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SUMMARY
Our understanding of pluripotency remains limited: iPSC generation has only been established for a few
model species, pluripotent stem cell lines exhibit inconsistent developmental potential, and germline trans-
mission has only been demonstrated for mice and rats. By swapping structural elements between Sox2
and Sox17, we built a chimeric super-SOX factor, Sox2-17, that enhanced iPSC generation in five tested
species: mouse, human, cynomolgus monkey, cow, and pig. A swap of alanine to valine at the interface be-
tween Sox2 and Oct4 delivered a gain of function by stabilizing Sox2/Oct4 dimerization on DNA, enabling
generation of high-quality OSKM iPSCs capable of supporting the development of healthy all-iPSC mice.
Sox2/Oct4 dimerization emerged as the core driver of naive pluripotency with its levels diminished upon
priming. Transient overexpression of the SK cocktail (Sox+Klf4) restored the dimerization and boosted the
developmental potential of pluripotent stem cells across species, providing a universal method for naive
reset in mammals.
INTRODUCTION

The discovery of induced pluripotent stem cells (iPSCs) by Taka-

hashi and Yamanaka1 has made enormous contributions to

basic research, allowed new strategies for drug discovery, and

provided a source for cell replacement therapy.2 Pluripotent

stem cells (PSCs) are unique in their ability to give rise to all tis-

sues of the animal body; as such, they are themost developmen-

tally potent cells we have in culture. The induction of pluripotency

in somatic cells requires a complete epigenetic reset, which was

once thought to be impossible.3

Oct4, Sox2, Klf4, and cMyc (OSKM)—all components of the

Yamanaka cocktail—evolved to not only induce pluripotency in

the inner cell mass (ICM) of the embryo4,5 but also allow or

even drive subsequent differentiation. Oct4, Sox2, and Klf4

(OSK) are pioneer transcription factors (TFs) capable of engaging

silent chromatin; iPSC technology harnesses their pioneering
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ability to rejuvenate somatic cells in vitro.6,7 Oct4 stands out as

the master regulator of the pluripotency network. Oct4 knockout

in embryonic stem cells (ESCs) leads to a collapse of pluripo-

tency.8,9 Interestingly, downregulation, but not complete elimi-

nation, of Oct4 expression in ESCs leads to the opposite—stabi-

lization of the pluripotency network, suggesting an additional

role of Oct4 in differentiation.10 Oct4 has been considered the

only factor that cannot be replaced by other members of its fam-

ily in iPSC generation.11 However, it is endogenous Sox2 activa-

tion that signifies the completion of pluripotency induction.12

Moreover, exogenous Oct4 causes a loss of developmental po-

tential for OSKM versus SKM iPSCs,13 suggesting that fine-tun-

ing Oct4’s functions might help to advance iPSC technology.

During mouse development, the future cell fate is biased

already at the 4-cell stage, where high Sox2 expression and

long-lived Sox2/Oct4 co-binding drive the emergence of the

ICM.14,15 Mice and humans have different degrees of Oct4
anuary 4, 2024 ª 2023 The Authors. Published by Elsevier Inc. 127
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dependence when establishing pluripotency during early devel-

opment: Oct4 knockout mouse blastocysts still develop a

Nanog+ ICM, whereas human OCT4-null blastocysts fail to do

so.16,17 Correspondingly, SKM induction is sufficient to induce

pluripotency in mouse somatic cells,13,18 but not in humans,19

emphasizing the need to develop alternative strategies to

improve the fidelity of non-murine reprogramming.

Oct4 cooperates with Sox2 to co-regulatemost of its targets in

pluripotent cells.20 Sox2/Oct4 cooperativity is mediated by pro-

tein-protein interaction between their DNA-binding domains and

by DNA allostery.21 At the onset of reprogramming, when native

sites are inaccessible, Oct4 and Sox2 often bind independently7;

however, the sites engaged by both will most likely be ope-

ned.22,23 Sox2/Oct4 heterodimerization, particularly on the ca-

nonical HoxB1-like SoxOct motifs, was shown to be essential

for the induction and maintenance of pluripotency.24 Sox17

can also cooperate with Oct4, but on compressed SoxOct mo-

tifs, controlling primitive endoderm and germline fates.11,25–30

Jauch et al. discovered that a single residue swap between

Sox17 and Sox2, glutamate to lysine at HMG box position 57

(Sox17E57K), shifts its binding preference to the canonical

SoxOct converting Sox17 into a pluripotency inducer.30 Further-

more, the larger and more potent Sox17 C-terminus transactiva-

tor can enhance Sox2 function.25,31,32 Here, we found that

replacing Sox2 with Sox17E57K in the reprogramming cocktail

can rescue disabling Oct4 mutants and allows iPSC generation

with somatic POU factors. We generated a library of chimeric

Sox2-Sox17 TFs to find the structural elements of Sox17 respon-

sible for this striking phenotype. The library screen allowed us to

build an enhanced chimeric reprogramming factor that does not

occur in nature. Our insights into the structure/function paradigm

of Sox2 and Oct4 have major implications for understanding

early development.

