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SUMMARY:  28 
We present a protocol for efficient, bulk, and rapid chemical reversion of conventional lineage-29 
primed human pluripotent stem cells (hPSC) into an epigenomically-stable naïve preimplantation 30 
epiblast-like pluripotent state. This method results in decreased lineage-primed gene expression 31 
and marked improvement in directed multilineage differentiation across a broad repertoire of 32 
conventional hPSC lines. 33 
 34 
ABSTRACT: 35 
Naïve human pluripotent stem cells (N-hPSC) with improved functionality may have a wide 36 
impact in the regenerative medicine. The goal of this protocol is to efficiently revert lineage-37 
primed, conventional human pluripotent stem cells (hPSC) maintained on either feeder-free or 38 
feeder-dependent conditions to a naïve-like pluripotency with improved functionality. This 39 

chemical naïve reversion method employs the classical leukemia inhibitory factor (LIF), GSK3, 40 
and MEK/ERK inhibition cocktail (LIF-2i), supplemented with only a tankyrase inhibitor XAV939 41 
(LIF-3i). LIF-3i reverts conventional hPSC to a stable pluripotent state adopting biochemical, 42 
transcriptional, and epigenetic features of the human pre-implantation epiblast. This LIF-3i 43 
method requires minimal cell culture manipulation and is highly reproducible in a broad 44 
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repertoire of human embryonic stem cell (hESC) and transgene-free human induced pluripotent 45 
stem cell (hiPSC) lines. The LIF-3i method does not require a re-priming step prior to the 46 
differentiation; N-hPSC can be differentiated directly with extremely high efficiencies and 47 
maintain karyotypic and epigenomic stabilities (including at imprinted loci). To increase the 48 
universality of the method, conventional hPSC are first cultured in the LIF-3i cocktail 49 
supplemented with two additional small molecules that potentiate protein kinase A (forskolin) 50 
and sonic hedgehog (sHH) (purmorphamine) signaling (LIF-5i). This brief LIF-5i adaptation step 51 
significantly enhances the initial clonal expansion of conventional hPSC and permits them to be 52 
subsequently naïve-reverted with LIF-3i alone in bulk quantities, thus obviating the need for 53 
picking/subcloning rare N-hPSC colonies later. LIF-5i-stabilized hPSCs are subsequently 54 
maintained in LIF-3i alone without the need of anti-apoptotic molecules. Most importantly, LIF-55 
3i reversion markedly improves the functional pluripotency of a broad repertoire of conventional 56 
hPSC by decreasing their lineage-primed gene expression and erasing the interline variability of 57 
directed differentiation commonly observed amongst independent hPSC lines. Representative 58 
characterizations of LIF-3i-reverted N-hPSC are provided, and experimental strategies for 59 
functional comparisons of isogenic hPSC in lineage-primed vs. naïve-like states are outlined. 60 
 61 
INTRODUCTION:  62 

The 2i (MEK/ERK and GSK3 inhibitor) culture system was originally developed to refine the 63 
heterogeneous serum-based mouse embryonic stem cells (mESC) cultures to a uniform ground 64 
state of pluripotency akin to the mouse preimplantation epiblast 1. However, 2i does not support 65 
the stable maintenance of human pluripotent stem cell (hPSC) lines 2. The various complex small 66 
molecule, growth factor-supplemented, and transgenic approaches have recently been reported 67 
to capture putatively similar human naïve-like pluripotent molecular states 2. However, many of 68 
the “naïve-like” states created with these methods also exhibited karyotypic instability, 69 
epigenomic defects (e.g., global loss of parental genomic imprinting), or impaired differentiation 70 
potential.  71 
 72 

In contrast, the cocktail of triple chemical inhibition of GSK3, ERK and tankyrase signaling and 73 
leukemia inhibitory factor (LIF-3i) was sufficient for the stable naïve-like reversion of a broad 74 
repertoire of conventional hPSC lines 3. LIF-3i-reverted naïve hPSC (N-hPSC) maintained normal 75 
karyotypes and increased their expressions of naïve-specific human preimplantation epiblast 76 
genes (e.g., NANOG, KLF2, NR5A2, DNMT3L, HERVH, Stella (DPPA3), KLF17, TFCP2L1). LIF-3i 77 
reversion also conferred hPSC with an array of molecular and biochemical characteristics unique 78 
to mESC-like naïve pluripotency that included increased phosphorylated STAT3 signaling, 79 
decreased ERK phosphorylation, global 5-methylcytosine CpG hypomethylation, genome-wide 80 
CpG demethylation at embryonic stem cell (ESC)-specific gene promoters, and dominant distal 81 
OCT4 enhancer usage. Moreover, in comparison to other naïve reversion methods that resulted 82 
in aberrantly hypomethylated imprinted genomic loci, LIF-3i-reverted N-hPSC were devoid of 83 
systematic loss of imprinted CpG patterns or loss of DNA methyltransferase expression (e.g., 84 
DNMT1, DNMT3A, DNMT3B) 3.  85 
 86 
A direct LIF-3i culture of a broad array of conventional human embryonic stem cells (hESC) and 87 
human induced pluripotent stem cells (hiPSC) grown on either feeders or E8 feeder-free 88 
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conditions achieved rapid and bulk reversion to a naïve epiblast state. However, direct LIF-3i 89 
naïve reversion may be inefficient in some unstable conventional hPSC lines due to the inherent 90 
genomic and lineage-primed variabilities arising from the genetically diverse donor backgrounds.  91 
 92 
Thus, to broaden the utility of the LIF-3i method, a stepwise optimization was developed and is 93 
presented herein, that allows universal naïve reversion in almost any conventional hESC or 94 
transgene-free hiPSC line cultured on feeders. This universalized naïve reversion method 95 
employs a transient initial culture step in conventional hPSC that supplements the LIF-3i cocktail 96 
with two additional small molecules (LIF-5i) that potentiate protein kinase A (forskolin) and sonic 97 
hedgehog (sHH) (purmorphamine) signaling. One initial passage of conventional hPSC in LIF-5i 98 
adapts them to subsequent stable LIF-3i reversion in bulk quantities. Initial LIF-5i adaptation 99 
significantly augments the initial single cell clonal proliferation of conventional hPSC grown on E8 100 
or feeders (prior to their subsequent stable, continuous passage in LIF-3i alone). Conventional 101 
hPSC lines adapted first to one passage in LIF-5i tolerate subsequent bulk clonal passaging of 102 
naïve-reverted cells in LIF-3i conditions, which obviates the need for picking and subcloning of 103 
the rare stable colonies, or the routine use of anti-apoptotic molecules or Rho-associated protein 104 
kinase (ROCK) inhibitors.   105 
 106 
The LIF-3i method has been successfully employed to stably expand and maintain a broad 107 
repertoire of >30 independent, genetically-diverse conventional hPSC lines for >10-30 passages 108 
using enzymatic dissociation methods, and without evidence of induction of chromosomal or 109 
epigenomic abnormalities, including abnormalities at imprinted gene loci. Additionally, 110 
sequential LIF-5i/LIF-3i culture is the only naïve reversion method that has thus far been reported 111 
that improves the functional pluripotency of a broad repertoire of conventional hPSC lines by 112 
decreasing their lineage-primed gene expression and dramatically improving their multipotent 113 
differentiation potency. The LIF-3i naïve reversion method erases the inherent interline 114 
variability of differentiation of lineage-primed, conventional hPSC lines, and will have a great 115 
utility of application in regenerative medicine and cellular therapies. 116 
 117 
PROTOCOL:  118 
All animal procedures were performed in accordance with animal care guidelines and protocols 119 
approved by the Johns Hopkins School of Medicine Institute of Animal Care and Use Committee 120 
(IACUC). 121 
 122 
1. Preparation of Mouse Embryonic Fibroblasts (MEF) for Feeder-dependent Conventional 123 
(hESC medium/MEF) or Naïve-reverted (LIF-3i medium/MEF) hPSC Culture 124 
 125 
1.1 Purchase or prepare in-house low-passage supplies of MEF feeders from CF1 or CF1 x DR4 126 
hybrid E13.5 mouse embryos following published protocols 4.  127 
 128 
1.1.1.Cryopreserve low passage (p1-p2) MEF cultures pre- (for long term storage) or post- (for up 129 
to 6 months) irradiation and store in liquid nitrogen as previously described 4.  130 
 131 
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1.1.2. Irradiate (5, 000 rad) bulk expanded MEF under p5 using a - or X-ray- irradiator and 132 

