibroblasts into induced pluripotent stem cells using modified mRNAs encoding 29 
reprogramming factors and mature microRNA-367/302 mimics. Also included are methods to 30 
assess reprogramming efficiency, expand clonal iPSC colonies, and confirm expression of the 31 
pluripotency marker TRA-1-60. 32 
 33 
ABSTRACT: 34 
Induced pluripotent stem cells (iPSCs) have proven to be a valuable tool to study human 35 
development and disease. Further advancing iPSCs as a regenerative therapeutic requires a safe, 36 
robust, and expedient reprogramming protocol. Here, we present a clinically relevant, step-by-37 
step protocol for the extremely high-efficiency reprogramming of human dermal fibroblasts into 38 
iPSCs using a non-integrating approach. The core of the protocol consists of expressing 39 
pluripotency factors (SOX2, KLF4, cMYC, LIN28A, NANOG, OCT4-MyoD fusion) from in vitro 40 
transcribed messenger RNAs synthesized with modified nucleotides (modified mRNAs). The 41 
reprogramming modified mRNAs are transfected into primary fibroblasts every 48 h together 42 
with mature embryonic stem cell-specific microRNA-367/302 mimics for two weeks. The 43 
resulting iPSC colonies can then be isolated and directly expanded in feeder-free conditions. To 44 
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maximize efficiency and consistency of our reprogramming protocol across fibroblast samples, 45 
we have optimized various parameters including the RNA transfection regimen, timing of 46 
transfections, culture conditions, and seeding densities. Importantly, our method generates high-47 
quality iPSCs from most fibroblast sources, including difficult-to-reprogram diseased, aged, 48 
and/or senescent samples.  49 
 50 
INTRODUCTION: 51 
Reprogramming somatic cells into induced pluripotent stem cells (iPSCs) requires extended 52 
expression of a core set of transcription factors that are important in maintaining pluripotency1,2. 53 
When producing iPSCs for clinical applications, it is essential that the mutational burden in input 54 
cells is minimized during processing and the efficiency of iPSC generation is maintained at a 55 
relatively high level across patient samples. However, the majority of reprogramming methods, 56 
including integration-free protocols, suffers from very low reprogramming efficiencies, which 57 
limit clinical usefulness of these approaches3. The low reprogramming efficiency may also 58 
promote selective reprogramming of cells carrying preexisting mutations, increasing mutational 59 
burden in resulting iPSCs. In addition, all DNA-based reprogramming methods, such as lentivirus- 60 
and episomal-based approaches, suffer from the safety concern that DNA may randomly 61 
integrate into the genome and create the opportunity for harmful insertional mutagenesis and 62 
unwanted (potentially oncogenic) expression of pluripotency genes in downstream tissue 63 
derivatives4.  64 
 65 
A promising approach to achieve efficient induction of pluripotency in somatic cells and reduce 66 
mutational burden in resulting iPSCs is to use synthetic capped messenger RNAs containing 67 
modified nucleobases (modified mRNAs) for reprogramming5. The efficiency of modified mRNA-68 
based reprogramming approaches can be further enhanced by adding embryonic stem cell (ESC)-69 
specific microRNAs (miRNAs)-367/302s3, which have been shown to reprogram somatic cells with 70 
increased efficiency6,7. However, even with the addition of miRNAs-367/302s, the modified 71 
mRNA-based reprogramming approach often fails during application to freshly isolated patient 72 
cells3. To address inconsistencies of this modified mRNA-based approach, we have recently 73 
reported an optimized, integration-free strategy that induces pluripotency in human primary 74 
fibroblasts with a high success rate and utilizes both modified mRNAs encoding reprogramming 75 
factors and mature miRNA-367/302 mimics8.. In our method, the reprogramming modified mRNA 76 
cocktail includes a modified version of OCT4 fused with the MyoD transactivation domain (called 77 
M3O)9 and five other reprogramming factors (SOX2, KLF4, cMYC, LIN28A, and NANOG). 78 
Combining the modified mRNA encoding the pluripotency factors with the miRNA mimics 79 
appeared to have a synergistic effect on reprogramming efficiencies in this protocol. Additional 80 
optimizations of the RNA transfection regimen, cell seeding, and culturing conditions were also 81 
necessary to increase reprogramming efficiency of the approach to an ultra-high level8. 82 
 83 
Unlike many other protocols, our reprogramming approach typically requires only a few 84 
thousand input fibroblasts. In addition, many common non-integrating strategies using episomal 85 
plasmids, Sendai virus, or self-replicating RNA involve extensive passaging to dilute the 86 
reprogramming vector in generated iPSCs. Conversely, modified mRNA and mature miRNA 87 
mimics have a short half-life and are rapidly eliminated from cells. Taken together, the amount 88 
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of cumulative cell culture time between collecting patient samples and the generation of usable 89 
iPSCs is minimal in this approach, effectively limiting mutation accumulation in resulting iPSCs 90 
and improving cost-effectiveness.  91 
 92 
Here, we present the detailed step-by-step protocol to achieve high-efficiency reprogramming of 93 
adult human fibroblasts into iPSCs using our combinatorial modified mRNA/miRNA-based 94 
approach8. This RNA-based reprogramming protocol provides a straightforward, cost-effective, 95 
and robust method for generating integration-free iPSCs for research and potential clinical 96 
applications. Furthermore, it is applicable to the reprogramming of a variety of fibroblast lines 97 
including difficult-to-reprogram, disease-associated, aged, and senescent fibroblasts. A 98 
schematic of the protocol for reprogramming human fibroblasts is shown in Figure 1. The 99 
protocol specifically describes a method for reprogramming three wells of human adult primary 100 
fibroblasts in a 6-well format plate. Two wells typically yield a sufficient number of high-quality 101 
iPSC colonies. In many cases, only one well is necessary, and the third well can be used for analysis 102 
of reprogramming efficiency. If required, the number of wells can be scaled up. 103 
 104 
PROTOCOL: 105 
Work under RNase-free conditions and use aseptic techniques when possible. Perform all cell 106 
culture-related manipulations in a biological safety cabinet using aseptic techniques. Follow 107 
institutional biosafety standards for work with human cells. 108 
 109 
1. Reagents and Equipment for Preparation of Reprogramming Initiation  110 
 111 
1.1. Prepare the modified-mRNA cocktail encoding reprogramming factors. 112 
 113 
1.1.1. Follow the previously published protocol10 to perform in vitro transcription, capping, and 114 
dephosphorylation procedures for each modified mRNA encoding individual reprogramming 115 
factor. After the final purification step, elute the modified mRNA with nuclease-free water, 116 
supplement the purified modified mRNA solution with 1 U/µL RNase inhibitor, quantitate the 117 
modified mRNAs using a spectrophotometer, and store at -80 °C for up to 6 months. Prepare 118 
multiple aliquots of each modified mRNA to minimize the number of freeze-thaw cycles. 119 
 120 
Note: Similar protocols for modified mRNA production have been reported elsewhere5,8,11. 121 
Templates for in vitro transcription can be generated by PCR amplification from corresponding 122 
plasmid templates using primers listed in the Table of Materials according to the previously 123 
published protocol10. Plasmid templates for each reprogramming factor (M3O9, SOX2, KLF4, 124 
cMYC, NANOG, LIN28A) and mWasabi (control for transfection) are available from commercial 125 
sources. 126 
 127 
1.1.2. Mix together all the modified mRNAs at a molar ratio of 3:1:1:1:1:1 (M3O : SOX2 : KLF4 : 128 
cMYC : NANOG : LIN28A) and include 10% mWasabi modified mRNA as a control for the 129 
transfection efficiency. Adjust the concentration of the complete modified mRNA 130 
reprogramming mix to a final concentration of 100 ng/µL by adding nuclease-free water 131 
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supplemented with 1 U/µL RNase inhibitor. Prepare seven 33 µL aliquots of the complete 132 
modified mRNA cocktail. Store the mixed reprogramming aliquots at -80 °C.  133 
 134 
Note: For each transfection, 1,000 ng of the modified mRNA cocktail is added per well (i.e., a total 135 
of 3,000 ng for 3 wells). Each 33 μL aliquot is sized to transfect 3 wells of a 6-well format plate 136 
and includes 3 μL of excess volume to account for pipetting errors. Preparing seven 33 μL aliquots 137 
is sufficient to complete a full fibroblast reprogramming of 3 wells in a 6-well format plate. 138 
 139 
1.2. Prepare the cocktail of reprogramming miRNA mimics. 140 
 141 
1.2.1. Dissolve lyophilized miRNA mimics (Syn-hsa-miR-302a-3p, Syn-hsa-miR-302b-3p, Syn-hsa-142 
miR-302c-3p, Syn-hsa-miR-302d-3p, Syn-hsa-miR-367-3p) to a 5 pmol/µL (5 µM) final 143 
concentration in nuclease-free water supplemented with 1 U/µL of RNase inhibitor. Prepare 144 
multiple aliquots of each miRNA mimic and store at -80 °C for long term storage. 145 
 146 
1.2.2. Mix all miRNA mimics in a 1:1:1:1:1 molar ratio to a final concentration of 5 pmol/µL (5 147 
µM). Prepare seven 14 µL aliquots of the miRNA mimics mix. Store the mixed aliquots at -80 °C.  148 
 149 
Note: For each transfection, 20 pmol of the miRNA mimics mix is added per well (i.e., a total of 150 
60 pmol for 3 wells). Each 14 μL aliquot is sized to transfect 3 wells of a 6-well format plate and 151 
includes 2 μL of excess volume to account for pipetting errors. Preparing seven 14 μL aliquots is 152 
sufficient to complete a full fibroblast reprogramming of 3 wells in a 6-well format plate. 153 
 154 
1.3. Prepare the transfection buffer. 155 
 156 
1.3.1.  Pre-warm one 500 mL bottle and one 100 mL bottle of fresh reduced-serum medium to 157 
RT (RT) for approximately 2 h. Do not use a water bath. 158 
 159 
1.3.2. Transfer a pH meter to a biosafety cabinet. Wash the meter’s glass electrode with 160 
nuclease-free water. Calibrate the pH meter according to the manufacture’s instructions. Wash 161 
the electrode again with nuclease-free water. 162 
 163 
1.3.3. Transfer both bottles of reduced-serum medium into the biosafety cabinet. Use the 500 164 
mL RT bottle to adjust the pH.  165 
 166 
1.3.4. Measure the base pH of the reduced-serum medium by inserting the pH meter’s glass 167 
electrode into the buffer. Wait up to 1 min before reading the pH on the meter.  168 
 169 
1.3.5. Add 3-4 mL of 1 M NaOH into 500 mL of reduced-serum medium, close the bottle, and mix 170 
well. Wait up to 5 min before opening the bottle for pH measurement. Insert the pH meter’s 171 
electrode into the buffer and wait until the reading on the pH meter stabilizes.  172 
 173 
1.3.6. Continue adding small volumes of 1 M NaOH until the pH of reduced-serum medium 174 
reaches 8.15-8.17. Calibrate the pH meter several times during the process. If at any point the 175 
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pH becomes higher than 8.18, reduce it by adding fresh reduced-serum medium from the pre-176 
warmed 100 mL bottle (step 1.3.1).  177 
 178 
Note: The pH of the reduced-serum medium-based transfection buffer is critical. Reprogramming 179 
will be successful if the pH of the transfection buffer is about 8.2 ± 0.05 but may fail if the pH is 180 
higher than 8.25. Therefore, it is advised to stop adding NaOH once the buffer’s pH reaches 8.15-181 
8.17. This will ensure that the final pH of the transfection buffer is approximately 8.2-8.22 after 182 
sterilization. The exposure of the transfection buffer to atmospheric air during the preparation 183 
of aliquots increases its pH, as well.  184 
 185 
1.3.7.  Filter sterilize the transfection buffer using a 0.22 µm vacuum filtration system. Aliquot 186 
the sterilized buffer into 5 or 15 mL tubes with minimal air space. 187 
  188 
1.3.8. Store aliquots of the transfection buffer for up to 3 months at 4 °C. Measure the pH of the 189 
aliquots periodically. Discard the aliquots if the pH is higher than 8.25. Limit aliquot usage to 2 190 
transfections only.   191 
 192 
1.4. Prepare the fibroblast expansion medium (FEM): minimum essential medium supplemented 193 
with 10% fetal bovine serum (FBS), 1x non-essential amino acids, 1x glutamine supplement, 55 194 
µM 2-mercaptoethanol, 1x pen/strep/fungizone. Store the FEM at 4 °C. 195 
 196 
1.5. Prepare the reprogramming medium: DMEM/F12 (no HEPES) supplemented with 20% 197 
knockout serum replacement (KOSR), 0.5x non-essential amino acids, 0.5x glutamine 198 
supplement, 55 µM 2-mercaptoethanol, 50 µg/mL ascorbic acid, 1x pen/strep/fungizone, 100 199 
ng/mL bFGF, and 200 ng/mL B18R. Prepare the medium at the initiation of reprogramming 200 
without bFGF and B18R, and store it at 4 °C. Do not use it beyond 1 month following preparation. 201 
Add bFGF and B18R immediately before each use to an aliquot sized for that day’s use. 202 
 203 
1.6. Prepare the plating medium by adding 5% heat-inactivated (HI) FBS into the reprogramming 204 
medium containing 20% KOSR without bFGF and B18R from step 1.5. Prepare the medium fresh 205 
on the day of intended use. Add bFGF and B18R immediately before use on day 0 of 206 
reprogramming.  207 
 208 
1.7. Calibrate the tissue culture incubators before initiating reprogramming according to the 209 
manufacturer’s instructions using a handheld digital CO2 analyzer. Use a low-O2 incubator for the 210 
reprogramming steps to ensure successful iPSC generation. 211 
 212 
2. Culturing Fibroblasts for Reprogramming 213 
 214 
2.1. Prepare fibroblasts prior to the initiation of reprogramming (day -2). 215 
 216 
2.1.1. Coat a new 10 cm tissue culture plate with 5 mL of 0.1% gelatin. Tap or swirl the plate to 217 
ensure that the entire surface is coated. Incubate for 15 min at 37 °C. Aspirate gelatin and add 218 
10 mL of FEM. Set aside. Do not allow the coated surface of the plate to dry before adding FEM. 219 