RESULTS

Defining the structural elements of Sox17 that enable
iPSC generation
Oct4 (Pou5f1) is the only TF of the POU family that can induce

pluripotency in mice and humans,1,33,34 unlike other family

members such as Oct1, Oct2, Oct6, and Brn4.11,35,36 POU TFs

exhibit different preferences for hetero- versus homo-dimeriza-

tion.22,35,37 In our search to find what makes Oct4 unique among

POU factors, we studied its reprogramming ability in comparison

with Brn4.36 We discovered that Sox17E57K,30 but not Sox2, can

efficiently generate iPSCs in combination with Brn4 (Figure 1A).

POU factors possess a DNA-binding POU domain, flanked by

unstructured N- and C-terminal transactivator domains (NTD

and CTD). The POU domain is bipartite, consisting of a POU-

specific (POUS) and POU-homeodomain (POUHD) joined by a

flexible non-conserved linker. The Oct4- but not Oct1-linker con-

tains an alpha-helix at its N terminus.38,39 Replacement of the

Oct4-linker with those from other POU factors or the L80A

mutation in the linker helix is detrimental for induction and main-

tenance of pluripotency.38,40,41 Surprisingly, Sox17E57K could

also rescue the reprogramming ability of Oct4L80A (Figures S1A

and S1B).

Sox proteins consist of a DNA-binding HMG domain followed

by an unstructured CTD (Figure 1B). We constructed a library of
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retroviral vectors carrying chimeric Sox2-Sox17 TFs, swapping

the non-conserved regions of Sox2 with the respective regions

of Sox17 (Figures 1B and 1C). The library was used to reprogram

mouse embryonic fibroblasts (MEFs) carrying an Oct4-GFP re-

porter (Figures 1D and 1E); the volumes of viral supernatants

were adjusted for equal expression (Figures S1C and S1D). Initial

results pointed to residues 61–62 of Sox17 as the most crucial

for rescuing Oct4L80A (Figure 1E). The Sox17-CTD, 43–47, and

65–86 regions additionally boosted the reprogramming effi-

ciency (Figures 1D and 1E). Further dissection determined that

a single A61V swap in Sox2 allowed iPSC generation with

Oct4L80A, Brn4, Oct2, Oct6, and Brn2, but not with Oct1 (Figures

1F–1H). Replacing A61 with leucine (Sox2A61L) performed better

than wild-type (WT) Sox2 but worse than Sox2A61V (Sox2AV)

(Figures 1F and 1G). Our best-performing chimeric factor,

Sox243–47,61,65–86c17 (Sox2-17), which incorporates 17 residues

of the Sox17-HMG and Sox17-CTD (Figures 1B and 1C), signif-

icantly improved the reprogramming efficiency, with 61V being

the key residue (Figure 1G). cMyc, GATA factors, and the SV40

large T-antigen increase reprogramming efficiency by boosting

cell proliferation,13,47 but A61V has the opposite effect: four-fac-

tor induction with Sox2AV or Sox2-17 resulted in significantly

lowered cell proliferation compared with the respective A61 var-

iants (Figures 1I and 1J). The repressive effect on cell prolifera-

tion might explain why A61V, although being able to rescue

non-functional Oct4 mutants, does not by itself increase reprog-

ramming efficiency with WT-Oct4. The efficiency boost comes

from the synergy between A61V and the more potent Sox17-

CTD (Figures 1D–1G).

Sox2AV enhances Sox2/POU dimerization on canonical
SoxOct motifs
Residue A61 of Sox2-HMG faces the Oct4-POUS when co-

bound to a consensusSoxOctmotif (Figure 2A). The extramethyl

groups on valine make it more hydrophobic than alanine. Molec-

ular dynamics simulations (MDSs) of the Sox2/Oct4 dimer on

Pou5f1 distal enhancer DNA element (Oct4DE) showed that

A61V increases the average number of interactions between res-

idue 61 and the POUS (Figure 2B). MDS of Oct4/Sox2 and Oct6/

Sox2 versus the respective Sox2AV dimers on HoxB1 enhancer

SoxOct DNA showed a similar increase in interactions (Fig-

ure S2A). In both sets of MDS, POU residue I21, conserved in

Oct4 and Oct6, engaged V61 the most (Figures 2C and S2B).

Our MDS revealed a Sox2/Oct4 dimer configuration where

HMG residues R50 and K57 form salt bridges with E82 and

Q81 of the Oct4 linker (Figure 2A), similar to our previous

report.27 This arrangement involves both POUS and linker, hence

the SL configuration, as opposed to the S configuration that in-

volves only the POUS (Figure 2D). The SL configuration is Oct4

specific, as it was never observed for Oct6, which lacks negative

charges in its linker (Figure 2D). The SL configuration dominated

our Sox2/Oct4 simulations on Oct4DE, which were run with an

AlphaFold-predicted Oct4 structure.42 However, salt bridges be-

tween Sox2 and the Oct4-linker (residues E82 and E78) also

occurred in simulations on HoxB1 and Nanog regulatory DNAs,

which were run with an Oct4 structure derived by crystallog-

raphy38 (Figures S2C and S2D; STAR Methods).

Modeling the Sox2/Oct4 dimer on the non-canonical Fgf4

motif, where Sox and Oct sites are separated by a three
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Figure 1. Reprogramming screen of Sox2-Sox17 chimeric TF library

(A) Bright-field and Oct4-GFPmerged overview images showing retroviral reprogramming of Oct4-GFP (OG2) MEFs on 21 days post infection (scale bars, 1mm).