prepare aliquots at 1.5 x 106 cells per vial for short-term storage (less than 6 months) at -80 C in 133 
an ultra-low temperature freezer.  134 
 135 
1.1.3. Plate between 1.2 x 106 (freshly irradiated non-cryopreserved) and 1.5 x 106 (irradiated 136 
cryopreserved) MEF per one 6-well gelatinized plate for preparing feeder cultures, as described 137 
below.   138 
 139 
1.2  Prepare gelatin-coated 6-well sterile tissue culture-treated plates by adding 1.5 mL of sterile 140 
0.1% gelatin solution to each well in a biological safety cabinet.  141 
 142 

1.3 Incubate gelatin-coated plates at 37 C for at least 1 h or overnight in a laboratory CO2 143 
incubator. 144 
 145 
1.4 On the next day, thaw low passage (e.g., P2 to P4) DMSO-cryopreserved and irradiated (5000 146 
rad) MEF according to the steps indicated below.  147 
 148 
Note: Non-irradiated MEF should also be thawed, expanded, and irradiated immediately prior to 149 
usage.  150 
 151 

1.5 Place a cryopreserved MEF aliquot in a 37 C water bath. Upon thawing, sterilize the tube 152 
with ethanol and immediately dilute the DMSO cryoprotectant at least 10-fold with MEF medium 153 
(Table 1) within a biosafety cabinet (e.g. transfer 1 mL DMSO-MEF aliquot into 9 mL MEF medium 154 
in a sterile 15 mL conical). 155 
 156 
1.6 Centrifuge the diluted MEF cells at 200 g for 5 min in sterile 15 mL conical tubes. 157 
 158 
1.7 In a biosafety cabinet, aspirate and discard the cell-free supernatant, and resuspend the cell 159 
pellet in 1-2 mL fresh MEF medium. 160 
 161 
1.8 Gently discard the gelatin solution and add 2 mL of MEF re-suspended in the MEF medium to 162 
each well of a gelatinized 6-well plate, as indicated above. Count MEF cells and plate 1.2 x 106 163 
(freshly irradiated non-cryopreserved) or 1.5 x 106 (irradiated cryopreserved) MEF per one 6-well 164 
gelatinized plate.  165 
 166 
Note: All cell culture plates that are transferred from the CO2 incubator to the biosafety cabinet 167 
can be gently wiped with ethanol-sprayed paper but should not be directly sprayed on with 70% 168 
ethanol solution to avoid ethanol dissemination in the wells.  169 
 170 

1.9 Incubate MEF plates at 37 C overnight in a laboratory CO2 incubator (5% CO2, humid 171 
atmosphere) to allow attachment, prior to use. 172 
 173 
2. Bulk Stabilization of Conventional hPSC Cultures for Subsequent Naïve Reversion with a Brief 174 
LIF-5i Adaptation Step 175 
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 176 
2.1 Validate all conventional hPSC lines for possessing a normal karyotype by G-banding, prior to 177 
the beginning LIF-5i/LIF-3i reversion. 178 
 179 
Note:  LIF-3i reversion of high-passage conventional hPSC lines (e.g., P>40-50) should be avoided, 180 
since these cultures may already harbor genomic aberrations that may negatively impact stable, 181 
efficient, and bulk LIF-3i reversion of primed hPSC. 182 
 183 
2.2 Maintain and expand conventional hPSC cultures with the validated normal karyotypes in 184 
either a MEF-based culture system (as outlined in Section 1), or a feeder-free culture system 185 
(according to the investigator’s preference).  186 
 187 
Note: Both feeder-dependent hPSC/MEF cocultures (e.g., hESC medium (Table 1) supplemented 188 
with 4-10 ng/mL bFGF) or feeder-free (e.g., E8 5 or mTSER 6 media (according to manufacturer’s 189 
instructions on vitronectin-coated plates) methods are compatible with the bulk naïve reversion 190 
using the LIF-5i/LIF-3i/MEF system (Figure 1). Non-enzymatic methods are preferred for the 191 
passaging of conventional hPSC prior to preparing them for reversion. LIF-5i and LIF-3i media 192 
formulations do not contain antibiotics or antifungal agents. Standard operation rules for the 193 
biosafety cabinet sterility and the maintenance are expected to be rigorously observed to avoid 194 
any bacterial or fungal contamination. 195 
 196 
2.3 For the MEF- based culture system, prepare MEF feeders in the gelatinized 6-well plate as 197 
described in Section 1 at least one day before passaging of LIF-5i-adapted conventional hPSC 198 
cultures.  199 
 200 
2.4 After conventional hPSC cultures have reached ~50% confluency (i.e., 3-5 days after initial 201 
plating), replace the standard hESC culture medium with LIF-5i medium (2 mL per well; Table 1). 202 
 203 
Note: Perform these steps in a biosafety cabinet. 204 
 205 
2.5 Culture and maintain conventional hPSC/MEF for up to 2 days in LIF-5i in the CO2 incubator 206 
(5% CO2, humid atmosphere). Change the LIF-5i medium daily to adapt them for their subsequent 207 
passage and stable reversion in LIF-3i.  208 
 209 
2.6 Alternatively, for the feeder-free conventional cultures (e.g., in E8), culture hPSC in LIF-5i only 210 
overnight before passaging the next morning.  211 
 212 
Note: LIF-5i and LIF-3i cultures can both be maintained with either atmospheric (21% O2) or 213 
physiologic (5% O2) oxygen levels in the CO2 incubator (5% CO2, humid atmosphere).  214 
 215 
2.7 Prior to passaging, place the culture plates in a biosafety cabinet, wash LIF-5i-adapted 216 
conventional hPSC once with PBS, and add 1 mL of cell dissociation reagent to each well. Incubate 217 

for 5 min at 37 C in a CO2 incubator, and gently triturate with a pipette into a single cell 218 
suspension back in the biosafety cabinet.  219 
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 220 
Note: Non-enzymatic dissociation buffers may alternatively be used for preparing single cells for 221 
passaging.  222 
 223 
2.8 Collect the cell suspension in the hESC medium (at least 2-fold dilution) in a sterile 15 mL 224 
conical tubes, and gently triturate cells by pipetting to obtain a single cell suspension. 225 
 226 
2.9 Centrifuge at 300 g for 5 min, aspirate/discard the supernatant, and resuspend the cell pellet 227 
in 1-2 mL of the LIF-5i medium in the biosafety cabinet. Count the cells using a hemocytometer 228 
or an automatic cell counter. 229 
 230 
2.10 Wash the pre-plated MEF plate twice with PBS (2 mL per well in 6-well plates) and distribute 231 
1-2 x 106 cells (in 2 mL LIF-5i medium) onto 1 well of the PBS-washed MEF plate.  232 
 233 
2.11 Adjust and optimize initial plating densities for each individual hPSC line to be naïve-234 
reverted, as replating efficiencies can be highly variable. Place the plate in a CO2 incubator (5% 235 
CO2, humid atmosphere). 236 
 237 
Note: The routine use of anti-apoptotic reagents is not recommended for most hPSC lines with 238 
this method. The LIF-5i system already significantly enhances initial bulk clonal re-plating 239 