5 
 

 220 
2.1.2. Carefully aspirate the spent medium from the fibroblasts. Rinse the cells once with 5 mL of 221 
DPBS to remove the residual serum. Add 3 mL of trypsin-EDTA. Gently rock the plate to ensure 222 
complete coverage over the cells.  223 
 224 
2.1.3. Aspirate excess fluid, leaving ~500 μL of trypsin. Do not over-aspirate, since this can dry 225 
and kill the fibroblasts. Incubate the fibroblasts with trypsin-EDTA for 3 min at 37 °C. 226 
  227 
2.1.4. Remove the plate from the incubator and firmly but gently tap the side of the plate to 228 
dislodge the cells. Check the cells under the microscope. If the cells are detached and floating, 229 
proceed. If the cells are still attached, incubate for another 3 min. 230 
 231 
2.1.5. Quickly rinse/collect the detached cells using 5 mL of FEM to neutralize the trypsin-EDTA. 232 
Move the fibroblast suspension into a 15 mL conical tube. Ensure that the cells are well-mixed. 233 
 234 
2.1.6. Gently mix the cell suspension to break large clumps of cells, then count them on a 235 
hemocytometer. Transfer 2.5 x 105 cells into the gelatin-coated 10-cm dish prepared in step 2.1.1. 236 
Incubate the cells overnight in the 37 °C, 5% CO2 humidified regular tissue culture incubator. 237 
 238 
Note: The cell density is critical to achieve high reprogramming efficiency, as it is important that 239 
the fibroblasts are healthy and rapidly dividing. Plating 2.5 x 105 cells yields a 40-60% confluency 240 
2 days later for most fibroblast samples. Adjust the amount accordingly for diseased or senescent 241 
cells to attain the desired 40-60% confluency 48 h later. 242 
 243 
2.1.7. Replace the medium with 10 mL of fresh FEM the following day (day -1). 244 
 245 
2.2. Plate the fibroblasts to initiate reprogramming (day 0). 246 
 247 
2.2.1. Verify that the fibroblasts to be reprogrammed are at 40-60% confluency (Figure 2, day 0). 248 
If the cells are over- or under-confluent, passage the fibroblasts as described in step 2.1 and 249 
adjust the plating density accordingly. Culture for another 2 days. 250 
 251 
2.2.2. Transfer 4 mL of DPBS into a 15 mL conical tube. Add 100 µL of recombinant human (rh) 252 
laminin-521. Pipette up and down to mix thoroughly. 253 
 254 
2.2.3. Pipette 1 mL of diluted rhLaminin-521 into 3 wells of a 6-well plate. Incubate the coated 255 
plate at 37 °C for 2 h. 256 
 257 
2.2.4. Warm 6 mL of FEM and 4 mL of plating medium to 37 °C. Supplement the plating medium 258 
with bFGF at a final concentration of 100 ng/mL and B18R at a final concentration of 200 ng/mL.  259 
 260 
2.2.5. Carefully aspirate the spent medium from fibroblasts (step 2.2.1). Rinse the cells with 5 mL 261 
of DPBS and add 3 mL of trypsin-EDTA. Gently rock the plate to cover the cells with trypsin-EDTA.  262 
 263 
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2.2.6. Aspirate excess fluid, leaving ~500 μL of trypsin, as done in step 2.1.4. Incubate the 264 
fibroblasts with trypsin-EDTA for 3 min at 37 °C. Remove the plate from the incubator and firmly 265 
but gently tap the side of the plate to dislodge cells. Check the cells under the microscope. If the 266 
cells are detached and floating, proceed. If the cells are still attached, incubate for another 3 min. 267 
 268 
2.2.7. Rinse/collect the detached cells using 5 mL of FEM to neutralize the trypsin-EDTA. Move 269 
the fibroblast suspension into a 15 mL conical tube. Ensure that the cells are well-mixed and 270 
count them on a hemocytometer. Pipette 12,000 cells into 4 mL of prewarmed plating medium 271 
from step 2.2.4.  272 
 273 
Note: Do not centrifuge the cells at any point. The number of plated cells can be adjusted up or 274 
down as required for slow- or fast-growing lines, respectively. 275 
 276 
2.2.8. Remove the coated plate from the incubator and aspirate diluted rhLaminin-521 from the 277 
coated wells. Do not allow the surface of the wells to dry. Gently resuspend cells in the plating 278 
medium. Pipette 1 mL of cell suspension into each coated well (i.e., 3,000 cells per well). 279 
 280 
2.2.9. Place the plated cells into a tri-gas tissue culture incubator with O2 set to 5% (low-O2). Once 281 
the plate is set down, gently but thoroughly disperse cells by alternating between an up/down 282 
then left/right motion. Repeat the motions 2 more times. Incubate the cells overnight. Do not 283 
swirl the plate to mix. 284 
 285 
2.2.10. Pipette 4 mL of reprogramming medium to a 15 mL conical tube and place it in the low-286 
O2 incubator with a loosened cap to equilibrate overnight. Do not add bFGF and B18R until the 287 
following day. 288 
 289 
3. Initiation of Reprogramming (day 1) 290 
 291 
Note: Once the reprogramming is initiated, daily maintenance is required for approximately 1 292 
month. Be sure to plan accordingly. All subsequent cell incubations must be performed under 293 
low-O2 conditions in the 37 °C, 5% CO2, 5% O2 humidified tri-gas tissue culture incubator. 294 
 295 
3.1. Replace the plating medium at least 1 h prior to transfection. 296 
 297 
3.1.1. Remove the equilibrated reprogramming medium from the low-O2 incubator. Add bFGF to 298 
a final concentration of 100 ng/mL and B18R to a final concentration of 200 ng/mL. Mix well. 299 
 300 
3.1.2. Proceeding with 1 well at a time, use a 1 mL pipette to remove the spent medium and 301 
replace it with 1 mL of reprogramming medium supplemented with bFGF and B18R. Repeat this 302 
for each well. Do not use vacuum aspiration, which excessively dries the cells, causes stress, and 303 
reduces reprogramming efficiency. Move the plate with cells back into the low-O2 incubator. 304 
 305 
3.2. Transfect fibroblasts with 5 µL of RNAiMax transfection reagent per 1 µg of modified mRNA, 306 
and 1 µL of the transfection reagent per 6 pmol of miRNA mimics per transfection. 307 
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 308 
Note: Optimal results are obtained when transfections proceed for 16-20 h. The transfection 309 
reagent is diluted 10x; the 100 ng/µL modified mRNA cocktail is diluted 5x; and the 5 pmol/µL 310 
miRNA mimics mix is diluted 8.33x with the transfection buffer prior to complexation. See Table 311 
1 for a summary of the transfection setup. 312 
 313 
[Place Table 1 here] 314 
 315 
3.2.1. While preparing the transfection mixes, minimize potential exposure of reagents to RNase 316 
by following standard laboratory practice.  317 
 318 
3.2.2. Equilibrate an aliquot of the transfection buffer (step 1.3) for approximately 1 h at RT. Do 319 
not use a 37 °C water bath or incubator to warm up the transfection buffer. 320 
 321 
3.2.3. Remove a single aliquot of modified mRNAs (33 µL) and miRNA mimics (14 µL) from -80 °C 322 
and warm them to RT. Do not thaw the aliquots at 37 °C. Spin them down briefly in a microfuge. 323 
 324 
3.2.4. Warm the transfection reagent to RT. Do not use a 37 °C water bath or incubator. Invert 325 
the closed tube 2-3 times to mix the reagent. Spin it down briefly in a microfuge. 326 
 327 
3.2.5. Transfer 279 µL of the RT transfection buffer into an RNase-free microcentrifuge tube. Add 328 
31 µL of the transfection reagent to achieve a final volume of 310 µL. Mix thoroughly by pipetting. 329 
Do not vortex. Incubate the tube at RT for 1 min.  330 
 331 
Note: This volume of the diluted transfection reagent is sufficient to complex both the modified 332 
mRNA and miRNA mimics aliquots from step 3.2.3. 333 
 334 
3.2.6. Add 132 µL of the RT transfection buffer to the 33 µL aliquot of modified mRNA. Gently 335 
pipette to mix: final volume is 165 µL. 336 
 337 
3.2.7. Add 102.6 µL of the RT transfection buffer to the 14 µL aliquot of miRNA mimics. Gently 338 
pipette to mix: final volume is 116.6 µL. 339 
 340 
3.2.8. Add 165 µL of the diluted transfection reagent from step 3.2.5 to the diluted modified 341 
mRNA from step 3.2.6. Pipette to mix: final volume is 330 µL. 342 
 343 
3.2.9. Add 116.6 µL of the diluted transfection reagent from step 3.2.5 to the diluted miRNA 344 
mimics mix from step 3.2.7. Mix well (final volume is 233.2 µL). Incubate for 15 min at RT to allow 345 
the transfection buffer to complex with the modified mRNAs and miRNA mimics. 346 
 347 
3.2.10. Remove the plate with cells from the low-O2 incubator. Add 100 µL (1 µg) of the 348 
complexed modified mRNA transfection mix to each well, dropwise across the well. Disperse the 349 
transfection complexes by gently but thoroughly agitating the plate with an up/down then 350 
left/right motion. Do not swirl the plate to mix. 351 
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 352 
3.2.11. Add 66.7 µL (20 pmol) of the complexed miRNA mimics transfection mix to each well, 353 
dropwise across the well. Disperse transfection complexes by gently but thoroughly agitating the 354 
plate with an up/down then left/right motion. Do not swirl the plate to mix. 355 
 356 
3.2.12. Place the transfected cells into the tri-gas incubator with O2 set to 5% (low-O2). Once the 357 
plate is set down, disperse the transfection complexes again by gently but thoroughly agitating 358 
the plate with an up/down then left/right motion. 359 
 360 
3.2.13.  Pipette 4 mL of reprogramming medium into a 15 mL conical tube and place it in the low-361 
O2 incubator with loosened cap to equilibrate overnight. Do not add bFGF and B18R until the 362 
following day. 363 
 364 
4. Replacing Reprogramming Medium between Transfections (days 2, 4, 6, 8, 10, and 12) 365 
 366 
4.1. Replace the medium 16-20 h post-transfection as described in 3.1.1–3.1.2. Add bFGF to a 367 
final concentration of 100 ng/mL and B18R to a final concentration of 200 ng/mL into 368 
reprogramming medium aliquots. 369 
 370 
4.2. Monitor mWasabi expression daily to confirm transfection quality using a microscope 371 
configured to visualize EGFP. 372 
 373 
Note: mWasabi expression should be minimally apparent on day 2 and increase in brightness 374 
with each additional transfection.  375 
 376 
5. Every-Other-Day Transfections (days 3, 5, 7, 9, 11, and 13) 377 
 378 
5.1. Perform the transfection as described in step 3.2. Do not change the medium on days of 379 
transfection. 380 
 381 
5.2. Prepare a 4 mL aliquot of reprogramming medium and place it in the low-O2 incubator to 382 
equilibrate for the medium change on the following day. Do not add bFGF and B18R until the 383 
following day. 384 
 385 
6. Procedures to be Performed after Final Transfection  386 
 387 
6.1. Perform daily medium changes from day 14 through approximately day 17. Warm 7 mL of 388 
reprogramming medium to 37 °C. Add bFGF to a final concentration of 100 ng/mL. 389 
 390 
Note: B18R is no longer necessary after the final transfection. Beyond day 14, it is no longer 391 
necessary to equilibrate the medium overnight in the low-O2 incubator. 392 
 393 
6.2. Remove the medium from all wells using a serological pipette. Continue to avoid using 394 
aspiration. Add 2 mL of reprogramming medium supplemented with bFGF per well. 395 
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 396 
6.3. On days 17 and 18, analyze the reprogrammed wells under an inverted or dissecting 397 
microscope. If colonies are formed in close proximity to each other due to high efficiency of 398 
reprogramming and cannot be manually isolated, separate the colonies by performing an 399 
optional passaging of reprogrammed wells described in step 7 below. If colonies are sparse and 400 
well-separated, manually pick the clones directly from the reprogrammed well as described in 401 
step 8 and subculture iPSCs according to standard protocols.  402 
 403 