(B) Schematic representation of Sox2 and Sox17 structures and chimeric TFs. Sequence from Sox2 in blue and Sox17 in red. Superscripts represent residues

swapped from Sox17- to Sox2-HMG, e.g., Sox242–46 has residues 43–47 from Sox17, and Sox2c17 represents a complete replacement of Sox2-CTD with

Sox17-CTD.

(C) Protein sequence alignment of DNA binding domains of mouse and human Sox2, Sox17, and the most crucial chimeric Soxes in this study.

(D–G) Reprogramming of OG2 MEFs by retroviral vectors carrying Klf4, Sox2/Sox17 chimeric TFs, and Oct4 (D), Oct4L80A (E and F), or Brn4 (G).

(legend continued on next page)
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base-pair gap,43 revealed a Distant S (DS) configuration that in-

volves Sox2’s R75,24 T78, and T80, but not A61 (Figure 2E).

We overexpressed FLAG-tagged Oct1, Oct2, Oct4, Oct6,

Brn2, and Brn4 in HEK293 cells, adjusted for comparable

expression (Figure S3A), and used the lysates for electromobility

shift assays (EMSAs) on the Nanog promoter locus containing a

canonical SoxOct motif.44 Monomer binding was comparable

among POU factors with the exception of Oct1, whereas Oct4

showed the strongest heterodimerization with Sox2. Both

Sox2AV and Sox2-17 displayed stronger heterodimer bands

with all tested POU TFs (Figure S3B).

Sox17 heterodimerizes on a compressed SoxOct DNA-con-

trolling extraembryonic endodermal genes,45 whereas com-

pressed binding is disabled in the Sox17E57K mutant.25,27,30

Consistently, neither Sox2AV nor Sox2-17 could dimerize with

Oct4 on the compressed motif (Figures S3C and S3D).

We replaced all 17 residues of the Oct4-linker domain with

poly-glycine linkers of different lengths (GL3-30) (Figure 3A).

Such flexible linkers were detrimental for reprogramming with

Sox2, but GL15-30 was rescued by Sox2AV (Figure 3A). We trun-

cated Oct4 transactivators, both of which are crucial for reprog-

ramming.46 Neither Oct4DNTD nor Oct4DCTD could generate

iPSCs when combined with Sox2 (Figures 3B, S3E, and S3F);

Sox2AV and Sox2c17 could rescue Oct4DCTD, whereas

Sox2AVc17, Sox17EK, and Sox2-17 rescued both Oct4DCTD

and Oct4DNTD (Figures 3B, S3E, and S3F). However, none of

the chimeric Soxes rescued the deletion of the Oct4-POUS,

known to directly contact the Sox-HMG (Figure 3C). Sox2AV

gave rise to a few iPSC colonies with Oct4DPOUHD, verified by

PCR genotyping and contribution to chimeric mice, including

the germ line (Figures 3C and S3H–S3J). We conclude that

Sox2AV could rescue the deletions of any Oct4 domain except

for the POUS, underlining the key role of Sox2/Oct4 dimerization

in the induction of pluripotency.

We overexpressed Oct4 and Sox2 mutants in HEK293 cells

(Figure 3D) and performed whole-cell lysate EMSAs. Monomer

binding was similar between Sox2 and Sox2AV; however, A61V

increased the dimerization with Oct4 on Nanog44 and HoxB149

DNAs and partially rescued POUHD deletion (Figure 3E), in

concordance with our reprogramming results (Figures 3C and

S3G–S3J). We performed off-rate EMSAs by adding unlabeled

DNA to the pre-formed Sox/Oct/DNA complex and loading sam-

ples over a time course. Sox monomer half-lives were compara-

ble (Figure S3K), whereas both Sox2AV and Sox2-17 enhanced

the heterodimer stability on Oct4DE50 and Nanog elements, yet

showed similar stability on the Fgf4 motif51 (Figure 3F), in line

with our structural data (Figure 2E). A portion of Sox2/Oct4/

Oct4DE dissociated immediately, although the remaining com-

plex was long lived (Figure 3F), suggesting the presence of at

least two Sox/Oct/DNA populations as in our MDS (Figures 2

and S2). We verified the whole-cell lysate results using purified

proteins on Nanog and Utf152 DNAs (Figures 3G, S3L, and

S3M). Sox2AV also increased the stability of heterodimers with
(H) Representative phase-contrast and Oct4-GFP merged microscopy images o

scale bars, 200 mm.

(I) Cell proliferation assay.

(J) Summary of (I).

Data in (D)–(G) and (I) represent mean ± SD; n = 3 biological replicates; Student’
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Oct4-linker mutants and Brn4 (Figure S3N). We conclude that

the unique helical linker structure of Oct4 is functionally dispens-

able in the context of highly cooperative Soxes. This highlights

the function of the Oct4-linker in dimerization with Sox2, likely

through the SL configuration (Figures 2A, S2C, and S2D), ex-

plaining the Oct4-linker’s key role in pluripotency.38,40,41

Oct4’s pioneering function in development requires the ability

to bind nucleosomal DNA,7,53 posing a question about the role of

POU subdomains in the process. Although a nucleosome does

not hamper Sox2-alone binding,54 it hinders canonical Oct4

binding because its POUS and POUHD engage opposite sides

of DNA inevitably colliding with the histone core.44,55–57 Thus,

the reduced dependence on the POUHD in the presence of

A61V could theoretically enhance heterodimer engagement of

closed chromatin. We assembled reconstituted nucleosomes

using theWidom 601 sequence with a SoxOctmotif at the super-

helical location (SHL) + 6, previously used to resolve the Sox2/

Oct4/nucleosome.56 Our EMSAs showed that A61V dramatically

enhanced the stability of the Sox2/Oct4/nucleosome complex

(Figure 4A).