efficiencies of conventional hPSC lines. However, a one-time use of ROCK inhibitor (5-10 M Y-240 
27632) may further improve the initial LIF-5i clonal re-plating efficiency of conventional hPSC 241 
cultures in the first passage for some unstable lineage-primed hPSC lines with the propensity for 242 
spontaneous differentiation.  243 
 244 
2.12 If starting from feeder-free cultures (e.g., E8), directly transfer one well of the dissociated 245 
conventional hPSC adapted in LIF-5i into one irradiated MEF-plated well (i.e., 1:1 passage).  246 
 247 
2.13 The next day, gently swirl the plate to lift all non-attached cells, aspirate the medium (PBS 248 
wash is optional) and replace with 2 mL of LIF-5i medium. Perform this step in a biosafety cabinet 249 
daily for 3-5 days or until cells are 60-70% confluent (Figure 1). Place the plate in a CO2 incubator 250 
(5% CO2, humid atmosphere). 251 
 252 
3. Long-term Maintenance and Expansion of N-hPSC in LIF-3i Medium 253 
 254 
3.1 Following initial LIF-5i adaptation, passage subsequent stable LIF-3i cultures every 3-4 days in 255 
a biosafety cabinet, or when cultures become 60-70% confluent (Figure 1).  256 
 257 
Note: LIF-3i cultures require rigorous maintenance and allowing N-hPSC cultures to reach high 258 
confluency/cell density from prolonged culture (e.g., >4 days) decreases subsequent clonal re-259 
plating efficiency, and promotes spontaneous differentiation. 260 
 261 
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3.2 In a biosafety cabinet, discard the culture medium and wash each well of LIF-5i/LIF-3i cultures 262 
by gently adding 2 mL of PBS. Discard PBS and add 1 mL of cell detachment solution. Incubate for 263 

5 min at 37 C in a CO2 incubator (5% CO2, humid atmosphere). 264 
 265 
3.3 Collect the cell suspension, add the hESC medium (without inhibitors or growth factors (Table 266 
1); at least 2-fold dilution) to recover all hPSC and gently triturate cells by pipetting to obtain a 267 
single cell suspension. Transfer the suspension to a sterile 15 mL conical tubes. 268 
 269 
3.4 Centrifuge at 300 g for 5 min and aspirate/discard the supernatant. Re-suspend the cell pellet 270 
in the LIF-3i medium. Count the cells using a hemocytometer or an automatic cell counter. 271 
 272 
3.5 Plate ~2 x 105 cells per well onto the irradiated MEF in the gelatinized 6-well plate for routine 273 
passaging of LIF-3i cultures. For the initial LIF-5i-adapted cultures, plate an initially higher density 274 
(4 x 105 cells/well) prior to the first passage into LIF-3i/MEF. 275 
 276 
3.6 Re-plate and distribute LIF-5i-adapted hPSC onto fresh PBS-washed irradiated MEF feeder 277 
plates (prepared the previous day as above) in the LIF-3i medium. Replace the LIF-3i medium 278 
daily.  279 
 280 
3.7 Passage N-hPSC for least 4-7 continuous bulk passages in the LIF-3i medium prior to use of N-281 
hPSC in functional studies or cryopreservation. Record the number of passages of N-hPSC in 282 
either conventional or LIF-3i media.  283 
 284 
Note: LIF-3i reversion of high-passage (e.g., <p40) lineage-primed, conventional hPSC lines is not 285 
recommended. An effort should be made to revert conventional hPSC lines at the lowest possible 286 
passage that they are available. Additionally, the use of LIF-3i-reverted hPSC that have undergone 287 
greater than 10 LIF-3i passages is not recommended for functional studies, since such N-hPSC 288 
cultures may harbor karyotypically-abnormal clones due to the prolonged clonal cell culture 289 
selection. Fresh LIF-5i/LIF-3i reversions of low-passage conventional hPSC lines should be 290 
conducted for functional studies, if stocks of N-hPSC with <10 passages in LIF-3i are not available. 291 
 292 
4 Cryopreservation and Thawing of LIF-3i-reverted N-hPSC 293 
 294 
4.1 Expand reverted N-hPSC for at least 5-7 passages in LIF-3i, as indicated above, prior to use in 295 
functional studies or long-term cryopreservation. Record the number of passages in conventional 296 
conditions and in LIF-3i conditions on each cryopreserved vial.  297 
 298 
Note: Excess LIF-3i-reverted N-hPSC not used in functional assays can be cryopreserved at each 299 
passage, but freezing of lower post-reversion passages (e.g., <p3) may result in poor, or highly 300 
variable post-thaw recovery efficiencies.  301 
 302 
4.2 In a biosafety cabinet, aspirate the culture medium, wash cells in PBS (2 mL per well), aspirate 303 
PBS and dissociate hPSC colonies into single cells using cell detachment solution (1 mL per well). 304 

Place the plate for 5 min at 37 C in a CO2 incubator (5% CO2, humid atmosphere). Dilute the cell 305 
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detachment solution with the LIF-3i medium (2-fold), collect hPSC in a sterile 15 mL conical, 306 
centrifuge cells at 200g for 5 min and resuspend the cell pellet in LIF-3i medium (1-2 mL per well-307 
equivalent). Count the number of cells using a hemocytometer or an automatic cell counter. 308 
 309 
4.3 Centrifuge N-hPSC in the LIF-3i medium (200g for 5 min) and resuspend cells in a biosafety 310 
cabinet in the freezing solution (Table 2), at a density of at least 1 x 106 cells/mL. 311 
 312 
4.4 Transfer cells into the long-term storage cryogenic tubes and place into a slow-freezing 313 

container. Allow the samples to freeze overnight in a -80 C freezer. 314 
 315 
4.5 The next day, transfer the cryovials into a liquid nitrogen freezer for the long-term storage. 316 
 317 

4.6 For thawing, place the frozen vial into a 37 C water bath for ~2 min. Sterilize the vial (i.e., 318 
ethanol spray), transfer hPSC in a sterile 15 mL conical and slowly dilute the cells 10-fold in the 319 

hESC medium (Table 1) supplemented with 5 M of Rho-associated protein kinase (ROCK) 320 
inhibitor Y-27632 within a sterile biological safety hood cabinet. 321 
 322 
4.7 Centrifuge at 200 g for 5 min. In a biosafety cabinet, discard cell-free supernatant and 323 

resuspend the cell pellet in LIF-3i medium (1-2 mL) supplemented with 5 M ROCK inhibitor Y-324 
27632.  325 
 326 
Note: Exclusion of Y-27632 will result in poor post-thawing recovery efficiencies (Figure 2).  327 
 328 
4.8 Transfer the thawed cells resuspended in LIF-3i/ROCK Inhibitor onto the PBS-washed MEF-329 
plated wells. Cryopreserve LIF-3i cultures at a density of 1 x 106 cells per vial. Thaw each of these 330 
vials onto feeders in one well of a gelatinized 6-well plate.  331 
 332 
4.9 The next day, start regular LIF-3i medium expansion without Rho kinase inhibitor. 333 
 334 
5 Feeder Removal for the Collection of N-hPSC Samples 335 
 336 
5.1 To prepare samples from LIF-3i/MEF (or hESC/MEF conventional) cultures (i.e., for gene 337 
expression (e.g., quantitative RT-PCR, microarrays) or protein (e.g., Western blot) analyses, 338 
deplete LIF-3i cultures from MEF feeders using the Magnetic Activated Cell Sorting (MACS) with 339 
anti-TRA-1-81 antibody coated microbeads according to the manufacturer’s protocol.  340 
 341 
5.2 Alternatively, utilize the following simple pre-plating method to deplete cultures of feeders, 342 
as described below. 343 
 344 
5.3 In a sterile biological safety hood cabinet, discard thecell-free supernatant, wash the pellet 345 
with 2 mL sterile PBS per well. Detach adherent LIF-3i/MEF cultures using cell detachment 346 
solution (1 mL/well). Incubate for 5 min in a CO2 incubator (5% CO2, humid atmosphere). Collect 347 
hPSC in a sterile 15 mL conical. Wash 2-fold in hESC medium, transfer cells into the sterile 15 mL 348 
conical and centrifuge at 200 g for 5 min.  349 
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 350 
5.4 In a biosafety cabinet, re-suspend each well of LIF-3i/MEF dissociated cells into 2 mL of the 351 
LIF-3i medium, and directly transfer onto a new well of a 6-well plate that has been freshly coated 352 
with 0.1% gelatin.  353 
 354 