7. Optional Procedure: Passaging Cells from Reprogrammed Wells using EDTA 404 
 405 
7.1. Prepare 0.5 mM EDTA in DPBS (EDTA) by diluting the 0.5 M EDTA stock solution. Filter 406 
sterilize EDTA using a 0.22 µm vacuum filtration system. 407 
 408 
7.2. Prepare feeder-free pluripotent stem cell (PSC) medium (e.g., mTeSR1) according to the 409 
manufacturer’s instructions. Pre-warm 32 mL of PSC medium to 37 °C. 410 
 411 
7.3. Coat all wells of two 6-well format plates with hESC-qualified extracellular matrix (ECM) 412 
following the manufacturer’s instructions. Seal plates with paraffin film and incubate them for 1 413 
h at RT. 414 
 415 
7.4. Aspirate the ECM solution from the pre-warmed plates and replace it with 2 mL of PSC 416 
medium per well. Do not allow the surface of the wells to dry. Set them aside. 417 
 418 
7.5. Aspirate the reprogramming medium from 2 reprogrammed wells on a day when the 419 
colonies are large and clearly formed (usually day 18). Rinse once with 1 mL of EDTA and aspirate. 420 
 421 
7.6. Add 1 mL of EDTA per well. Incubate for 4 min at 37 °C. 422 
 423 
7.7. Gently remove the plate from the incubator and place it in the biosafety cabinet.  424 
 425 
Note: At this point, cells may be very loosely adhered and easily dislodged. 426 
 427 
7.8. Carefully aspirate EDTA from both wells. Add 3 mL of pre-warmed PSC medium to each 428 
well treated with EDTA. Use a cell-scraper to gently but thoroughly dislodge cells from both wells. 429 
 430 
7.9. Use a serological pipette to gently pipette the cell suspension and break up large clumps. Do 431 
not pipette until all the cell clumps are gone. Preserve iPSC clusters. 432 
 433 
Note: Plating large clumps will not affect iPSC colony outgrowth. If there are excessively large cell 434 
clumps, simply avoid transferring them into the next dish. 435 
 436 
7.10. Using a serological pipette, evenly distribute cells from each EDTA-treated well by pipetting 437 
0.5 mL into each well of the ECM-coated 6-well plate.  438 
 439 
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Note: Do not combine cells from the reprogrammed wells (i.e., reprogrammed well 1 should be 440 
evenly distributed into the first 6-well plate, and reprogrammed well 2 should be evenly 441 
distributed into the second 6-well plate). 442 
 443 
7.11. Move the plated cells back into the low-O2 incubator. To evenly distribute cells, shake each 444 
plate back-and-forth and side-to-side. Do not swirl. Replace the PSC medium daily. 445 
 446 
8. Picking iPSC Colonies 447 
 448 
8.1. Pre-warm 15 mL of PSC medium to 37 °C. Coat all wells of a single 6-well plate with hESC-449 
qualified ECM following the manufacturer’s instructions. Seal the plates with paraffin film and 450 
incubate them for 1 h at RT. 451 
 452 
8.2. Aspirate the culture medium from wells being used to collect iPSCs. Rinse once with 1 mL 453 
of EDTA and aspirate. Add 1 mL of EDTA per well. Incubate for 4 min at 37°C. While the cells are 454 
incubating, aspirate the ECM solution from the pre-warmed plates and replace with 2 mL of PSC 455 
medium per well. Set the plates aside. 456 
 457 
8.3. Gently remove the plate with iPSCs to be picked from the incubator and place it in the 458 
biosafety cabinet.  459 
 460 
Note: At this point, cells may be very loosely adhered and easily dislodged. 461 
 462 
8.4. Carefully aspirate EDTA. Very gently add 3 mL of pre-warmed PSC medium, taking care 463 
not to dislodge iPSC colonies. 464 
 465 
8.5. Move the plate to an inverted or dissecting scope to better visualize colonies. Prepare a 466 
1 mL pipette with a sterile tip. Depress the plunger fully, then use the pipette tip to gently scrape 467 
a colony while slowly drawing liquid into the tip to collect the colony. Draw as little medium as 468 
possible while picking the iPSC colony. 469 
 470 
8.6. To transfer the colony, pipette up and down 3-4 times in a single well of the ECM-coated 471 
plate from step 8.4. Repeat until 6 colonies have been picked and transferred into individual 472 
wells. Pick no more than 2 colonies from any single well if an optional passaging described in step 473 
7 has been performed. 474 
 475 
8.7. Use a standard human stem cell protocol to freeze down all remaining wells. Thaw and 476 
re-plate frozen stocks if more colonies must be picked later. 477 
 478 
9. Characterization of iPSCs 479 
 480 
9.1. Perform TRA-1-60 staining for analysis of reprogramming efficiency (day 18). 481 
 482 
Note: 2 out of 3 reprogrammed wells are passaged for future colony picking. The remaining well 483 
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can be used for TRA-1-60 staining. This procedure can be performed on the laboratory bench top. 484 
 485 
9.1.1. Wash the reprogrammed well with 1 mL of PBS. Fix cells with ice-cold methanol at -20°C 486 
for 5 min. 487 
 488 
9.1.2. Aspirate methanol. Dry the well for approximately 2 min. Be careful not to over-dry. The 489 
cells have dried enough when they become a translucent/matte color. 490 
 491 
9.1.3. Wash the well 3 times with 1 mL of PBS for 5 min with gentle shaking. During the washes, 492 
prepare 3 mL of 3% hydrogen peroxide in PBS. 493 
 494 
9.1.4. Aspirate the PBS. Add 2 mL of diluted peroxide solution. Incubate for 15 min at RT with 495 
gentle shaking. Prepare 4 mL of the blocking solution: 10% bovine-serum albumin (BSA) in PBS. 496 
 497 
9.1.5. Aspirate the peroxide solution.  Wash the well 2 times with 1 mL of PBS for 5 min. 498 
 499 
9.1.6. Aspirate PBS and add 2 mL of blocking solution into the well. Incubate for 1 h at RT. 500 
 501 
9.1.7. Wash the well 3 times with 1 mL of PBS for 5 min with gentle shaking. 502 
 503 
9.1.8.  Dilute primary anti-TRA-1-60 antibody at 1:100 in the blocking solution supplemented 504 
with 0.05% sodium azide. Prepare 1 mL of antibody dilution for 1 well of a 6-well format dish. 505 
Add the antibody dilution to the well and wrap the plate with parafilm to avoid evaporation. 506 
Incubate overnight at 4 °C with gentle shaking.  507 
 508 
Note: If needed, the incubation with the primary antibody can be done for 1 h at RT with gentle 509 
shaking. The primary antibody dilution can be re-used up to 5 times.  510 
 511 
9.1.9. After incubation with the primary antibody, wash the well 3 times with 1 mL of PBS for 5 512 
min with gentle shaking. 513 
 514 
9.1.10. Dilute the secondary anti-mouse HRP-conjugated antibody at 1:200 in the blocking 515 
solution. Incubate the well with the secondary antibody dilution for 2 h at RT with gentle shaking.  516 
 517 
9.1.11. Aspirate the secondary antibody dilution and wash the well 3 times with 1 mL of PBS for 518 
5 min with gentle shaking. 519 
 520 
9.1.12. During the third wash, prepare the substrate solution following the manufacturer’s 521 
instruction. After the final wash, aspirate PBS. Add 1 mL of the substrate solution and incubate 522 
until desired color develops (approximately 10 min). 523 
 524 
9.1.13. Aspirate the substrate solution. Rinse the well with water for 5 min while gently shaking.  525 
 526 
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9.1.14. Count the colonies, if desired. Reprogramming efficiency = (number of colonies) / 527 
(number of plated fibroblasts) x 100%. 528 
 529 
9.1.15. For long-term storage, aspirate water from the stained plate and air-dry overnight at RT. 530 
Seal the dried plate with parafilm and store at 4°C for up to 2 years to assess reprogramming 531 
efficiency later. 532 
 533 
REPRESENTATIVE RESULTS: 534 
It typically takes approximately 5-6 weeks from the initiation of fibroblast reprogramming to 535 
freezing of the first vials of iPSCs (Figure 1). The reprogramming protocol can be generally 536 
categorized into two phases. Phase 1 includes the fibroblast culture and seven transfections, with 537 
the reprogramming RNA cocktail performed every 48 h. Phase 2 includes isolation, expansion, 538 
and characterization of the iPSC colonies. 539 
 540 
Before initiating the protocol, it should be ensured that the fibroblasts to be reprogrammed are 541 
of good quality. Healthy fibroblasts should appear spindle-shaped, bipolar, and refractile with a 542 
doubling time of approximately 24 h. By day 0, 250,000 cells plated into a 10-cm dish on day -2 543 
should grow to 40-60% confluency (Figure 1, day 0) and yield approximately 6-10 x 105 cells. Cells 544 
proliferating at a slower rate can be compensated for by plating at a higher density on day -2 and 545 
on day 0 for reprogramming. 546 
 547 
Fibroblasts should appear very sparse following plating into a well of a 6-well format dish for 548 
reprogramming (Figure 2, day 1). Twenty-four hours following the first transfection, fibroblasts 549 
will lose their spindle shape and adopt a more rounded morphology (Figure 2, day 2), which is 550 
maintained through the remainder of reprogramming. Green fluorescence from mWasabi mRNA 551 
should be minimally observable on day 2 and steadily increase in brightness to be clearly visible 552 
by day 4. The ability to detect mWasabi fluorescence can depend on scope sensitivity and setup. 553 
Cell density will gradually and consistently increase throughout the first three transfections (days 554 
1-6), with an apparent burst in proliferation occurring between days 7 and 8. The cells should 555 
appear largely confluent by day 10 (Figure 2, day 10). The first iPSC colonies can appear as early 556 
as day 11 (Figure 2, day 11); however, colonies may not be observable until as late as day 18. 557 
Generally, by days 15-18, there will be large and obvious iPSC colonies that are clearly distinct 558 
from surrounding, incompletely reprogrammed fibroblasts (Figure 2, day 15 and Figure 3, day 559 
17). Immunostaining for the pluripotency marker TRA-1-60 can be performed to assess 560 
reprogramming efficiency (Figure 3, day 17, TRA-1-60). In our experience, most fibroblast lines 561 
yield hundreds of colonies per reprogrammed well (Figure 3, inset B).  562 
 563 
Suboptimal plating density is the most common reason for reduced efficiency of reprogramming 564 
in our protocol and is frequently associated with fibroblasts that are diseased, senescent, and/or 565 
high-passage. If plating density is too low, there will be large acellular barren patches at the end 566 
of reprogramming (Figure 4C), and iPSC colonies may not form (Figure 4D). Reprogrammed cells 567 
should be very confluent by day 14 (compare Figures 4A and 4B to Figure 2, day 14). Similarly, if 568 
cells are plated too densely or proliferate too quickly, reprogramming efficiency is dramatically 569 
reduced. 570 
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 571 
To maintain homogeneity of patient-derived iPSCs, it is important to expand cell lines from a 572 
single colony. Since reprogramming efficiency is very high in our protocol, neighboring iPSC 573 
colonies may form in close proximity to and grow into each another (Figure 3, days 15-17). This 574 
sometimes makes it difficult to mechanically separate a single colony for clonal expansion. We 575 
have found that it is helpful to first passage a reprogrammed well and dilute it across a larger 576 
culture area. A good passage ratio consists of evenly splitting a reprogrammed 6-well-format 577 
plate well across an entire 6-well plate.  578 
 579 
Following the dilution passage, iPSCs grow as colonies and are easily distinguishable from 580 
fibroblasts (Figure 5, day 18). Initially, iPSC colonies may be loosely packed, and individual cells 581 
have a relatively large cytoplasmic area. Over the course of 4-7 days, the iPSCs proliferate and 582 