We performed chromatin immunoprecipitation with sequ-

encing (ChIP-seq) for MEF samples 48 h after doxycycline

(Dox) induction of KS (tetO-Klf4-IRES-Sox2/Sox2AV) or OKS

(tetO-Oct4/Oct6+tetO-Klf4-IRES-Sox2/Sox2AV). HOMER motif

analysis59 showed that all OKS samples were significantly en-

riched in SoxOct motifs (Figures S4A and S4B). Sox2 ChIP

showed no significant difference for Sox2 and Sox2AV in KS sam-

ples and a relatively small difference in OKS samples (Figures 4B

and 4C), suggesting that A61V does not change the Sox2 binding

profile. However, Oct4 binding was significantly enhanced in the

presence of Sox2AV (Figures 4B, 4C, and S4C). ChIP for both

Oct4 and Oct6 showed an increased proportion of SoxOct-con-

taining peaks in Sox2AV compared with Sox2 samples (Fig-

ure 4D), suggesting a genome-wide redistribution of POU

binding. The enhanced Sox2AV/Oct4 dimer binding is demon-

strated by the increased occupancy of Oct4 and Sox2AV at key

naive pluripotency loci (Klf2 and Oct4DE; Figure 4E). In line

with our modeling and EMSA results (Figures 2E and 3F), the

binding at the Fgf4 locus remained unaffected (Figure 4E).

Gene ontology analysis usingGREAT60 showed that differentially

bound peaks in OKSAV samples were enriched in terms associ-

ated with early embryo development, the Wnt pathway, and

negative regulation of cell proliferation, whereas OKS samples

were enriched in terms related to activation of cell division

through Hippo and MAPK pathways (Figure S4D).

In ESCs, Oct4 and Sox2 regulate most of their target genes

cooperatively by binding SoxOct motifs.61 At the beginning of

the reprogramming process, the pluripotency genes are inac-

cessible, and the forcefully expressed Oct4 and Sox2 bind

more independently, engaging thousands of non-native genomic

loci.7,22,23,48,62 Enhancing Sox2/Oct4 dimerization could poten-

tially improve the reprogramming process, as cooperativity be-

tween TFs increases their specificity.63 Indeed, already on day
f iPSCs colonies generated with retroviral vectors, control = SAV+K (no POU),

s t test.
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Figure 2. Molecular dynamic simulations reveal SL configuration of Sox2/Oct4

(A) Models of Sox2/Oct4 and Sox2AV/Oct4 heterodimers on Oct4DE DNA in Oct4-specific SL configuration. The snapshots were captured from MDS in (B).

(B and C) MDS of Sox/Oct heterodimers onOct4DE DNA. Plots show the number of contacts (ligancy) between HMG48 and POU (B), or with Oct4I21 (C). Detailed

in STAR Methods.

(D) Models of Sox2/Oct6 and Sox2AV/Oct6 heterodimers in S configuration on HoxB1 enhancer DNA.

(E) Model of Sox2/Oct4 binding in DS configuration on Fgf4 motif.

Only DNA-binding domains are shown in (A), (D), and (E).
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2 of OKS induction, Sox2AV engaged 511 of ESC-specific super-

enhancers,64 compared with 378 for Sox2 (Figure S4E). We per-

formed TOBIAS footprinting analysis65 using a publicly available

assay for transposase-accessible chromatin using sequencing

(ATAC-seq) datasets for ESCs versus MEFs.58 Sox2/Oct4 foot-

prints detected in ESC versus MEF represent the genomic loci

to be opened during the reprogramming process. The occu-

pancy of Sox2AV in those key loci was slightly higher compared

with Sox2, but Oct4 occupancy increased in OKSAV samples

(Figure 4F), suggesting a more robust ability of the Sox2AV/

Oct4 dimer to engage closed chromatin in early reprogramming

(Figures 4A and S4E).

Stabilizing Sox2/Oct4 dimerization enhances the
developmental potential of iPSCs
We performed tetraploid (4N) complementation assays to

generate all-iPSC mice.66–68 Mouse iPSC (miPSC) lines were

generated using either lentiviral tet-inducible (pHAGE2-tetO) or

episomal (pCXLE) vectors, both carrying polycistronic cassettes

containing either Sox2 (OSKM) or Sox2AV (OSAVKM). Remark-

ably, all 10 tested OSAVKM iPSC lines supported full-term devel-
opment of the aggregated embryos, whereas 3 out of 8 tested

OSKM lines were incapable of supporting full-term develop-

ment, echoing previous studies (Figure 4G; Table S1).13,69,70

On average, OSAVKM iPSCs gave rise to more than twice as

many all-iPSC full-term pups as OSKM (Figure 4G; Table S1).