5.5 Incubate LIF-3i/MEF hPSC cells for 1 h at 37 C in a CO2 incubator (5% CO2, humid 355 
atmosphere).  Collect non-adherent cells with a pipette in a new conical tube. Gently add 2 mL 356 
of hESC medium to each well and swirl to collect the remaining non-adherent cells.  357 
 358 
Note: The majority of the irradiated MEF will attach to the gelatinized plate in 1 hour, leaving the 359 
majority of the hPSC in suspension. 360 
 361 
5.6 Combine and centrifuge cells at 300 g for 5 min. Wash in PBS. Snap-freeze the cell pellet in 362 
liquid nitrogen after centrifugation, or alternatively re-suspend pellets in a lysing buffer that is 363 
compatible with the downstream protein or nucleic acid analysis (Figure 2B). 364 
 365 
5.7 Perform characterizations of LIF-3i hPSC lines with a matching conventional primed isogenic 366 
hPSC control.   367 
 368 
Note: Because of intrinsic variability between and within primed cultures, relevant controls are 369 
prepared at a matching timepoint in culture or prior to naïve reversion. Detailed protocols and 370 
materials for downstream immunofluorescent bioimaging, flow cytometry, Western blotting, 371 
gene expression (RT-PCR assays and microarrays), methylation studies (dot blot, CpG methylation 372 
microarray), OCT4 proximal and distal enhancer predominance reporter assays and signaling 373 
inhibitor assays are provided elsewhere 3. 374 
 375 
6 Post Naïve reversion: Validation of Genomic Integrity and Retention of Parental Imprints of 376 
LIF-3i-reverted N-hPSC Prior to Use in Functional Assays 377 
 378 
6.1 Screen the starting primed, conventional hPSC cultures for possession of a normal karyotype 379 
(e.g., with Giemsa-band staining analysis using published methods 7) before initiating LIF-5i/LIF-380 
3i reversion.  381 
 382 
Note: This is to eliminate conventional hPSC populations that may harbor abnormal genomic 383 
alterations which may drive artefactual selective survival advantage in clonal LIF-3i conditions. 384 
 385 
6.2 For optimal results, freshly revert conventional hPSC cultures to a naïve-like state with LIF-3i 386 
several weeks prior to their use in functional studies or directed differentiation.  387 
 388 
Note: Routine prolonged ‘maintenance’ culture in LIF-3i conditions for more than 10 passages 389 
following naïve reversion is not recommended. Routine expansion and maintenance of hESC and 390 
hiPSC lines should be performed using conventional culture systems (e.g., in E8, or MEF/hESC 391 
medium with bFGF). 392 
 393 
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6.3 Assess post-reverted N-hPSC lines for the retention of normal karyotypes 5-7 passages after 394 
LIF-3i reversion (e.g., with Giemsa-band staining analysis 7, or any other method of choice).  395 
 396 
6.4 Assess all reverted N-hPSC lines for retention of normal parental genomic imprints by a DNA 397 
methylation analysis of choice (e.g., protocols for CpG DNA microarray analysis of parental 398 
imprints in LIF-3i-reverted N-hPSC are provided elsewhere 3) after 5-10 passages of LIF-3i 399 
reversion. 400 
 401 
7 Post Naïve Reversion: Experimental Design Guidelines for Quantitative Directed 402 
Differentiation Assays using LIF-3i-reverted N-hPSC  403 
 404 
7.1 Directly utilize LIF-3i N-hPSC into established directed differentiation protocols without 405 
additional cell culture manipulations.  406 
 407 
Note: Re-priming (i.e., converting N-hPSC back to conventional primed conditions prior to their 408 
use in directed differentiation assays) is not necessary with the LIF-3i method and is not 409 
recommended.  410 
 411 
7.2 To control for the impacts of the assay and interline variability in the functional testing of 412 
individual hPSC lines, cross-validate the lineage-specific differentiation potencies by employing 413 
independent differentiation protocols with at least three hPSC lines derived from independent 414 
genetic backgrounds (i.e., multiple donor-derived hiPSC and hESC). 415 
 416 
7.3 For functional comparisons, set up sibling cultures, at equivalent passage number, and from 417 
the same (isogenic) hPSC line in parallel to the conventional lineage-primed and LIF-3i-reverted 418 
hPSC cultures. Maintain primed/naïve sibling isogenic hPSC cultures in their respective media 419 
(e.g., E8 vs. LIF-3i), and simultaneously differentiate using identical differentiation protocols and 420 
materials, to eliminate the experimental bias (Figure 4).  421 
 422 
7.4 For isogenic primed vs. naïve hPSC comparisons, adjust and optimize initial plating densities 423 
for each individual differentiation assay.  424 
 425 
Note: Detailed protocols for neural progenitor, definitive endoderm and hemato-endothelial 426 
directed differentiation of LIF-3i-reverted N-hPSC are provided elsewhere 3. LIF-3i-reverted N-427 
hPSC has more robust proliferative and differentiation capacity in the direct differentiation 428 
assays. N-hPSC typically requires a lower initial plating concentration than the conventional hPSC, 429 
and unlike their conventional primed hPSC counterparts, do not require the use of anti-apoptotic 430 
reagents to enhance their clonal survival following enzymatic digestion in differentiation assays.  431 
 432 
REPRESENTATIVE RESULTS 433 
This protocol optimizes efficient naïve-like reversion with LIF-3i in both feeder-dependent and 434 
feeder-independent lineage-primed conventional hPSC cultures (Figure 1). The detailed protocol, 435 
described herein, outlines sequential adaptation to LIF-3i starting from either feeder-dependent 436 
or feeder-free conventional hPSC conditions (e.g. E8 medium).  437 
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 438 
Representative results for the LIF-3i reversion of several conventional hESC and transgene-free 439 
hiPSC lines are presented in Figures 1-3. These typical results can be validated with the 440 
commercially available hESC line H9, or with a commercially available transgene-free, cord blood-441 
derived episomal hiPSC line (6.2) derived in the Zambidis laboratory 8,9. Introduction of an initial 442 
LIF-5i adaptation step permits highly efficient subsequent, bulk clonal propagation of 443 
conventional hPSC cultures in LIF-3i, and does not require anti-apoptotic agents or ROCK 444 
inhibitors 10 (Figure 1A, B). Multiple plates of naïve-like hPSC samples can be rapidly collected for 445 
the downstream analyses or multilineage directed differentiation only after 5-7 passages in LIF-446 
3i. Alternatively, LIF-3i cultures can be cryopreserved for future applications. Post-thawing cell 447 
recovery can be improved (Figure 2) via inclusion of a ROCK inhibitor in cryopreservation and 448 
post-thaw media 11 .  449 
 450 
The determinants of molecular and functional pluripotency, both in vitro and in the embryo were 451 
recently reviewed 2. These factors include the genetic background, culture-associated acquisition 452 
of mutations for key developmental genes, and differences in hESC and hiPSC derivation and 453 
culture methodologies. Provided below is a summary of standard assays that can be employed 454 
for characterization and validation of the phenotypic, molecular, and functional pluripotencies 455 
of LIF-3i-reverted hPSC. 456 
 457 
Colony morphology: 458 
The transition between primed, conventional and LIF-3i-reverted culture systems is accompanied 459 
by distinct physical changes in hPSC colony morphology (Figure 1B). Conventional hPSC cells 460 
proliferate as flat, wide monolayer colonies that expand rapidly from small cell clumps (on MEF 461 