form a characteristic tightly-packed colony with defined edges. Individual cells within the colony 583 
have a large nuclear fraction with prominent nucleoli (Figure 5, day 22). There should be many 584 
colonies that form in each well, and only those with classic iPSC morphology should be picked for 585 
expansion. 586 
 587 
FIGURE LEGENDS 588 
Figure 1: Reprogramming of human fibroblasts into induced pluripotent stem cells (iPSCs). A 589 
schematic protocol for the reprogramming of human fibroblasts is presented. Fibroblasts are first 590 
passaged at a low density into a well of a 6-well format dish, followed by seven transfections 591 
performed at 48 h intervals. Medium is replaced 16-20 h after each transfection. Reprogrammed 592 
iPSCs are first passaged at approximately day 18, and clonal colonies are picked by day 26. 593 
Typically, fibroblast-derived iPSC lines can be frozen for long-term storage by day 38. 594 
 595 
Figure 2: Representative daily images during each day of reprogramming. Fibroblasts should be 596 
approximately 40-60% confluent at the time of passage to initiate reprogramming (day 0, cells 597 
are plated in a 10 cm dish). The first transfection (T1) occurs on day 1, and the cells should appear 598 
very sparse at this point. The following day (day 2), a more rounded morphology should become 599 
apparent. Cells will continue to increase in density throughout the protocol with iPSC clusters 600 
beginning to appear as early as day 11 (circled in red). By day 15, iPSC colonies will be large with 601 
discreet boundaries. Scale bar = 200 µm. 602 
 603 
Figure 3: Colony formation following transfections with reprogramming modified mRNAs and 604 
miRNA mimics. Low-magnification images were taken of a representative reprogramming on 605 
days 15-17. Following the final transfection, reprogrammed iPSCs will form clear colonies with 606 
defined boundaries that expand in size and condense to become clearly distinct from 607 
incompletely reprogrammed surrounding fibroblasts. Immunostaining for the pluripotency 608 
marker TRA-1-60 indicates the presence of iPSCs (inset A) and can be used for calculation of 609 
reprogramming efficiency by counting all colonies within a single well (inset B, examples of 610 
countable colonies circled in green). Scale bar = 1 mm. 611 
 612 
Figure 4: Representative images of sub-optimal plating density for reprogramming. (A, B) 613 
Examples of fibroblasts that are too sparse by day 14 of reprogramming (compare to Figure 2, 614 
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day 14). (C) Low magnification image on day 17 of reprogramming with a large, barren patch 615 
circled in red. (D) The same well was fixed and stained for TRA-1-60 to confirm overall poor 616 
reprogramming efficiency due to low cell density. Scale bars = 200 µm and 1 mm for (A, B) and 617 
(C, D), respectively. 618 
 619 
Figure 5: Representative images of iPSCs after initial passage. After completing transfections 620 
with reprogramming modified mRNAs and miRNA mimics, reprogrammed cells are passaged by 621 
days 17-20. iPSCs have a growth advantage in PSC medium and rapidly overtake any fibroblasts 622 
that were incompletely reprogrammed. Initially, iPSCs will form colonies that may appear loose 623 
with poorly defined borders. Within several days, the cells rapidly proliferate and take on the 624 
characteristic morphology of tightly packed cells with a high nucleus-to-cytoplasm ratio, tightly 625 
clustering into colonies with distinct borders. Scale bar = 200 µm. 626 
 627 
Table 1: Preparation of transfection mix. 628 
 629 
DISCUSSION: 630 
This protocol describes a clinically-relevant, non-integrating, RNA-based method that allows for 631 
the reprogramming of normal and disease-associated human fibroblast lines into iPSCs at an 632 
ultra-high efficiency. To date, every human fibroblast line we have attempted to reprogram with 633 
the described protocol has yielded a satisfactory number of high-quality iPSCs for downstream 634 
applications. Resulting iPSCs can immediately be transferred and expanded in feeder-free culture 635 
conditions. 636 
 637 
Quality of fibroblasts for reprogramming: 638 
Reprogramming success is heavily dependent on the quality of starting fibroblasts. Ideally, 639 
reprogramming should be initiated with the lowest passage fibroblasts available to achieve the 640 
highest efficiency. Reprogramming efficiency is best with fibroblasts of passage 2-4. 641 
Reprogramming can still work with high-passage (passage 5-8), even senescent fibroblasts, albeit 642 
with a reduced efficiency. Sometimes low-passage fibroblasts are unavailable or patient samples 643 
have a genetic mutation that prevents healthy growth. In this case, optimization of initial plating 644 
density may be required. The reprogramming of compromised fibroblast lines is usually 645 
associated with increased cell death during RNA transfections. As a result, the cells in the 646 
reprogramming well will appear to be sparse by days 10-14 of reprogramming. Large acellular 647 
areas will also be visible in the well. If this is the case, the reprogramming protocol will need to 648 
be re-initiated with a higher initial starting number of fibroblasts. Plating 3,000 input cells per 649 
well of a 6-well format dish works consistently for most adult fibroblast lines. However, increasing 650 
the plating number to 5,000-10,000 (50,000 for senescent lines) may help to improve 651 
reprogramming of disease-associated samples, as has been reported in our previous publication8. 652 
Conversely, cells reaching confluency too early can also be resistant to reprogramming. If cells 653 
undergoing transfections with reprogramming RNAs proliferate too rapidly (as is sometimes the 654 
case with primary neonatal fibroblasts), initiate reprogramming with 500 fibroblasts per well of 655 
a 6-well format dish8. 656 
 657 
Handling of the transfection buffer: 658 
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The pH of the transfection buffer (reduced-serum medium adjusted to the pH of 8.2) is 659 
paramount to achieving the optimal transfection efficiencies required for this reprogramming 660 
protocol. For this reason, several precautions regarding the handling of the transfection buffer 661 
are recommended. We have found that even short exposure of the transfection buffer to 662 
atmospheric air affects the pH of the buffer. Therefore, the transfection buffer should be 663 
aliquoted into a screw cap container with minimal air space (we use either 5 or 15 mL screw cap 664 
conical tubes). To further minimize air exposure, use each transfection buffer aliquot for a 665 
maximum of two transfections. Lastly, since temperature impacts pH, it is critical that the 666 
transfection buffer is equilibrated to RT for assembly of the transfection complexes. It is advised 667 
to not warm the transfection buffer to 37°C. 668 
 669 
Passaging of iPSCs: 670 
While many previously published protocols recommend picking individual iPSC colonies at the 671 
end of reprogramming, this may be difficult to achieve when the efficiency of reprogramming is 672 
very high or if the colonies cluster together, as is often the case in our protocol. Therefore, if iPSC 673 
colonies are in close proximity to each other, we recommend first passaging the cells to spread 674 
out reprogrammed iPSCs before manually picking colonies. There are several advantages to 675 
performing this early passage step. Spreading out the colonies gives them more room to grow, 676 
yielding much larger colonies for picking than could otherwise be achieved in the original well. 677 
This greatly improves the success rate in establishing an iPSC line from a picked clone. We also 678 
find that the additional culture time with fibroblasts, albeit at a diluted ratio, appears to improve 679 
the average quality of picked iPSC colonies. The incompletely reprogrammed fibroblasts may 680 
provide supporting paracrine factors, which continue to help establish the iPSCs and ease the 681 
direct transition into feeder-free cell culture conditions. Fibroblasts fortuitously have a selective 682 
growth disadvantage compared to iPSCs when cultured in mTeSR1. Therefore, the contaminating 683 
fibroblast cell population is quickly diluted to negligible quantities within 3-4 passages.  684 
 685 
ROCK inhibitors such as Y-27632 are frequently used for routine culture of human iPSCs. We have 686 
found that frequent and/or extended culture of some iPSC lines with Y-27632 can have 687 
deleterious effects on overall quality. When using a clump passaging method, such as with EDTA, 688 
Y-27632 is not necessary to maintain iPSC viability after splitting. We have completely eliminated 689 
supplementing media with Y-27632 for all iPSC isolation, expansion, or routine culture. 690 
 691 
Protocol limitations: 692 
One limitation to the described RNA-based reprogramming approach is the initial cost and 693 
complexity associated with the preparation of the reprogramming reagents. Although 694 
preparatory procedures to generate mRNA reagents are all routine and have been previously 695 
described (PCR, in vitro transcription, DNase treatment, capping, dephosphorylation, 696 
purification), cumulatively the production of mRNA reagents is a relatively lengthy and non-trivial 697 
process. The other major challenge to this protocol is the need to transfect cells every 48 h, 698 
increasing the labor intensity of the reprogramming protocol. These considerations may be 699 
prohibitive if reprogramming of only a few patient samples is desired. However, if the primary 700 
consideration is the generation of clinically relevant iPSCs or achieving very high reprogramming 701 
efficiency, the described RNA-based reprogramming approach is ideal. 702 
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 703 
In summary, the described high-efficiency RNA-based reprogramming method hinges on 704 
optimized transfection efficiency of the somatic cell type to be reprogrammed as described in 705 
our previous publication8. The RNA transfection protocol presented in this study is highly tuned 706 
for human primary fibroblasts but can potentially be tailored to other cell types to improve 707 
reprogramming efficiency of various somatic cells. 708 
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This is an Adobe® Illustrator® File that was
saved without PDF Content.
To Place or open this �le in other
applications, it should be re-saved from
Adobe Illustrator with the "Create PDF
Compatible File" option turned on. This
option is in the Illustrator Native Format
Options dialog box, which appears when
saving an Adobe Illustrator �le using the
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saving an Adobe Illustrator �le using the
Save As command.
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This is an Adobe® Illustrator® File that was
saved without PDF Content.
To Place or open this �le in other
applications, it should be re-saved from
Adobe Illustrator with the "Create PDF
Compatible File" option turned on. This
option is in the Illustrator Native Format
Options dialog box, which appears when
saving an Adobe Illustrator �le using the
Save As command.
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This is an Adobe® Illustrator® File that was
saved without PDF Content.
To Place or open this �le in other
applications, it should be re-saved from
Adobe Illustrator with the "Create PDF
Compatible File" option turned on. This
option is in the Illustrator Native Format
Options dialog box, which appears when
saving an Adobe Illustrator �le using the
Save As command.