OSKM all-iPSC mice rarely survive to adulthood13,70,71: of 25

pups born from 9 tetO-OSKM iPSC lines, none gave rise to adult

all-iPSC mice (Table S1; Velychko et al.13). On the other hand, 4

out of 6 tetO-OSAVKM lines gave rise to adult all-iPSCmice: of 68

tetO-OSAVKMpups, 16 became healthy adults with 50% survival

for the best-performing iPSC line (Figures 4G and 4H; Table S1).

The tetO-OSAVKM all-iPSC mice were fertile; the transgene in-

heritance was confirmed by PCR genotyping (Figure 4I). Epis-

omal vectors deliver milder overexpression and give rise to

overall better quality iPSCs, even in the presence of exogenous

Oct4.13 However, only 4.2% of transferred episomal OSKM all-

iPSC embryos gave rise to adult mice compared with 22.2%

for OSAVKM iPSCs. The highest-quality episomal OSAVKM

iPSC line outperformed the highest-quality OSKM line: 43.3%

versus 15.2% of transferred embryos gave rise to adult all-

iPSC mice (Table S1).
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Therefore, substituting a single residue of Sox2 enhances both

Sox2/Oct4 dimerization capacity and the developmental poten-

tial of OSKM miPSCs.

Chimeric super-SOX enhances iPSC generation in five
species
Sox2-17 (S* or super-Sox), which features A61V among other

Sox17 elements, emerged as our most efficient chimeric reprog-

ramming factor (Figures 1B and 1C), drawing interest for its prac-

tical applications. We cloned Sox2-17 into tet-inducible OSKM

or SKM reprogramming cassettes and confirmed comparable

levels of expression using RT-qPCR (Figure S5A). Time-course

experiments with restricted Dox-induction (Figure 5A) showed

that Sox2-17 enhanced the kinetics and efficiency of miPSC

generation, shortening the minimal induction time from 3 days

to just 24 h (Figure 5B). Clonally expanded 24 h-iPSCs lost

methylation of Nanog and Pou5f1 promoters and acquired

methylation of the fibroblast-specific Col1a1 promoter (Fig-

ure S5B), differentiated into all three germ layers in teratoma as-

says, contributed to chimeric mice, including the germ line, and

successfully generated live-born all-iPSC pups in 4N comple-

mentation assays (Figures S5C–S5E; Table S1). When induced

for just 3–4 days, OS*KM gave rise to 10–200 times more

colonies than OSKM, depending on the quality of starting fibro-

blasts (Figures 5B and 5C). Sox2-17 could even generate two-

factor miPSCs with Klf4, albeit with low efficiency (Figure S5F).

S*KmiPSC lines displayedmouse ESC-like (mESC)morphology,

were verified by PCR genotyping, stained positive for Nanog and

SSEA-1, and gave rise to three germ layers in a teratoma assay

(Figures S5G–S5J). These data suggested that Sox2-17 requires

shorter time, lower levels of expression, and a reduced number

of additional factors to successfully induce pluripotency, which

could be beneficial for the less efficient integration-free reprog-

ramming methods. We generated episomal polycistronic OKS

andOKS* vectors, carrying either Sox2 or Sox2-17, respectively,

and confirmed the expression by western blot (Figure S5K).

Sox2-17 enhanced episomal OKS MEF reprogramming by a

striking 150 times, giving rise to high-quality miPSCs that could

generate all-iPSC mice with up to 77% efficiency (Figures 5D

and 5E; Table S1). Remarkably, all 10 tested OKS and OKS*

iPSC lines gave rise to healthy adult mice with a survival rate

similarly high for both Sox2 and Sox2-17 (Figure 5F; Table S1).

This highlights that omitting Myc benefits the developmental po-

tential of miPSC70; super-Sox offers a practical advantage by

enhancing the OKS cocktail’s efficiency.

Human iPSC (hiPSC) generation is far less efficient compared

with mice; hence, deriving patient-specific hiPSC is often chal-

lenging. We tested a human version of SOX2-17 (Figure 1C) for
Figure 3. Enhanced Sox/Oct cooperativity rescues non-functional POU

(A–C) OSK reprogramming of OG2 MEFs with monocistronic retroviral vectors

POUHD (C).

(D) Western blot of whole-cell lysates from HEK293 used (E).

(E) EMSAs with HEK293 lysates on the Nanog promoter and HoxB1 enhancer D

(F) Representative kinetic off-rate EMSAs with HEK293 lysates on Oct4DE, Nano

(G) Kinetic off-rate EMSAs with purified proteins on Utf1 enhancer and Nanog

nonspecific bands (ns) and black arrowheads indicate free DNA or DNA bound b

(H) Scheme showing the role of Sox/Oct dimerization in reprogramming.

Data in (A)–(C), (F), and (G) represent mean ± SD; n = 3 biological replicates (A–C
reprogramming human fibroblasts using retroviral monocistronic

OSKM (Figures 5G and 5H). SOX2-17 gave rise to 56 times more

TRA1-60+ colonies compared with WT-SOX2: 8.9% versus

0.16% overall reprogramming efficiency. Self-replicating RNA-

OKS*iG (VEE-OCT4-T2A-KLF4-E2A-SOX2-17-IRES-GLIS1) also

generated 50 times more TRA1-60+ colonies than original OK-

SiG72 (Figure 5I). We used RNA-OKS*iG to generate iPSCs from

dermal fibroblasts of patients with Parkinson’s disease that could

not be reprogrammed with the original OKSiG.73

SOX2-17, but not SOX17E57K, could reprogram human cells

evenwhen combinedwith OCT4 alone, albeit with low efficiency;

A61V was crucial for enabling the two-factor reprogramming

(Figures 5J and 5K). OS*-hiPSCs showed hESC-like morpho-

logy, expressed NANOG and TRA1-81, and could differentiate

into tissues of the three germ layers in teratoma assays (Figures

5L, 5M, and S5L).