or feeder-free conditions), but poorly as single cells. Exposure of conventional hPSC lines to LIF-462 
3i promotes the growth and expansion and of smaller, tightly-packed, dome-shaped colonies that 463 
arise clonally from single cells. These morphological changes are completely reversible, and LIF-464 
3i-reverted dome-shaped colonies can spontaneously transition back to a conventional 465 
monolayer morphology if LIF-3i is withdrawn and cells are re-cultured in standard conventional 466 
hESC medium supplemented with bFGF. Additionally, expansion of LIF-3i-reverted cells at high 467 
confluent densities (or prolonged culture without frequent passaging) results in the spontaneous 468 
reacquisition of the flat, conventional morphology with reduced clonal efficiency; emphasizing 469 
the need for diligent maintenance and care of LIF-3i-reverted hPSC (e.g., <40-60% confluence). 470 
 471 
Live immunofluorescence staining and flow cytometric analysis of surface pluripotency 472 
markers:  473 
Evaluation of pluripotency markers during the transition from conventional to a naïve-like state 474 
following continuous LIF-3i culture can be monitored non-invasively using live antibody staining 475 
without detecting negative effects on LIF-3i/MEF expansion (e.g., live-staining fluorochrome-476 
conjugated antibodies against TRA-1-81, TRA-1-60, and SSEA4). 477 
  478 
Retention of pluripotency during LIF-3i reversion can also be routinely monitored by flow 479 
cytometric analysis of pluripotency-associated surface marker expression of TRA-1 and SSEA 480 
antigens during single cell passaging (Figure 1C) or immunofluorescence of intact, fixed colonies 481 
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in situ (Figure 3). Although these markers do not discriminate between conventional and LIF-3i 482 
states, their levels inversely correlate with the frequency of spontaneous differentiation that may 483 
occur in hPSC when transitioning from conventional hPSC to LIF-3i conditions. Additional surface 484 
antigens that may more specifically mark human naïve-like states in vitro 2,12,13 can also be 485 
employed to detect effective LIF-3i hPSC reversion. 486 
 487 
Validation of molecular pluripotency of N-hPSC:  488 
Because the genetic background of hPSC lines has been characterized as a strong contributor to 489 
interline variability, it is important to rigorously assess isogenic cultures at matching culture 490 
timepoints when comparing hPSC culture systems (Figure 4). Since some of these systems have 491 
already been shown to generate hPSC populations with aberrant genomic and epigenetic 492 
configurations2, any naïve reversion method should be assayed with a number of N-hPSC of 493 
independent genetic backgrounds, in a manner that is sufficient to validate biological 494 
reproducibility and exclude non-developmentally relevant “pseudo-pluripotent” states (i.e., with 495 
apparent hallmarks of molecular pluripotency but lacking functional differentiation abilities). 496 
Zimmerlin et al. further extended the validation of the LIF-3i culture system to include assaying 497 
the molecular and functional pluripotencies of reverted N-hiPSC derived from various 498 
reprogramming methods, which is another known putative contributor of functional variability 499 
between pluripotent states 2.  500 
 501 
Accordingly, most studies of human naïve culture systems have focused on assaying  molecular 502 
pluripotency of N-hPSC at 1) the epigenetic level (e.g., histone marks by ChIP sequencing or ChIP-503 
PCR, global DNA methylation by immunoblots or whole genomic bisulfite sequencing, allele-504 
specific CpG methylation microarrays, OCT4 enhancer predominant usage by reporter systems, 505 
global activity at regulatory elements by DNAse I hypersensitivity, and repeat element profiling 506 
by RNA-sequencing), 2) transcriptomic level (RNA-sequencing, expression microarrays, and 507 
quantitative RT-PCR), protein expression analysis (e.g., FACS, immunofluorescent microscopy, 508 
and Western blotting) and 3) via metabolic studies (e.g., glycolysis, oxidative phosphorylation 509 
and nicotinamide metabolism). Representative examples of immunofluorescence stains and 510 
Western blot detection of expression for key markers of molecular pluripotency are shown 511 
(Figure 3B, C). For example, shown are the expression levels for the activated phosphorylated 512 
(phospho) and total isoforms of STAT3 and ERK1/2. These were detected using anti-STAT3 and 513 
anti-ERK1/2 primary antibodies, which are key molecular hallmarks of mouse ESC-like naïve 514 
pluripotency (Figure 3B). Additionally, functional pluripotency in teratoma differentiation assays 515 
is demonstrated in conventional vs. LIF-3i-reverted hPSC teratoma tissues dissected 10 weeks 516 
following injection and fixed in 4% formaldehyde and paraffin embedded (Figure 3D). 517 
 518 
Preparation of LIF-3i/MEF or hESC/MEF/bFGF samples for downstream molecular analysis should 519 
include MEF depletion. Two approaches are described above for MEF depletion that have been 520 
successfully employed in our laboratory. MEF pre-plating is a simple, reliable, and cost-efficient 521 
method to eliminate feeders from N-hPSC samples for molecular studies and is a preferred 522 
alternative to FACS or MACS separation (i.e., anti-TRA-1-81 or anti-TRA-1-60 antibody-based 523 
separation). Additionally, spontaneously-differentiating TRA-1-negative adherent cells in LIF-524 
5i/LIF-3i cultures can be rapidly eliminated from LIF-5i/LIF-3i N-hPSC cultures prior to subsequent 525 
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LIF-3i passage onto fresh MEF by pre-plating the enzymatically-digested single cells for 1 h on 526 
plates pre-coated with 0.1% gelatin (Figure 2).  527 
 528 
Evaluation of functional pluripotency of N-hPSC: 529 
The most rigorous assay of functional pluripotency of PSC is the blastocyst injection chimera 530 
assay, which is limited in the testing of N-hPSC lines for ethical reasons. Alternatively, several 531 
groups that have reported the generation of N-hPSC with various other methods have attempted 532 
to generate interspecies chimeras. However, these attempts have yielded extremely low or 533 
unsuccessful contribution of differentiated N-hPSC lineages to murine or porcine embryos, in 534 
comparison to the chimera-generating capacity of standard mouse ESC 2.  535 
 536 
Additional functional studies have investigated directed in vitro differentiation of putative N-537 
hPSC derived via various methods, but have revealed biased, defective, or diminished 538 
multilineage differentiation capacity, with concomitant harboring of epigenetic abnormalities 539 
2,13. Similar epigenomic aberrations, especially at imprinted loci, have been detected in mouse 540 
ESC following prolonged exposure to the LIF-2i cocktail 14. Interestingly, some reversion culture 541 
systems have reported global improvements in specific attributes of functional pluripotency of 542 
PSC such as the enhanced capacity for in vivo trophectoderm contribution 2,15.  543 
 544 
Using a broad collection of independently-derived LIF-3i-reverted hPSC, Zimmerlin et al. 545 
employed multilineage differentiation assays to show that the LIF-3i system dramatically 546 
improves the functional pluripotency of conventional hPSC lines3. This allows systematic analysis 547 
of conventional vs LIF-3i hPSC lines in isogenic pairs to eliminate interline-dependent variations 548 
(Figure 4). LIF-3i-reverted hPSC lines do not require a re-priming step prior to EB differentiation. 549 