This is an Adobe® Illustrator® File that was
saved without PDF Content.
To Place or open this �le in other
applications, it should be re-saved from
Adobe Illustrator with the "Create PDF
Compatible File" option turned on. This
option is in the Illustrator Native Format
Options dialog box, which appears when
saving an Adobe Illustrator �le using the
Save As command.

This is an Adobe® Illustrator® File that was
saved without PDF Content.
To Place or open this �le in other
applications, it should be re-saved from
Adobe Illustrator with the "Create PDF
Compatible File" option turned on. This
option is in the Illustrator Native Format
Options dialog box, which appears when
saving an Adobe Illustrator �le using the
Save As command.

This is an Adobe® Illustrator® File that was
saved without PDF Content.
To Place or open this �le in other
applications, it should be re-saved from
Adobe Illustrator with the "Create PDF
Compatible File" option turned on. This
option is in the Illustrator Native Format
Options dialog box, which appears when
saving an Adobe Illustrator �le using the
Save As command.

This is an Adobe® Illustrator® File that was
saved without PDF Content.
To Place or open this �le in other
applications, it should be re-saved from
Adobe Illustrator with the "Create PDF
Compatible File" option turned on. This
option is in the Illustrator Native Format
Options dialog box, which appears when
saving an Adobe Illustrator �le using the
Save As command.

This is an Adobe® Illustrator® File that was
saved without PDF Content.
To Place or open this �le in other
applications, it should be re-saved from
Adobe Illustrator with the "Create PDF
Compatible File" option turned on. This
option is in the Illustrator Native Format
Options dialog box, which appears when
saving an Adobe Illustrator �le using the
Save As command.

This is an Adobe® Illustrator® File that was
saved without PDF Content.
To Place or open this �le in other
applications, it should be re-saved from
Adobe Illustrator with the "Create PDF
Compatible File" option turned on. This
option is in the Illustrator Native Format
Options dialog box, which appears when
saving an Adobe Illustrator �le using the
Save As command.

This is an Adobe® Illustrator® File that was
saved without PDF Content.
To Place or open this �le in other
applications, it should be re-saved from
Adobe Illustrator with the "Create PDF
Compatible File" option turned on. This
option is in the Illustrator Native Format
Options dialog box, which appears when
saving an Adobe Illustrator �le using the
Save As command.
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This is an Adobe® Illustrator® File that was
saved without PDF Content.
To Place or open this �le in other
applications, it should be re-saved from
Adobe Illustrator with the "Create PDF
Compatible File" option turned on. This
option is in the Illustrator Native Format
Options dialog box, which appears when
saving an Adobe Illustrator �le using the
Save As command.

This is an Adobe® Illustrator® File that was
saved without PDF Content.
To Place or open this �le in other
applications, it should be re-saved from
Adobe Illustrator with the "Create PDF
Compatible File" option turned on. This
option is in the Illustrator Native Format
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saving an Adobe Illustrator �le using the
Save As command.

This is an Adobe® Illustrator® File that was
saved without PDF Content.
To Place or open this �le in other
applications, it should be re-saved from
Adobe Illustrator with the "Create PDF
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saved without PDF Content.
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saving an Adobe Illustrator �le using the
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saved without PDF Content.
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applications, it should be re-saved from
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To Place or open this �le in other
applications, it should be re-saved from
Adobe Illustrator with the "Create PDF
Compatible File" option turned on. This
option is in the Illustrator Native Format
Options dialog box, which appears when
saving an Adobe Illustrator �le using the
Save As command.
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saved without PDF Content.
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saved without PDF Content.
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Adobe Illustrator with the "Create PDF
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Adobe Illustrator with the "Create PDF
Compatible File" option turned on. This
option is in the Illustrator Native Format
Options dialog box, which appears when
saving an Adobe Illustrator �le using the
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saving an Adobe Illustrator �le using the
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saved without PDF Content.
To Place or open this �le in other
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Save As command.
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Save As command.

Figure 5 - revised Click here to access/download;Figure;Figure_05 resubmit.ai

http://www.editorialmanager.com/jove/download.aspx?id=880803&guid=a9b89562-3ba5-44bb-8631-c9b27df51d2b&scheme=1
http://www.editorialmanager.com/jove/download.aspx?id=880803&guid=a9b89562-3ba5-44bb-8631-c9b27df51d2b&scheme=1


Reagent Concentration Volume

Transfection Buffer 279 µL

RNAiMax (add 2nd) 10x 31 µL

Total: 310 µL

(incubate 1 min at room temperature)

Reagent Concentration Volume

modified mRNA mix 100 ng/mL (5x) 33 µL

Transfection Buffer 132 µL

Total: 165 µL

(add equal volume of diluted RNAiMax from Tube 1)

Reagent Concentration Volume

miRNA mimics mix 5 pmol/µL (8.33x) 14 µL

Transfection Buffer 102.6 µL

Total: 116.6 µL

(add equal volume of diluted RNAiMax from Tube 1)

Tube 2 - modified mRNA mix (2nd mix)

Tube 3 - miRNA mimics mix (3rd mix)

Tube 1 - RNAiMax dilution (1st mix)

Table 1. Preparation of Transfection Mix

Table 1- Preparation of Transfection Mix Click here to access/download;Table;Bilousova-Table 1 -
revised.xlsx
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Name of Material Company Catalog Number Comments

pcDNA3.3_KLF4 Addgene 26815
pcDNA3.3_SOX2 Addgene 26817

pcDNA3.3_c-MYC Addgene 26818
pcDNA3.3_LIN28A Addgene 26819

pCR-Blunt_hM3O Addgene 112638

pCR-Blunt_hNANOG Addgene 112639

pCR-Blunt_mWasabi Addgene 112640

Forward Primer Integrated DNA Technologies TTGGACCCTCGTACAGAAGCTAATACG

Reverse Primer (Ordered as ultramer, 4nmol scale) Integrated DNA Technologies
TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTT

TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTT

TTTTTTTTTTTTTTTTTTCTTCCTACTCAGGCTTTATTCAAAGACCA

(ARCA Cap) 3´-0-Me-m7G(5')ppp(5')G New England Biolabs S1411S

Pfu Ultra II Hotstart 2x Master Mix Agilent 600850-51
5-Methylcytidine-5'-Triphosphate Trilink Biotechnologies N-1014

Antarctic Phosphatase New England Biolabs M0289L

DNase I NEB M0303S

MEGAscript T7 Transcription Kit ThermoFisher Scientific AM1334

Pseudouridine-5'-Triphosphate Trilink Biotechnologies N-1019

Riboguard RNase Inhibitor Lucigen RG90910K

RNA Clean & Concentrator ZymoResearch R1019
Syn-hsa-miR-302a-3p miScript miRNA Mimic Qiagen MSY0000684

Syn-hsa-miR-302b-3p miScript miRNA Mimic Qiagen MSY0000715

Syn-hsa-miR-302c-3p miScript miRNA Mimic Qiagen MSY0000717

Syn-hsa-miR-302d-3p miScript miRNA Mimic Qiagen MSY0000718

Syn-hsa-miR-367-3p miScript miRNA Mimic Qiagen MSY0000719

Water (Nuclease free, Not DEPC-treated) Fisher AM9937 Use to dilute modified mRNAs and miRNA mimics

0.1% Gelatin in H2O stemcell technologies #07903

Stericup-GV Sterile Vacuum Filtration System EMD Millipore SCGVU05RE Use to sterilize the transfection buffer and 0.5 mM EDTA in DPBS

2-Mercaptoethanol ThermoFisher Scientific 21985023

6-well plates (tissue culture treated) Corning 3516

DMEM/F12 ThermoFisher Scientific 11320033

Fetal Bovine Serum Fisher 26-140-079

FGF Basic ThermoFisher Scientific phg0263

GlutaMax Supplement ThermoFisher Scientific 35050061 Glutamine supplement used for the prepration of media

Heat Inactivated FBS Gibco Technologies 10438026

KnockOut Serum Replacement ThermoFisher Scientific 10828010

Lipofectamine RNAiMAX Transfection Reagent ThermoFisher Scientific 13778500 The protocol is optimized for the Lipofectamine RNAiMax transfection reagent

MEM ThermoFisher Scientific 11095080

MEM Non-essential amino acids ThermoFisher Scientific 11140050

Opti-MEM I Reduced Serum Medium ThermoFisher Scientific 31985070 Reduced-serum medium, use to make the transfection buffer by adjusting the pH to 8.2, 500 mL

Opti-MEM I Reduced Serum Medium ThermoFisher Scientific 31985062 Reduced-serum medium, use to make the transfection buffer by adjusting the pH to 8.2, 100 mL

10 M NaOH Sigma-Aldrich 72068 Make a 1 M solution by diluting in nuclease free water and use for pH adjustment

Water (Nuclease free, Not DEPC-treated) Fisher AM9932 Use to dilute NaOH and wash a pH meter