We cloned SOX2AV and SOX2-17 into the episomal SK

(pCXLE-SOX2-F2A-KLF4) vector,74 replacing the F2A self-

cleaving peptide with P2A to reduce the formation of a poly-pro-

tein.36 Western blotting confirmed the correct cleavage of

SOX and KLF4 (Figure S5M). The episomal SOX2-17-P2A-

KLF4 combined with OCT4-shTP53 and L-MYC-F2A-LIN28 vec-

tors (OS*KML) demonstrated improved reprogramming of aged

human dermal fibroblasts compared with OSKML carrying WT-

SOX2 (Figure 5N).

Although the generation of integration-free bona fide iPSCs is

well established in mice and humans, the same cannot be said

for many other species, including non-human primates (NHPs)

and livestock. We tested SOX2-17 for reprogramming cynomol-

gus macaque fibroblasts.75–77 OSKML failed to yield iPSCs

despite multiple attempts, whereas OS*KML gave rise to alkaline

phosphatases-positive (AP+) iPSC-like colonies that could be

clonally expanded (Figure 5O). Although most hiPSC lines lose

the episomes before passage 3, only 3 of 11 tested cynomolgus

iPSC (ciPSC) lines lost the episomes; 2 of 3 integration-free lines

had the correct chromosomal number, both displayed hiPSC-

like morphology, expressed NANOG and OCT4, and differenti-

ated into three germ layers in teratoma assays (Figures 5N, 5O,

S5P, and S5Q).

We attempted to reprogramporcine and bovine fibroblasts us-

ing bFGF-based (StemFlex) media supplemented with XAV939,

a Wnt inhibitor shown to support livestock ESC culture.78

Episomal reprogramming using WT-SOX2 failed, whereas

SOX2-17 efficiently generated AP+ colonies for both the pig

and the cow that could give rise to clonal iPSC lines, which could

be expanded beyond 12 passages (Figures 5P and 5Q). We es-

tablished 12 bovine iPSC (biPSC) lines generated by OS*KML

without p53 inhibition, which all lost the episomes by passage
factors in reprogramming

carrying Oct4 domain deletion of linker (A), NTD or CTD (B), and POUS or

NA.

g promoter, or Fgf4 enhancer DNA, asterisk = Sox/Oct/DNA.

promoter DNA. t1/2 = ternary complex half-life. White arrowheads indicate

y Oct4, Sox2, or the heterodimer.

) or experiments (F and G); Student’s t test in (A)–(C).
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Figure 4. Highly cooperative Sox2AV improves the developmental potential of mouse OSKM iPSCs

(A) Kinetic off-rate EMSAs with purified Sox2 or Sox2AV co-bound with Oct4 on 601-SHL + 6 SoxOct nucleosome.

(B) Heatmaps and read pileup plots of ChIP-seq for MEF reprogramming samples at day 2 of Dox-induction.

(C) Boxplots of ChIP-seq peaks for OKS and KS reprogramming samples. Themidline indicates themedian, boxes indicate the upper and lower quartiles, and the

whiskers indicate 1.5 times interquartile range. p values calculated using the unpaired Wilcoxon rank sum test.

(D) Fraction of binding sites containing SoxOct, MORE, both or none of the motifs in OKS reprogramming samples.

(E) Genome browser track of ChIP-seq peaks for selected loci.

(F) Heatmaps for ChIP-seq signals at the loci containing Sox2/Oct4 footprints in opened chromatin of mESCs versus MEFs, as determined by TOBIAS analysis of

ATAC-seq data.58

(legend continued on next page)
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6 (Figures S5R and S5S). biPSCs maintained ESC-like morpho-

logy, the correct number of chromosomes, and stained positive

for SOX2 and OCT4 (Figures 5Q, S5T, and S5U). Thus, SOX2-17

allowed the generation of integration-free virus-free biPSCs with

potential applications for cultivated beef and livestock gene

editing.

We generated and characterized 30 clonal hiPSC lines derived

from newborn foreskin (young, Y-iPSCs) and 56-year-old dermal

(old, O-iPSCs) fibroblasts using episomal OSKML carrying WT-

SOX2, SOX2AV, or SOX2-17. All hiPSCs were integration-free

with normal karyotypes (Figures S5V–S5X). Hierarchical clus-

tering of both RNA-seq and reduced representation bisulfite

sequencing (RRBS)79 data showed that all hiPSC lines clustered

far from fibroblasts and close to hESC lines (Figures 5R and 5S).

The gene expression differences correlated more with the cell

source rather than the SOX factors used. Loss of imprinting

(LOI) is a common potentially cancerous irreversible epigenetic

aberration afflicting iPSCs,69,80–84 which correlates with poor

developmental outcomes of all-iPSC embryos in 4N-comple-

mentation experiments.13,69–71,80,85We analyzed 23 differentially

methylated regions (DMRs) represented in all samples and found

that all lines including the original fibroblasts had different levels

of LOI (Figure 5T). OSAVKML-hiPSCs derived from young fibro-

blasts showed significantly lower levels of LOI compared with

respective OSKML-iPSCs, whereas the differences between

other hiPSCswere not significant.We conclude that highly coop-

erative Sox factors facilitate or enable iPSC generation in

mammalian species (Figure 5U).