However, LIF-3i hPSC proliferate at significantly higher clonal rates than isogenic cells expanded 550 
in E8, and thus, initial lower plating densities require adjustment to allow each culture to reach 551 
confluence at a similar timepoint. 552 
 553 
Investigators should routinely utilize multiple assays to demonstrate the improved functionality 554 
of LIF-3i-reverted hPSC that includes not only in vivo teratoma assays but also in vitro directed 555 
differentiation assays to neural, definitive endoderm and hematovascular lineages 3 using 556 
multiple assays (e.g., 2D APEL 3,16 and 3D embryoid body 17,18 systems). To control for assay-557 
dependent reproducibility, at least two different differentiation methods should be performed 558 
in replicate for each isogenic pair of primed/LIF-3i hPSC cultures (e.g., Figure 4, APEL, embryoid 559 
body differentiation protocols). The experimental design should include a robust number (e.g., 560 
<3-5) primed/LIF-3i isogenic pairs of hPSC lines from multiple, independent donor genetic 561 
backgrounds (Figure 4). 562 
 563 
FIGURE LEGENDS: 564 
Figure 1. A stepwise transition of the conventional, lineage-primed hPSC cultures to naïve-like 565 
conditions with the LIF-3i method. (A) Schema of protocols for stepwise LIF-3i reversion. (Top 566 
schematic) A general method for the transition of primed, conventional hPSC to LIF-3i cultures. 567 
(Bottom schematics) Two summarized strategies for LIF-3i naïve reversion of conventional 568 
(primed) hPSC cultured on either feeder (i.e., Primed/MEF to LIF-3i/MEF), or feeder-free 569 
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conditions (i.e, Primed/E8 to LIF-3i/MEF). (B) Human PSC morphologies. Shown are 570 
representative photomicrographs of hPSC during LIF-3i reversion using a commercially available 571 
human episomal iPSC line (6.2). Shown are the transitions observed between initial conventional 572 
flat monolayer colonies, and the subsequent dome-shaped clonogenic colonies that arise 573 
following passage in intermediate LIF-5i and stable LIF-3i culture conditions. Scale bars = 200 µm. 574 
(C) Representative flow cytometric analyses of pluripotency surface markers. Shown are TRA-1-575 
81 and SSEA-4 detection in conventional hPSC line 6.2 (p40) expanded in E8, the initial passage 576 
in LIF-5i/MEF, and following 1 to 9 passages (P1-P9) in LIF-3i conditions.  577 
 578 
Figure 2. Cryopreservation of N-hPSC and sample preparation by MEF pre-plating. (A) Example 579 
of a freeze/thaw cycle of LIF-3i/MEF cultures. The conventional cord blood-derived, non-580 
integrated, transgene-free human iPSC line E5C3 was derived and expanded on MEF feeders in 581 
hESC medium supplemented with 4ng/mL bFGF for 18 passages. Conventional, lineage-primed 582 
E5C3 were adapted in LIF-5i (left) and transitioned into LIF-3i medium for 3 passages (center). 583 
The E5C3 LIF-3i cells shown in the center panel were cryopreserved using DMSO-based 584 
cryoprotectant medium (Table 2; 1 x1 06 cells per vial) and stored in liquid nitrogen). One vial 585 
was thawed a month later and E5C3 cells transferred in a feeder-coated well of a 6-well plate 586 
(right). Cell recovery can be enhanced by supplementing the LIF-3i medium with 5 µM Y-27632 587 
for only one day post-thaw. Scale bars = 200 µm. (B) Elimination of MEF (and also adherent TRA-588 
negative differentiated cells) in LIF-3i/MEF hPSC cultures by the pre-plating method. Shown are 589 
flow cytometric analyses before and after pre-plating of PE-conjugated anti-TRA-1-81 and TRA-590 
1-60 antibodies, APC-conjugated SSEA-4 antibodies and SSEA-1/CD15 antibodies demonstrating 591 
depletion of TRA-1 antigen negative and MEF cells using the one-hour pre-plating method. 592 
 593 
Figure 3. Characterization of pluripotency in LIF-3i/MEF N-hPSC cultures. (A) Surface and 594 
nuclear pluripotency markers. Expression of pluripotency factor NANOG in the same (isogenic) 595 
TRA-1-81+SSEA4+ conventional, primed cord blood-derived hiPSC line E5C3 (p39) expanded in 596 
either E8 or LIF-3i (+p8 in LIF-3i/MEF).  Immunofluorescent stains of representative hPSC cultures 597 
on chamber slides revealed the uniform, nuclear expression of the core pluripotency factor 598 
NANOG in SSEA-4+TRA-1-81+ hPSC cultured in primed, conventional (E8 medium) or LIF-3i/MEF 599 
conditions. Scale bar=100 µm. (B) Western blot analysis. STAT3 (left), ERK (center), and control 600 
beta-ACTIN protein expression for a representative hPSC line (hESC line H9) in conventional (E8 601 
medium) or LIF-3i/MEF conditions (3i). (C) Expression of naïve pluripotency-associated 602 
transcription factors. Shown are STELLA/DPPA3, NR5A2, and TFCP2L1 by immunofluorescence in 603 
a representative LIF-3i/MEF culture (cord blood-derived hiPSC line E5C3 at p33 (hESC/MEF) +p8 604 
(LIF-3i/MEF). Scale bar=100 µm. (D) Teratoma assays of conventional and LIF-3i-reverted hPSC. 605 
Validation of functional pluripotency in an isogenic representative hiPSC line (cord blood-derived 606 
E32C6) cultured in either E8 (p9) or LIF-3i/MEF (+p12) by teratoma assay. 10x106 cells of isogenic 607 
parallel-cultured conventional, primed vs LIF-3i-reverted hPSC were injected subcutaneously into 608 
the limbs of immunodeficient NSG mice. Hematoxylin and eosin stains of teratoma microsections 609 
revealed robust differentiation into all three germ layers with well-structured ectoderm (neural 610 
rosette: NR, retinal pigmented epithelial: RPE), mesoderm (chondroblasts: Ch), and endoderm 611 
(glandular tissue: GI) lineages. Scale bars =100 µm.  612 
 613 
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Figure 4. Comparison of functional pluripotency between isogenic primed and naïve state. (A) 614 
Schematic of strategy for assessing functional pluripotency from distinct pluripotent states in 615 
isogenic conventional vs. LIF-3i cultured hPSC in independent differentiation protocols. Shown 616 
are two hemato-vascular progenitor differentiation systems (APEL monolayer and 3D embryoid 617 
body (EB) systems) that were previously employed to assess differentiation potency of 618 
conventional vs. LIF-3i-reverted in the same (isogenic) hPSC line cultured in parallel post LIF-3i 619 
reversion with same passage numbers. LIF-3i-reverted hPSC lines do not require a re-priming step 620 
prior to EB differentiation and are subjected to the differentiation protocol directly. (B) EB 621 
vascular progenitor (VP) differentiation system. The EB 3D differentiation system employed for 622 
this study was previously described 17,18. Shown are the representative results at day 10 of EB 623 
differentiation (left panels) for isogenic cultures of the same cord blood (CB)-derived E5C3 hPSC 624 
line 9, cultured in either conventional hESC/MEF (Primed/ MEF) conditions or LIF-3i/MEF naïve 625 
conditions. Flow cytometry analysis of these EB cells show dramatic increases of CD31+CD146+ 626 
VP populations following LIF-3i reversion of the E5C3 line prior to differentiation. The histogram 627 
displays the mean ±SD of CD31+CD146+ VP cell percentages recovered at day 10 in this EB system 628 
using three isogenic pairs of independent hPSC lines (i.e., two CB-hiPSC and one adult fibroblast-629 
derived hiPSC, dotted lines connect isogenic pairs). Results demonstrate significant improvement 630 
of VP differentiation efficiencies in the EB system across genetic backgrounds of multiple hPSC 631 
lines. (C) APEL monolayer vascular progenitor differentiation system. Conventional (primed E8) 632 