Pen/Strep/Fungizone GE Healthcare SV30079.01

rhLaminin-521 ThermoFisher Scientific A29248 Supplied at a concentration of 100 µg/mL, use as a matrix for the reprogramming procedure
Dulbecco's phosphate-buffered saline (DPBS) Life Technologies 14190144

Trypsin-EDTA 0.25% Phenol Red Life Technologies 2520056

Vaccinia Virus B18R (CF) ThermoFisher Scientific 34-8185-86

Corning Matrigel hESC-Qualified Matrix Corning 354277 Extracellular matrix (ECM) for culturing iPSCs

EDTA, 0.5 M stock solution K&D Medical  RGF-3130 Dilute to 0.5 mM in DPBS, filter sterilize and use for iPSC passaging

mTeSR1 StemCell Technologies 85850 Pluripotent stem cell (PSC) medium, provides growth advantage to iPSCs over fibroblasts

Rabbit anti Mouse (HRP conjugated) Abcam ab97046

Tra-1-60 (mouse anti human) Stemgent 09-0010

Hydrogen Peroxide (30%) LabChem LC154301 Dilute to 3% with PBS

Bovine Serum Albumin (BSA) Fisher BP9703100
Phosphate-buffered salin (PBS) Hyclone SH30258.02 Supplied as 10x, dilute to 1x

VECTOR NovaRED Peroxidase Substrate Kit Vector Laboratories SK-4800

Description

Biological safety cabinet

Regular humidified tissue culture incubator

Tri-gas humidified tissue culture incubator

pH Meter

Inverted microscope

Special Equipment

Plasmid templates for PCR

Modified mRNA in vitro  transcription and miRNA mimics

Fibroblast culture and reprogramming

iPSC culture

Antibodies and Detection

Notes

Must have resolution to two decimal places. Designate to RNA work if possible.

Microscope configured to visualize EGFP for monitoring transfection efficiency.

Calibrate CO2 using digital meter, fyrite, or equivalent. Equilibrate incubator to 5% CO2, 5% O2, 37°C. Use for the reprogramming procedure.

Calibrate CO2 using digital meter, fyrite, or equivalent. Equilibrate incubator to 5% CO2, 37°C.
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Highly efficient reprogramming of primary human fibroblasts into induced

pluripotent stem cells using modified  mRNAs and  mature microRNA mimics

Patrick S.  MCGrath,  Nicole Diette,  Igor Kogut, and Ganna  Bilousova

Item     1:    The    Author    elects    to     have    the     Materials     be     made     available     (as     described     at
http://www.jove.com/publish) via:

Estandard Access                                                               E open Access

Item 2:  Please select one of the following items:

HTheAuthorisNOTaunitedstatesgovernmentemployee.

EThe  Author  is  a  United  States  government  employee  and  the  Materials  were  prepared  in  the
course of his or her duties as a United States government employee.

ETheAuthorisaunitedstatesgovernmentemployeebuttheMaterialswereNOTpreparedinthe
course of his or her duties as a United States government employee.

ARTICLE AND VIDE0 LICENSE AGREEMENT

1.                 Defined Terms. As  used  in this Article and  video
License   Agreement,   the   following  terms   shall   have   the
following  meanings:  "Agreement"  means  this  Article  and
Video   License   Agreement;    '`Article"    means   the   article
specified  on the  last page of this Agreement,  including any
associated materials such as texts, figures, tables, artwork,
abstracts,    or    summaries    contained    therein;    '`Author"
means  the  author  who  is  a  signatory  to  this  Agreement;
``Collective Work" means a work, such as a periodical issue,

anthology  or  encyclopedia,  in  which  the  Materials  in  their
entirety in  unmodified form,  along with a  number of other
contributions,    constituting    separate    and    independent
works in themselves, are assembled into a collective whole;
``CRC  License"  means  the  Creative  Commons  Attribution-

Non  Commercial-No  Derivs  3.0  Unported  Agreement,  the
terms    and     conditions    of    which    can     be    found     at:
http://creativecommons.org/licenses/by-nc-
nd/3.0/legalcode;  "Derivative Work"  means a  work  based
upon  the  Materials  or  upon  the  Materials  and  other  pre-
existing works,  such as a translation,  musical  arrangement,
dramatization,    fictionalization,    motion    picture    version,
sound        recording,       art       reproduction,       abridgment,
condensation, or any other form in which the Materials may
be  recast,  transformed,  or  adapted;  ``Institution"  means
the institution, listed on the last page of this Agreement, by
which the Author was employed at the time of the creation
of  the   Materials;   "JoVE"   means   MyJove  Corporation,   a
Massachusetts corporation and the publisher of The Journal
of  Visualized  Experiments;  "Materials"  means  the  Article

and  / or the Video;  ``Parties"  means the Author and  JoVE;
"Video"  means any video(s)  made by the Author,  alone or

in  conjunction  with  any  other  parties,  or  by  JoVE  or  its
affiliates or agents,  individually or in collaboration with the

Author or any other parties, incorporating all or any portion

of the  Article,  and  in  which  the  Author  may  or  may  not
appear'
2.                Background. The Author, who is the author of the
Article, in order to ensure the dissemination and protection
of the Article,  desires to  have  the JoVE  publish  the Article
and  create  and  transmit  videos  based  on  the  Article.   In
furtherance of such goals, the Parties desire to memorialize
in this Agreement the respective rights of each Party in and
to the Article and the Video.
3.                 Grant of Rights in Article. In consideration of JoVE
agreeing to publish the Article, the Author hereby grants to
JoVE,  subject  to  Sections  4  and  7  below,  the  exclusive,
royalty-free,  perpetual (for the full term of copyright in the
Article,   including  any  extensions   thereto)   license   (a)   to

publish,  reproduce, distribute, display and store the Article
in  all  forms,  formats  and  media  whether  now  known  or
hereafter developed  (including without  limitation  in  print,
digital  and  electronic  form)  throughout  the  world,  (b)  to
translate     the     Article     into     other     languages,     create
adaptations,  summaries or extracts of the Article  or other
Derivative Works  (including,  without  limitation,  the Video)

or Collective Works based on all or any portion of the Article
and  exercise  all  of the  rights set forth  in  (a)  above  in  such
translations,  adaptations,  summaries,  extracts,  Derivative
Works or collective works and(c) to license others to do any
or all of the above. The foregoing rights may be exercised in
all  media  and  formats,  whether  now  known  or  hereafter
devised,  and  include the  right to  make  such  modifications
as are technically  necessary to exercise the  rights in  other
media  and  formats.   If  the  "Open  Access"  box  has  been
checked in Item 1 above, JoVE and the Author hereby grant
to the public all such rights in the Article as provided in, but
subject to all  limitations and  requirements set forth  in, the
CRC  License.

612542.6       For questions,  please contact us at submissions@jove.com or +1.617.945.9051.
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4.                 Retention  of  Rights  in  Article.  Notwithstanding
the exclusive license granted to JoVE in Section 3 above, the
Author  shall,  with  respect  to  the  Article,  retain  the  non-
exclusive  right to  use all  or part  of the Article for the  non-
commercial   purpose  of  giving  lectures,   presentations  or
teaching  classes,  and  to  post  a  copy of the  Article  on  the
lnstitution's  website  or the  Author's  personal  website,  in
each  case  provided  that  a  link  to  the  Article  on  the  JoVE
website  is  provided  and  notice  of JoVE's  copyright  in  the
Article  is  included.  All  non-copyright  intellectual  property
rights  in   and  to  the  Article,   such   as   patent  rights,   shall

remain with the Author.
5.                Grant of Rights in video -Standard Access. This
Section  5  applies  if  the  ``Standard  Access"  box  has  been
checked  in  Item  1 above  or if no  box  has  been checked  in
Item 1 above. In consideration of JoVE agreeing to produce,
display  or  otherwise  assist  with  the   Video,   the  Author
hereby acknowledges and agrees that, Subject to Section 7
below, JoVE is and shall  be the sole and  exclusive owner of
all   rights  of  any  nature,   including,  without  limitation,   all

copyrights,  in and to the Video. To the extent that,  by law,
the Author is deemed,  now or at any time in the future, to
have any rights of any nature in or to the Video, the Author
hereby disclaims all such  rights and transfers all such  rights

to JoVE.

6.                Grant  of  Rights  in  Video  -Open  Access.  This
Section  6 applies  only if the  '`Open Access"  box  has  been
checked in Item  1 above.  In consideration of JoVE agreeing
to produce, display or otherwise assist with the Video, the
Author hereby grants to JoVE,  subject to Section 7 below,
the  exclusive,  royalty-free,  perpetual  (for  the  full  term  of
copyright  in  the  Article,  including  any  extensions  thereto)
license   (a)  to  publish,   reproduce,   distribute,   display  and

store  the  Video  in  all  forms,  formats  and  media  whether
now   known   or   hereafter   developed   (including   without
limitation  in  print,  digital  and  electronic  form)  throughout
the world,  (b)  to translate the Video  into  other  languages,
create adaptations,  summaries or extracts of the Video  or
other Derivative Works or Collective Works based  on all  or
any  portion  of the  Video  and  exercise  all  of the  rights  set
forth    in    (a)    above    in    such    translations,    adaptations,
summaries,  extracts,  Derivative Works or Collective Works
and  (c) to  license  others to  do  any or all  of the  above. The
foregoing rights may be exercised  in all media and formats,
whether now known or hereafter devised, and  include the
right    to    make    such    modifications    as    are    technically
necessary to exercise the rights in other media and formats.
For any Video to which this Section 6 is applicable, JoVE and

the Author hereby grant to the  public all  such  rights  in the
Video  as   provided   in,   but   subject  to  all   limitations  and
requirements set forth in, the CRC License.
7.                Government Employees. If the Author is a united
States government employee and the Article was prepared
in   the   course   of   his   or   her   duties   as   a   United   States

government  employee,  as  indicated  in  Item  2  above,  and
any   of   the   licenses   or   grants   granted   by   the   Author
hereunder exceed the scope of the 17 U.S.C. 403, then the
rights granted  hereunder shall  be  limited  to the  maximum

rights   permitted   under   such   statute.   In   such   case,   all

provisions  contained  herein  that  are  not  in  conflict  with
such  statute  shall  remain  in  full  force  and  effect,  and  all

provisions  contained   herein  that  do  so  conflict  shall   be
deemed  to  be  amended   so  as  to   provide  to  JoVE  the
maximum rights permissible within such statute.
8.                Protection of the work. The Author(s) authorize
JoVE to take steps in the Author(s) name and on their behalf
if  JoVE  believes  some  third   party  could   be  infringing  or

might  infringe  the  copyright  of either the  Author's  Article
a nd/or video.
9.                 Likeness, Privacy, Personality. The Author hereby

grants  JoVE  the  right  to  use  the  Author's  name,  voice,
likeness,     picture,    photograph,     image,    biography    and

performance   in   any   way,   commercial   or   otherwise,   in
connection with the Materials and the sale, promotion and
distribution thereof. The Author hereby waives any and  all
rights he or she may have, relating to his or her appearance
in  the  Video  or  otherwise  relating to  the  Materials,  under
all  applicable privacy,  likeness,  personality or similar laws.