Sox2/Oct4 dimerization is at the core of naive
pluripotency
The ESC derivative from mouse pre-implantation ICM mESCs

andmiPSCs represent the ‘‘naive’’ state; their proliferation in cul-

ture is dependent on LIF.86 Naive mPSCs readily contribute to

chimeric animals, and some lines are even capable of generating

all-PSC mice. Conversely, PSCs from most other species,

including humans, do not readily maintain the naive state and

are typically stabilized in the ‘‘primed’’ state, which depends

on FGF for proliferation. Mouse epiblast stem cells (mEpiSCs)

derived from the post-implantation blastocyst are also pri-

med—they share many characteristics with hPSCs, most impor-

tantly the low developmental potential.87,88

Oct4DE is active in naive but not primed PSCs in different spe-

cies,89–92 and both Sox2AV and Sox2-17 increase the stability of

the Sox2/Oct4 dimer on Oct4DE DNA (Figures 3F and 4E). We

hypothesized that Sox2/Oct4 dimerization could be at the core

of naive pluripotency.

We analyzed a published ATAC-seq dataset of time-course

naive-to-primed transition samples generated by exposing

mESCs to FGF.93 The most significant changes occur between

day 1 and day 2 of priming (Figure 6A). TOBIAS65 footprinting

analysis showed that the most depleted footprints between

day 0 and day 1 were of Esrr and Klf factors (Figure 6B), con-
(G) Percentage of 4N-aggregated all-iPSC embryos. Data points represent mean

lines generated with the same cocktail and delivery method.

(H) Adult tetO-OSAVKM all-iPSC mice (9 months).

(I) PCR genotyping of the progeny of all-iPSC mice derived from 3 tetO-OSAVKM

(J) Summary of (G)–(I).
sistent with previous studies showing that Klf4 or Esrrb can

reset mEpiSCs to the naive state.94,95 More importantly, the

day 1/ day 2 changes in chromatin landscape were dominated

by the reduction of Sox/Oct and Sox footprints (Figure 6C).

We performed whole-cell lysate EMSAs using the Nanog

element to measure the dimerization levels between Sox2 and

Oct4 proteins endogenously expressed in different PSC lines:

naive mESCs grown in KSR-LIF media, primed mEpiSCs car-

rying Oct4DE-GFP reporter (Gof18)96–99 grown in FGF-based

hESC media (StemFlex), mEpiSCs after naive reset grown in

LIF or 2iLIF media,100 and hiPSCs grown in hESC media (Fig-

ure 6D). The primedmEpiSCs and hiPSCs had significantly lower

levels of Sox2/Oct4 dimer compared with mESCs, but the heter-

odimerization was restored in mEpiSCs after the naive reset by a

brief exposure to MEK inhibitor, PD0325901, and sorting for

Gof18+. The heterodimerization was enhanced even further if

the same cells were cultured in the presence of 2i (Figure 6D),

which potentially points to the mechanism of the mouse naive

media.100 Primed cells of both species had more than twice

lower ratio of Sox2/Oct4 dimer to Oct4 monomer binding

compared with naive samples (Figure 6D). Antibody supershift

confirmed the composition of EMSA bands (Figure 6E). The

limited Sox2/Oct4 dimerization was due to lower Sox2 protein

levels in primed cells, whereas there was no significant differ-

ence in Oct4 levels (Figures 6F and 6G). These data corroborate

previous reports showing that mouse-primed cells have lower

Sox2 expression compared with naive cells99,101; primed but

not naive cells could even tolerate Sox2 knockout.102

mEpiSCs could be converted to the naive state by overexpres-

sion of Klf495; however, lentiviral Klf4 alone could not reset hu-

man-primed iPSCs in KSR-LIF media (Figure 6H). Screening of

different subsets of OSKM showed that SK (Sox2+Klf4) is the

minimal cocktail that enables the generation of KLF17+103–106

hiPSCs. SK reset worked even in the absence of small molecule

inhibitors (Figure 6H), but supplementing media with PD0325901

enhanced the efficiency of the reset (Figure S6A). Analogous to

SKMmiPSC generation,13,18 combining Sox2 and Klf4 in a bicis-

tronic vector proved crucial for the efficient naive reset of hiPSCs

(Figure S6A).

We generated human episomal reprogramming plasm-

ids mCherry-SK (pCXLE-mCherry-T2A-SOX2-P2A-KLF4) and

mCherry-S*K (pCXLE-mCherry-T2A-SOX2-17-P2A-KLF4) to ac-

hieve a traceable integration-free naive reset. The episomal

vectors were lipofected into mEpiSCs, and the mCherry+/

Gof18� cells were sorted on day 2 and plated on feeders in

KSR-LIF media (Figures 6I and S6B). The majority of surviving

cells formed dome-shaped colonies that were Gof18+/mCherry�

as early as day 4 after plating.Wepickedand clonally expanded 6

colonies for each cocktail. Both SK- and S*K-converted lines ex-

hibited significantly higher Sox2/Oct4 dimerization than untrans-

fected mEpiSCs, which correlated with increased Sox2 protein

levels (Figures 6J, S6C, and S6D). SK-reset mEpiSC lines ex-

hibited on average a 4-fold increase in heterodimer band
s for each clonal iPSC line. Scale bars represent the mean ± SEM between all

iPSC lines.
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intensity, comparedwith a 6-fold increase in S*K-resetmEpiSCs.