and LIF-3i-reverted hPSC can be directly differentiated using the same culture conditions, growth 633 
factors, cytokines and small molecules of the stepwise APEL endothelial differentiation protocol 634 
3,16. Shown are independent APEL differentiation experiments using the E5C3 cord blood-derived 635 
hiPSC line, and the percentage of CD31+CD146+ vascular progenitor populations at day 7 of APEL 636 
differentiation. 637 
 638 
DISCUSSION:  639 
The LIF-3i system applies a modified version of the classic murine 2i naïve reversion cocktail 1 to 640 
human pluripotent stem cells. The self-renewal of hPSC (which cannot expand in 2i alone) is 641 
stabilized in LIF-2i by supplementing this cocktail with the tankyrase inhibitor XAV939. LIF-3i 642 
culture allows bulk and efficient reversion of the conventional hPSC to a pluripotent state 643 
resembling the human preimplantation epiblast 3. Although the mechanisms of action of XAV939 644 
in hPSC are likely complex and synergistic with 2i, they likely include at the minimum, an 645 
important stabilization and augmentation of hPSC self-renewal via WNT signaling pathways 3. 646 
 647 
Conventional hPSC cultures normally adopt a spectrum of pluripotent states with highly variable 648 
lineage-primed gene expressions and post-implantation epiblast epigenetic marks that may 649 
result in inconsistent or diminished functional pluripotency 2. This inherent lineage priming of 650 
conventional hPSC cultures may also interfere with the successful LIF-3i reversion of some hPSC 651 
lines 2. However, the inclusion of the initial LIF-5i adaptation step (Table 1) in the LIF-3i method 652 
universally broadens the efficiency of LIF-3i reversion among a multitude of hPSC lines and 653 
promotes bulk naïve reversion of conventional hPSC lines in a manner that circumvents tedious 654 
picking and subcloning of rare naïve-reverted colonies, or the need for use of routine anti-655 
apoptotic molecules to stabilize their viability.  656 
 657 
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The LIF-5i/LIF-3i naïve reversion method is reproducible in a broad variety of hESC and hiPSC 658 
lines. It requires minimal training with basic cell culture skill. Zimmerlin et al. successfully 659 
employed this sequential strategy to revert >30 independent hESC and hiPSC lines from a broad 660 
array of donors 3. A single passage in LIF-5i (Figure 1) is sufficient for most hPSC lines to undergo 661 
efficient naïve reversion in bulk hPSC cultures, and further advance their subsequent stable 662 
maintenance and expansion in LIF-3i alone.  663 
 664 
Furthermore, the LIF-3i/MEF system supports robust bulk clonal expansion efficiencies 665 
throughout all the steps between lineage-primed conventional hPSC culture all the way to 666 
completed naïve-like hPSC reversion (i.e., adaptation, transition and expansion for 7-10 passages 667 
in LIF-3i/MEF alone). Although though the stability of this culture system depends on the 668 
presence of feeders, a simple and affordable method to deplete feeders by the pre-plating 669 
technique for analysis of LIF-3i cultures is presented (Figure 2).  670 
 671 
Multiple other culture systems have also been reported to promote conventional hPSC to similar 672 
naïve-like pluripotent states 2. Although these hPSC culture systems have also relied on the 673 
utilization of the classical mouse naïve 2i conditions, in most cases these single-cell passaging 674 
methods also required additional chemical modulation for stabilizing an inherently 675 
unstable/metastable human naïve state. Importantly, most of these other methods 676 
demonstrated impaired functional pluripotency following differentiation and/or acquired 677 
abnormal epigenomic imprints or karyotypes 2. Although the emergence of abnormal karyotypes 678 
within conventional primed hPSC cultures is already well documented 19, prolonged, enzymatic 679 
single-cell passaging methods that are routinely employed in most naïve reversion methods. This 680 
has also been shown to potentiate the generation of abnormal chromosomal configurations 20,21 681 
; more sensitive techniques (e.g., copy number variations, single nucleotide polymorphism) may 682 
even reveal additional alterations 22,23. 683 
 684 
In contrast, a wide repertoire of LIF-3i-reverted hPSC lines were confirmed to possess normal 685 
karyotypes at low-medium passages (e.g., p5-p15), and also at high passage numbers (e.g., >p30) 686 
following LIF-3i culture 3. Additionally, epigenomic imprints in LIF-3i-reverted hPSC were found 687 
reproducibly normal and intact at 5-10 passages post LIF-3i reversion 2. Using the sensitive allele-688 
specific commercial methylation array platform, it was previously demonstrated that CpG 689 
methylation marks at imprinted loci of a wide repertoire of LIF-3i-reverted hPSC lines (following 690 
4-7 passages in LIF-3i) were found to be grossly normal in structure 1. Since abnormal genomic 691 
imprints and karyotypes may ultimately impair the functional capacity of hPSC, prerequisite 692 
guidelines were outlined in this protocol that encourages researchers to validate hPSC cultures 693 
before and after naïve reversion, using this method as well as others. 694 
 695 
The LIF-3i method improved functional pluripotency across germ layers in a large repertoire of 696 
hESC and non-transgenic hiPSC lines (Figure 3). Unlike other naïve reversion protocols, the LIF-3i 697 
method does not require a re-priming step for subsequent differentiation of N-hPSC (i.e., 698 
converting N-hPSC back to conventional primed conditions prior to their use in directed 699 
differentiation assays). LIF-3i-reverted N-hPSC display significantly more efficient differentiation 700 
capacities than their isogenic conventional hPSC counterparts in both teratoma assays (Figure 701 
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3D), and directed differentiation protocols of  lineages of all three germ layers 2. Due to the assay-702 
dependent and interline variations in functional testing of conventional hPSC, lineage-specific 703 
differentiation should be evaluated using independent directed differentiation protocols and 704 
hPSC derived from multiple genetic backgrounds. Using careful experimental design, a broad 705 
array of hPSC lines can be expected to significantly improve their multilineage differentiation 706 
efficiencies compared to their isogenic conventional counterparts following 4-10 passages in LIF-707 
3i conditions.  708 
 709 
In summary, this method rapidly and clonally expands the numbers of human PSC, improves their 710 
downstream differentiation efficiency, increases the lineage-committed progenitor cell numbers 711 
following differentiation, and decreases interline variability among conventional, lineage-primed 712 
hPSC lines. These N-hPSC with improved functionality may further have a wide impact for their 713 
potential to contribute functional tissues to a developing embryo. For example, stable N-hESC 714 
may be employed for developing transplantable human organs and adult stem cells in developing 715 
animal chimeras, or for generating humanized gene-targeted animal models of disease. The 716 
further optimization of this tankyrase inhibitor-utilizing LIF-3i method in defined feeder-free 717 
GMP-compliant culture conditions will facilitate efficient clinically useful generation of a broad 718 
array of functional and engraftable cell types for therapeutic use. 719 
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Name of Material/ Equipment Company Catalog Number