10.             Author  warranties.  The  Author  represents  and
warrants  that  the  Article  is  original,  that  it  has  not  been

published,  that  the   copyright  interest   is  owned   by  the
Author (or, if more than one author is listed at the beginning
of this Agreement, by such authors collectively) and has not
been  assigned,  licensed,  or  otherwise  transferred  to  any
other party.  The Author  represents and warrants that the
author(s)  listed  at the top  of this Agreement  are the  only
authors of the  Materials.  If more than  one author is listed
at the top of this Agreement and if any such author has not
entered    into    a    separate    Article    and    Video    License
Agreement with JoVE relating to the  Materials, the Author
represents    and    warrants    that   the    Author    has    been
authorized by each of the other such authors to execute this
Agreement on his or her behalf and to bind him or her with
respect to the terms of this Agreement as if each  of them
had been a party hereto as an Author. The Author warrants
that  the  use,  reproduction,  distribution,  public  or  private

performance  or  display,  and/or  modification  of all  or  any
portion  of  the   Materials  does   not  and  will   not  violate,
infringe   and/or   misappropriate   the   patent,   trademark,
intellectual  property or other rights of any third  party. The
Author   represents   and   warrants   that   it   has   and   will
continue  to  comply with  all  government,  institutional  and
other     regulations,      including,      without      limitation      all
institutional,    laboratory,    hospital,    ethical,    human    and

animal treatment,  privacy,  and  all  other rules,  regulations,
laws, procedures or guidelines, applicable to the Materials,
and  that  all  research  involving  human  and  animal  subjects
has  been  approved  by  the  Author's  relevant  institutional
review board.
11.              JoVE   Discretion.    If   the   Author   requests   the
assistance  of JoVE  in  producing  the  Video  in  the  Author's
facility,  the  Author shall  ensure  that the  presence  of JoVE
employees,    agents    or    independent    contractors    is    in
accordance  with  the  relevant  regulations  of the  Author's
institution.    If   more   than   one   author   is   listed   at   the
beginning   of   this    Agreement,    JoVE    may,    in    its    sole
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discretion, elect not take any action with respect to the 

Article until such time as it has received complete, executed 

Article and Video License Agreements from each such 

author. JoVE reserves the right, in its absolute and sole 

discretion and without giving any reason therefore, to 

accept or decline any work submitted to JoVE. JoVE and its 

employees, agents and independent contractors shall have 

full, unfettered access to the facilities of the Author or of 

the Author's institution as necessary to make the Video, 

whether actually published or not. JoVE has sole discretion 

as to the method of making and publishing the Materials, 

including, without limitation, to аІІ decisions regarding 

editing, lighting, filming, timing of publication, if any, 

length, quality, content and the like. 

12. lndemnification. The Author agrees to indemnify

JoVE and/or its successors and assigns from and against any

and аІІ claims, costs, and expenses, including attorney's

fees, arising out of any breach of any warranty or other

representations contained herein. The Author further

agrees to indemnify and hold harmless JoVE from and

against any and аІІ claims, costs, and expenses, including

attorney's fees, resulting from the breach Ьу the Author of

any representation ог warranty contained herein or from

allegations or instances of violation of intellectual property

rights, damage to the Author's or the Author's institution's

facilities, fraud, ІіЬеІ, defamation, research, equipment,

experiments, property damage, personal injury, violations

of institutional, laboratory, hospital, ethical, human and

animal treatment, privacy or other rules, regulations, laws,

procedures or guidelines, liabilities and other losses or

damages related in any way to the submission of work to

JoVE, making of videos Ьу JoVE, or publication in JoVE or
elsewhere Ьу JoVE. The Author shall Ье responsible for, and

shall hold JoVE harmless from, damages caused Ьу lack of
sterilization, lack of cleanliness or Ьу contamination due to

the making of а video Ьу JoVE its employees, agents or 

independent contractors. АІІ sterilization, cleanliness or 

decontamination procedures shall Ье solely the 

responsibility of the Author and shall Ье undertaken at the 

Author's expense. АІІ indemnifications provided herein 

shall include JoVE's attorney's fees and costs related to said 

losses or damages. Such indemnification and holding 

harmless shall include such losses or damages incurred Ьу, 

or in connection with, acts or omissions of JoVE, its 

employees, agents or independent contractors. 
13. Fees. То cover the cost incurred for publication,

JoVE must receive payment before production and

publication the Materials. Payment is due in 21 days of

invoice. Should the Materials not Ье published due to an

editorial or production decision, these funds will Ье

returned to the Author. Withdrawal Ьу the Author of any

submitted Materials after final peer review approval will

result in а US$1,200 fee to cover pre-production expenses

incurred Ьу JoVE. Іf payment is not received Ьу the
completion of filming, production and publication of the

Materials will Ье suspended until payment is received.

14. Transfer, Governing Law. This Agreement may Ье 

assigned Ьу JoVE and shall inure to the benefits of any of

JoVE's successors and assignees. This Agreement shall Ье 

governed and construed Ьу the internal laws of the

Commonwealth of Massachusetts without giving effect to

any conflict of law provision thereunder. This Agreement

may Ье executed in counterparts, each of which shall Ье

deemed an original, but аІІ of which together shall Ье

deemed to те one and the same agreement. А signed сору
of this Agreement delivered Ьу facsimile, e-mail or other

means of electronic transmission shall Ье deemed to have
the same legal effect as delivery of an original signed сору

of this Agreement.

А signed сору of this document must Ье sent with аІІ new submissions. Only one Agreement is required per submission. 

CORRESPONDING AUTHOR 

Name: 
Ganna Bilousova 

Department: 
Department of Dermatology, Charles С. Gates Center for Regenerative Medicine 

lnstitution: 
University of Colorado School of Medicine, Anschutz Medical Campus 

Title: Assistant Professor 

Signature: June 27, 2018 

Please submit а signed and dated сору of this license Ьу one о , following three methods: 

1. Upload an electronic version on the JoVE submission site

2. Fax the document to +1.866.381.2236

3. Маі І the document to JoVE / Attn: JoVE Editorial / 1 Alewife Center #200 / Cambridge, МА 02140
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We thank the reviewers and the editor for the thorough review of our manuscript JoVE58687. 

Our point-by-point response to the editorial and peer review comments is highlighted in bold.  

 

Editorial comments: 

 

 

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

spelling or grammar issues. The JoVE editor will not copy-edit your manuscript and any errors 

in the submitted revision may be present in the published version.  

We proofread the manuscripts as was suggested. All edits are tracked in the word file. 

 

2. Figure 2: Please include a space between the number and its unit (i.e., 10 cm). 

The figure has been modified accordingly. 

 

3. Please revise the title to be more concise if possible. 

We have shortened the title. The new title is: Highly efficient RNA-based reprogramming 

of human primary fibroblasts into induced pluripotent stem cells.  

 

4. Please spell out each abbreviation the first time it is used. 

The text has been modified accordingly.  

 

5. 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 and Reagents. 

For example: Opti-MEM, GlutaMax, Matrigel, Lipofectamine, etc. 

The text has been modified accordingly, and the general terms were used in the protocol 

where appropriate. 

 

6. Please revise the protocol to contain only action items that direct the reader to do something 

(e.g., “Do this,” “Ensure that,” etc.). The actions should be described in the imperative tense in 

complete sentences wherever possible. Avoid usage of phrases such as “could be,” “should be,” 

and “would be” throughout the Protocol. Any text that cannot be written in the imperative tense 

may be added as a “Note.” Please include all safety procedures and use of hoods, etc. Please 

move the discussion about the protocol to the Discussion. 

We modified the text accordingly. We moved the text that cannot be written in the 

imperative tense to “Notes” or Discussion. 

 

7. In the JoVE Protocol format, “Notes” should be concise and used sparingly. They should only 

be used to provide extraneous details, optional steps, or recommendations that are not critical to 

a step. Any text that provides details about how to perform a particular step should either be 

included in the step itself or added as a sub-step. Please consider moving some of the notes 

about the protocol to the discussion section. 

We eliminated many “Notes” from the manuscript and shortened the remaining “Notes” 

where possible. 

 

8. Please add more details to your protocol steps. There should be enough detail in each step to 

supplement the actions seen in the video so that viewers can easily replicate the protocol. Please 

Bilousova-Rebuttal Letter Click here to access/download;Rebuttal Letter;Response to
editor and reviewers - Bilousova.pdf

http://www.editorialmanager.com/jove/download.aspx?id=880797&guid=45d3f51b-6c1e-48ec-9bde-f330cab9527c&scheme=1
http://www.editorialmanager.com/jove/download.aspx?id=880797&guid=45d3f51b-6c1e-48ec-9bde-f330cab9527c&scheme=1


ensure you answer the “how” question, i.e., how is the step performed? Alternatively, add 

references to published material specifying how to perform the protocol action. 

We added more details into the protocol. 

 

9. 1.3.2, 7.1: What is used to filter sterilize? 

In both cases, “using a 0.22 µm vacuum filtration system” was added.  
 

10. 1.7: Please specify how to calibrate incubators. 

Specified now: “Calibrate tissue culture incubators before initiating reprogramming 

according to the manufacturer’s instruction using a handheld digital CO2 analyzer, fyrite, 

or similar system.” 

 

11. 4.2: Please explain how to monitor mWasabi expression. 

Added: “using a microscope configured to visualize EGFP.” Inverted microscope capable 

of visualizing EGFP was also added to the list of required equipment in the Table of 

Materials. 

 

12. 1.7 and 1.8, etc.: The Protocol should contain only action items that direct the reader to do 

something. Please either write the text in the imperative tense as if telling someone how to do the 

technique (e.g., “Do this,” “Ensure that,” etc.), or move the solutions, materials and equipment 

information to the Materials Table. 

The text was modified accordingly. A list of necessary equipment was also added to the 

Table of Materials. 

 

13. Please combine some of the shorter Protocol steps so that individual steps contain 2-3 actions 

and maximum of 4 sentences per step. 

The text was modified accordingly. 

 

14. After you have made all the recommended changes to your protocol (listed above), please re-

evaluate your protocol length. There are a 10 page limit for the Protocol, and a 2.75 page limit 

for filmable content. Please highlight 2.75 pages or less of the Protocol (including headings and 

spacing) that identifies the essential steps of the protocol for the video, i.e., the steps that should 

be visualized to tell the most cohesive story of the Protocol. 

We modified the text of the protocol to fit the requirements of the journal. We have also 

highlighted ~2.75 pages for the video. 

 

15. Please highlight complete sentences (not parts of sentences). Please ensure that the highlighted 

part of the step includes at least one action that is written in imperative tense. 

Highlighted according to the instruction. 

 

16. Please include all relevant details that are required to perform the step in the highlighting. For 

example: If step 2.5 is highlighted for filming and the details of how to perform the step are 

given in steps 2.5.1 and 2.5.2, then the sub-steps where the details are provided must be 

highlighted. 

Highlighted according to the instruction. 

 

17. Discussion: Please also discuss any limitations of the technique. 

The protocol limitations section has been added to the discussion.  



Reviewers' comments: 

 

Reviewer #1:  

Manuscript Summary: 

The authors present a method by which human skin fibroblasts are reprogrammed into induced 

pluripotent stem cells using a combination of modified RNAs and micro RNAs. The method appears to 

work very efficiently yielding high numbers of fully reprogrammed clones. I think that this protocol is of 

interest to the scientific community. 

 

Minor Concerns: 

-lines 83/87: The authors state that by using only a few thousand fibroblasts "thereby limiting the total 

number of cell divisions between isolation and reprogramming" while other strategies require several 

passages to dilute out the respective reagents. However, from my experience using Sendai virus the 

fibroblasts are split once prior to successful reprogramming. It is true that one needs several passages 

to dilute of Sendai virus (usually 5 to 10, depending on the cells). However, this passaging only occurs 

after successful reprogramming. Therefore, I cannot completely agree with the authors' statement. 