anti- SSEA-1/CD15 antibody, APC conjugated BD Biosciences 561716

anti- TFCP2L1 antibody Sigma Aldrich HPA029708

anti-beta-Actin antibody Abcam ab6276

anti-CD146 antibody,  PE conjugated BD Biosciences 550315

anti-CD31 antibody, APC conjugated eBioscience 17-0319-42

anti-CD31 microbead kit Miltenyi Biotec 130-091-935

anti-NANOG antibody Abcam ab109250

anti-NR5A2 antibody Sigma Aldrich HPA005455

anti-p44/42 MAPK (Erk1/2) antibody Cell Signaling 4695
anti-phospho-p44/42 MAPK (Erk1/2) (Thr202/Tyr204 

antibody Cell Signaling 4370

anti-phospho-STAT3 (Tyr705) antibody Cell Signaling 9145

anti-rabbit immunoglobulin antibody, biotinylated Agilent E0432

anti-SSEA-4 antibody, APC conjugated R&D System FAB1435A

anti-SSEA-4 GloLIVE antibody, NL493 conjugated R&D System NLLC1435G

anti-STAT3 antibody Cell Signaling 9139

anti-STELLA/DPPA3 antibody Millipore MAB4388

anti-TRA-1-60 GloLIVE antibody, NL557 conjugated R&D System NLLC4770R

anti-TRA-1-60 StainAlive Antibody, DyLight 488 conjugated Stemgent 09-0068

anti-TRA-1-81 StainAlive Antibody, DyLight 488 conjugated Stemgent 09-0069

anti-TRA1-60 antibody, PE conjugated BD Biosciences 560193

anti-TRA1-81 antibody, PE conjugated BD Biosciences 560161

APEL2-Li StemCell Technologies 5271

Bovine Serum Albumin Sigma Aldrich A3311

CellAdhere dilution buffer StemCell Technologies 7183

CF1 mouse Charles river 023

CHIR99021 R&D System L5283
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confocal microscope system Zeiss LSM 510

cord blood CD34+ derived iPSC line Thermo Fisher Scientific A18945

Corning Costar tissue culture-treated 6-well plates Corning 3506

Countess  cell counting chamber slide Thermo Fisher Scientific C10228

Countess automated cell counter Thermo Fisher Scientific AMQAX1000

DMEM (Dulbecco's Modified Eagle Medium) Thermo Fisher Scientific 11995-065

DMEM-F12 Thermo Fisher Scientific 11330-032

DMSO (dimethyl sulfoxide) Sigma Aldrich D2650

DR4 mouse The Jackson Laboratory 3208

Essential 8 (E8) medium StemCell Technologies 5940

Fetal bovin serum (FBS) Thermo Fisher Scientific SH30071.03

Forskolin Stemgent 04-0025

Gelatin (porcine) Sigma Aldrich G1890-100G

KnockOut Serum Replacement Thermo Fisher Scientific 10828-028

L-Glutamine (100X) Thermo Fisher Scientific 25030-081

MEM Non-essential amino acid (MEM NEAA) (100X) Thermo Fisher Scientific 11140-050

mTeSR1 medium StemCell Technologies 85850

Nalgene cryogenic vials Thermo Fisher Scientific 5000-0020

Nunc Lab-Tek II Chamber Slide System Fisher Scientific 154534

Paraformaldehyde (PFA) solution , 4% in PBS USB Corporation 19943

PD0325901 Sigma Aldrich PZ0162



Penicillin/streptomycin (10,000 U/mL) Thermo Fisher Scientific 15140-122

Phosphate buffered saline (PBS) Biological Industries 02-023-1A

Purmorphamine Stemgent 04-0009

recombinant human Activin A Peprotech AF-120-14E

recombinant human Bone morphogenetic protein (BMP)-4 Peprotech 120-05ET

recombinant human FGF-basic (bFGF) Peprotech 100-18B

recombinant human LIF Peprotech 300-05

SB431542 Stemgent 04-0010-05

Stemolecule Y27632 in Solution Stemgent 04-0012-02

StemPro Accutase Cell Dissociation Reagent Thermo Fisher Scientific A11105-01

Streptavidin-Cy3 conjugate Sigma Aldrich S6402

Thermo Scientific Mr. Frosty Freezing Container Thermo Fisher Scientific 5100-0001

Vascular endothelial growth factor (VEGF)-165 Peprotech 100-21

Vitronectin XF matrix StemCell Technologies 7180

XAV939 Sigma Aldrich X3004

β-mercaptoethanol Thermo Fisher Scientific 21985-023



Comments/Description

use 5µL per assay (FACS)

use at a 1:100 dilution (immunostainings)

use at 1:5000 (Western blot)

use 5µL per assay (FACS)

use 2µL per assay (FACS)

use at a 1:100 dilution (immunostainings)

use at a 1:100 dilution (immunostainings)

use at 1:1000 (Western blot), for detection of total protein

use at 1:1000 (Western blot)

use at 1:1000 (Western blot)

use at a 1:500-1:1000 dilution (immunostainings)

use 5µL per assay (FACS)

use at 1:50 dilution (live and fixed immunostainings)

use at 1:1000 (Western blot), for detection of total protein

use at a 1:50 dilution (immunostainings)

use at  a 1:50 dilution (live and fixed immunostainings)

use at a 1:100 dilution (live and fixed immunostainings)

use at a 1:100 dilution (live and fixed immunostainings)

use 10µL per assay (FACS)

use 10µL per assay (FACS)

dilutent for Vitronectin XF™ matrix

reconstitute at 100mM in DMSO



also referred as 6.2 line

reconstitute at 100mM in DMSO

resuspend in water and sterilize with an autoclave

reconstitute at 100mM in DMSO



reconstitute at 10mM in DMSO

resupend at 100ug/mL in 0.1% bovine serum albumin in PBS

resupend at 100ug/mL in 0.1% bovine serum albumin in PBS

resupend at 100ug/mL in 0.1% bovine serum albumin in PBS

reconstitute at 100mM in DMSO

ROCK inhibitor in solution (10mM)

use at 1:500-1:1000 dilution (immunostainings)

resupend at 100ug/mL in 0.1% bovine serum albumin in PBS

dilute at 40µL/mL in CellAdhere™ dilution buffer

reconstitute at 100mM in DMSO

light sensitive



Mouse Embryonic 

Fibroblast (MEF) 

Medium 

(500mL)

human embryonic 

stem cell (hESC) 

Medium

(500mL)

DMEM high glucose 439.5mL -

DMEM/F12 - 391.5mL

fetal bovine serum 50mL -

KnockOut serum replacement - 100mL

L-Glutamine (200mM) 2.5mL 2.5mL

MEM Non-essential amino acid 

(MEM NEAA), 10mM
5mL 5mL

Penicillin/streptomycin (100X) 2.5mL -

β-mercaptoethanol (55mM) 0.5mL (0.055mM) 910µL (0.1mM)

recombinant basic FGF (100µg/mL) - 50µL (10ng/mL)

recombinant human LIF 

(100µg/mL)
- -

CHIR99021 (100mM) - -

PD0325901 (100mM) - -

XAV939 (100mM) - -

Forskolin (100mM) - -

Purmorphamine (10mM) - -
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LIF-5i 

(500mL)

LIF-3i 

(500mL)

- -

391.5mL 391.5mL

- -

100mL 100mL

2.5mL 2.5mL

5mL 5mL

- -

910µL (0.1mM) 910µL (0.1mM)

50µL (10ng/mL) -

100µL (20ng/mL) 100µL (20ng/mL)

15µL (3µM) 15µL (3µM)

5µL (1µM) 5µL (1µM)

20µL (4µM) 20µL (4µM)

50µL (10µM) -

100µL (2µM) -



LIF-3i crypreservation 

medium 

(10mL)

hESC medium (Table 1) 40%

KnockOut serum replacement 50%

dimethyl sulfoxide (DMSO 10%

Y-27632 5 µM
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responses are catalogued below: 

 
1. The editor has formatted the manuscript as per Journal's style. Please retain the 

same. 
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2. Please address specific comments marked in the manuscript. 
 
Done. Thank you. 

 
3. Please shorten the figure legends and move few sentences to the representative 

results. The figure legend should include a short description of the data presented in 
the Figure and relevant symbols. The Discussion of the Figures should be placed in 
the Representative Results. 
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5. Unfortunately, there are a few sections of the manuscript that show significant 
overlap with previously published work. Though there may be a limited number of 
ways to describe a technique, please use original language throughout the 
manuscript. Please see lines: 73-83, 704-708. 
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6. Regarding highlighting the protocol steps, you may highlight more to form a 
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7. This would not necessarily include any filming, but instead video editing of two summary 
slides: one for section 6 and for section 7. We can discuss the details with the Editor at a 
near future time. 
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