We apologize for the confusion that our statement caused. We modified the third paragraph of the 

introduction section and focused on overall time in culture rather than on cell divisions required 

before the initiation of our protocol.   

-lines 189/190: Reprogramming medium supplemented with 5% FBS. Does that refer to the 

reprogramming medium mentioned in lines 179 to 181 to which 5% FBS are added, i.e. 25% serum in 

the end? Or is this reprogramming medium identical to that mentioned in lines 179 to 181 where the 

20% Knockout Serum Replacement are replaced by 5% FBS? 

We apologize that we did not clarify this in the protocol. The plating medium is prepared by 

adding 5% HI FBS into reprogramming medium containing 20% KOSR (20%KOSR + 5% HI 

FBS). We clarified this in section 1.6. 

-lines 209/210: "ideally, passage number should be below 5". From our experience we find fibroblasts 

of passage 2 or 3 ideal and we use passage 4 cells rather exceptionally. If that coincides with the 

authors' experience it might be specified in detail here. 

We agree with the reviewer that passage 2-3 is the best. However, we still observe a relatively high 

reprogramming efficiency when high-passage fibroblasts are used. We clarified this in the 

discussion section in the “Quality of fibroblasts for reprogramming” section.   

-Section 9 Characterization of hu iPSCs: TRA1-60 is a surface molecule, therefore I wonder why the 

authors fix the cells instead of performing a live staining? 

We agree with the reviewer that live staining can be performed. However, cell fixation allows for 

long-term storage of stained plates and the direct comparison of reprogramming efficiencies 

among independent reprogramming attempts. We clarified this in 9.1.16. 

-line 552: The blocking solution contains 1% goat serum, while the secondary anti-mouse HRP-

conjugated AB is a rabbit polyclonal. Normally the serum of the species from which the secondary 

antibody has been derived is used for blocking, i.e. rabbit serum in this case. 



We would like to thank the reviewer for noticing this discrepancy. For the provided protocol, we 

do not use any serum for blocking, as 10% BSA is sufficient to eliminate background. Goat serum 

was included in error during the preparation of the manuscript. The protocol is modified 

accordingly (section 9.1.4.) 

-Passaging reprogrammed cells: The authors state that cell lines should derive from a single colony. 

Due to their high reprogramming efficiency they recommend to split one reprogrammed six well to an 

entire 6-well plate. Do they have any idea of how many duplicates are generated as I suppose during 

splitting one colony will be divided into several "sister" colonies? 

We agree that there is a possibility that sister colonies may be picked. We have not attempted to 

quantify the number of “sister” colonies generated from an original reprogrammed colony. The 

reprogramming efficiency is typically very high, and we feel the possibility of accidentally collecting 

from multiple adjacent reprogrammed colonies is riskier than the possibility of picking redundant 

sister colonies following the diluting passage. Considering that most reprogramming attempts 

performed with our protocol generate hundreds of colonies, we feel the chances of expanding two 

colonies derived from the same parental clone are adequately small. Nevertheless, we clarified that 

the described passaging strategy is an optional procedure when the colonies cannot be manually 

separated for direct picking (section 6.3). There are often a few separate colonies in the well that 

can be directly picked without an additional passage. However, additional passaging provides 

several advantages as described in the “Passaging of iPSCs” section in Discussion.  

  -lines 256/257: It appears compulsory to use a tri-gas incubator to maintain low oxygen levels. Just by 

curiosity I wonder how commonly these incubators are used and available as I do not know about any in 

the laboratories of all our collaboration partners. 

We have not directly compared our reprogramming approach in a normoxic incubator. While not 

essential or universally practiced, reprogramming in hypoxic conditions is fairly common among 

stem cell laboratories and has been previously shown to be more efficient (originally shown to be 

advantageous by Yoshida et al., Cell Stem Cell, 2009). We expect our protocol to work under 

normoxic conditions for many fibroblast lines. However, the protocol may result in a lower 

reprogramming efficiency and may fail to generate iPSCs from cell lines resistant to 

reprogramming, such as senescent/aged lines.  

 

Reviewer #2: 

Manuscript Summary: 

Here the authors present a reliable protocol for reprogramming fibroblasts using mRNAs and 

microRNAs. I really appreciate the fact that that they throw a whole bunch of reprograming factors at 

the problem and don't mess around. Go big or go home! Why should we just use 4 reprogramming 

factors when several others have been identified? Honestly, I don't like the fact that this protocol 

involves multiple, frequent transfections, but I guess if that is necessary it can be done. Additionally, I 

wish these mRNAs were commercially available but maybe they will be at some point. I do like the fact 

that the authors address hard to reprogram fibroblasts - that is something that is frequently not 

addressed in these types of papers. In summary, the protocol looks like kind of a pain but it seems to 

produce high quality iPSCs that have no integration into their genome. I may use this protocol myself - 

but hopefully I can have a technician do the frequent transfections! 

Major Concerns: 



None really 

 

Minor Concerns: 

The protocol sounds very labor intensive. 

We agree that the protocol may be labor-intensive, especially for a laboratory with minimal iPSC 

and/or mRNA experience.  We noted this limitation in the Protocol limitations section in 

Discussion. 

 

Reviewer #3: 

Manuscript Summary: 

The authors describe in precise details a protocol for obtaining integration-free human IPSC with a 

method based on successive transfections of mRNA and miRNA mimics. This method, previously 

described in *Kogut, I. et al. High-efficiency RNA-based reprogramming of human primary fibroblasts. 

Nature Communications. 9 (1)*, is incomparably more efficient than any other reprogramming method 

described. Because of this, visual confirmation of the results obtained would add relevant information to 

the original article. 

The authors have achieved in this manuscript a high level of detail, which will greatly benefit even 

experts in the field. 

In the following review, minor suggestions and interrogations are cited. 

 

Major Concerns: 

None 

 

Minor Concerns: 

111 : If the authors and editors think it would be relevant, readers of this work in J Vis Exp 

might be interested in an additional citation of a J Vis Exp report on in vitro synthesis of mRNA : 

Avci-Adali M, Behring A, Steinle H, Keller T, Krajeweski S, Schlensak C, Wendel HP. In vitro 

synthesis of modified mRNA for induction of protein expression in human cells. J Vis Exp. 2014 Nov 13 

We added the provided reference in the protocol (reference 11) and noted that it can be used as an 

alternative protocol for mRNA production. 

138 : 

Number of aliquots of RNA and miRNA : could the authors confirm that if : 

-each aliquot contains 1000ng RNA (line 132 : 33uLx100ng/uL) 

-1,000 ng of the modified mRNA cocktail is added per well during each transfection  (line 138) 

-this protocol is designed for reprogramming 3 wells of human primary fibroblasts  (line 101) 

-The technique consists in 7 successive transfection (line 402) 

...there should be 21 aliquots prepared (7 x 3 wells), and not 7 (line 135) ? 

 

We apologize for the confusion. The number of aliquots provided in the protocol is correct: 7 x 33 

μL aliquots of modified mRNAs and 7 x 14 µL aliquots of the miRNA mimics mix. Each aliquot is 

sufficient to prepare a transfection mix for the simultaneous transfection of three wells. We clarified 

the text of the manuscript by adding “Notes” in “1. Reagents and equipment to prepare prior to 

initiation of reprogramming.” 



Note located after 1.1.2: “For each transfection, 1,000 ng of the modified mRNA cocktail is added 

per well (i.e. a total of 3,000 ng for three wells). Each 33 μL aliquot is sized to transfect three wells of 

a 6-well format plate and includes 3 μL excess to account for pipetting error. Preparing seven 33 μL 

aliquots is sufficient to complete a full fibroblast reprogramming of three wells in a 6-well format 

plate. 

 

Note located after 1.2.2: “For each transfection, 20 pmol of the miRNA mimics mix is added per well 

(i.e. a total of 60 pmol for three wells). Each 14 μL aliquot is sized to transfect three wells of a 6-well 

format plate and includes 2 μL excess to account for pipetting error. Preparing seven 14 μL aliquots 

is sufficient to complete a full fibroblast reprogramming of three wells in a 6-well format plate.” 

 

144 : Please add a note to provide a reference where these products are found / synthesized in which 

conditions 

The supplier of miRNA mimics is included in the Table of Materials. In the revised manuscript, 

we referred the readers to the Table of Materials for the vendor and catalog numbers of miRNAs. 

See the second sentence in 1.2.1.   

 

163 : The authors point out that this point is critical : As it is not conventional to adjust the pH 

of mammalian cell culture medium, it would be beneficial to the reader to describe in the subsequent 

video the exact conditions of 

pH adjustment : Adding NaOH, filtering… 

We expanded this section and will include it into the video. 

 

202 : Is this true for the reprogramming steps (which rely on Laminin521) or only for the subsequent 

passaging steps (Chapter 7 onwards) 

 

We deleted this section, so that we do not confuse readers. In the Table of Materials, we indicated 

that Laminin521 is used for reprogramming, and Matrigel is used for passaging. However, 

virtually any other ESC-qualified matrix can be used for passaging of generated iPSCs. In the 

text, we indicated that iPSCs can be cultured by standard protocols (section 6.3), emphasizing that 

once iPSCs are generated, there are no particular requirements for passaging conditions and each 

laboratory can implement their own passaging protocols.  

 

207 : 5% O2. As all laboratories do not culture cells in these conditions, do the authors have 

information on the results 

expected when using normoxic (20%) conditions ? 

Reviewer 1 asked a similar question. Therefore, we are duplicating our response below: 

We have not directly compared our reprogramming approach in a normoxic incubator. While not 

essential or universally practiced, reprogramming in hypoxic conditions is fairly common among 

stem cell laboratories and has been previously shown to be more efficient (originally shown to be 

advantageous by Yoshida et al., Cell Stem Cell, 2009). We expect our protocol to work under 

normoxic conditions for many fibroblast lines. However, the protocol may result in a lower 



reprogramming efficiency and may fail to generate iPSCs from cell lines resistant to 

reprogramming, such as senescent/aged lines.  

 

259 : visual examples of the confluency of cells are available in Figure 2, a reference to this figure at 

this point in text would be useful 

We added a reference to Fig. 2, Day 0 in 2.2.1. 

 

263 : the rhLAMININ-521 Ref A29248 is sold as a powder. Please provide the concentration of the 

solution. 

Could the authors confirm that at this early stage in the reprogramming process the Laminin-521 is 

essential and cannot be replaced by Matrigel, Vitronectin… (cf line 202) 

Although ThermoFisher refers to rhLaminin-521 in µg, the reagents come diluted at a 

concentration of 100 µg/mL and not as a powder. We indicated the concentration of the matrix in 

the Table of Materials under Comments. 

 

589 : Visual aid would be helpful to determine which colonies should be counted or not (as in original 

Nat. Comm.) 

We included an additional panel in Fig. 3 (inset B) as requested. Examples of countable versus not 

countable colonies are indicated.  

 

page 27 Materials : 

Addgene numbers : are these references up to date (as the plasmids do not yet appear in the catalog) 

The plasmids have been sent to Addgene and should become available before the publication. The 

numbers are correct. We will re-validate the numbers one more time before approving the 

manuscript for publication.  

 

 

 

 

 

 

 

 

 

 