The Sox2-17/Oct4 dimer band was not present in any of the S*K

naive lines confirming that the episomal vectors were no

longer expressed (Figure S6C). Compared with S*K-reset lines,

the SK-reset naive lines had a significantly higher propensity

to spontaneously lose Gof18+ status after passaging

(Figures6KandS6E), suggesting thatS*Kdelivered amore stable

naive reset.

Our data suggest that a decrease in Sox2/Oct4 dimerization is

likely responsible for the downstream epigenetic changes that

lead todiminisheddevelopmentalpotential uponprimingofplurip-

otent cells in development andculture. Forced expressionof Sox2

andKlf4canefficiently reverseprimingandconvertmouseandhu-

man PSCs into the naive state (Figure 6L). Super-SOX, which ex-

hibits enhanced cooperativity with POU factors, promotes both

iPSC generation and naive reset, underscoring the key role of

Sox2/Oct4 dimerization in naive pluripotency (Figures 6L and

6M). It would be interesting to investigate if the WT-Sox17+Klf4

cocktail can redistribute the Oct4 binding sites to compressed

SoxOct motifs inducing primitive endoderm,27,45 similarly to how

Sox2+Klf4 induces the pre-implantation epiblast fate.

Episomal SK reset enhances the developmental
potential of PSCs in three species
We co-nucleofected hiPSCs grown in primed media (StemFlex)

with episomal mCherry-S*K and pCXWB-EBNA1 vectors and

plated on feeders. After 48 h, the media was changed to human

naive media (RSeT). By day 7, S*K-treated hiPSCs, but not

control-nucleofected cells, generated dome-shaped colonies

positive for human naive pluripotency markers SUSD2107–109

and KLF17103–106 (Figures 7A–7C). Day 7 SUSD2+ hiPSCs were

mCherry� confirming the transgene-independent status of the

generated naive cells. S*K gave rise to SUSD2+ and KLF17+

hiPSC colonies even in conventional feeder-free culture condi-

tions in primed media (Figure 7D), a result not demonstrated

for other naive cocktails.92,110–114
Figure 5. Sox2-17 enhances iPSC generation in five species

(A) Schematic representation of time-course reprogramming experiment.

(B) Time-course reprogramming of Oct4-GFP MEFs; colonies were counted and

(C) Representative bright-field and Oct4-GFP merged images of day 4 samples

(D) Episomal reprogramming of Oct4-GFP MEFs.

(E) Representative photo of all-iPSC pups derived from OKS* iPSC#1 from (D).

(F) Percentage of 4N-aggregated embryos that gave rise to healthy adult mice (su

represent mean.

(G) Reprogramming of human fetal fibroblasts with monocistronic retroviral (pMX

(H and I) Representative whole-well scan of (G) or the same fibroblasts reprogra

(J) Two-factor reprogramming of human fibroblasts with monocistronic retrovira

(K) Representative whole-well scan of (J).

(L) Phase-contrast microscopy image of clonal hiPSC line generated in (J) and (K

(M) H&E staining of teratoma sections generated with OS* hiPSCs (ectoderm [Ec]

gut and lung epithelium), scale bars, 70 mm.

(N–Q) Representative whole-well AP stainings for episomal reprogramming of (N

caque fibroblasts on day 25, (P) porcine fetal fibroblasts on day 21, (Q) bovine f

images for clonal iPSC lines for each species are shown on top right, scale bars

(R and S) Hierarchical clustering analysis of hESC and iPSCs derived from human

using episomal OSKML SOX2, SOXAV, or SOX2-17 based on RNA-seq, TPM R

(T) Comparison of LOI according to RRBS. Data points represent n of LOI for ea

SOX2 hiPSCs.

(U) A model of highly cooperative SOX in reprogramming.

Data in (B), (D), (G), (J), and (T) represent mean ± SD; n = 3 biological replicates
Weperformed RT-qPCR to assess the expression of key naive

pluripotency genes (Figure 7E). S*K reset led to a significant up-

regulation of DNMT3L, KLF17, and ARGFX in both primed and

naive media. The naive media alone did not increase naive

gene expression, except for a 6-fold upregulation of KLF4.

Both fluorescence-activated cell sorting (FACS) and RT-qPCR

data confirmed that the mCherry-S*K episome was eliminated

from the cells by day 7, whereas the mCherry control plasmid

persisted (Figures 7B and 7E), suggesting that S*K reset might

trigger transgene silencing mechanisms as previously shown

for mESCs116 and the SKM cocktail.13

To test the developmental potential of our putative naive

hiPSCs, we aggregated S*K-reset cells sorted for SUSD2+ at

day 7 with mouse embryos at morula stage E2.5.117 Astonish-

ingly, S*K-reset hiPSCs marked with constitutive RFP expres-

sion were detected in the ICMs of the majority of cross-species

aggregated embryos (Figure 7F). The cross-species chimerism

was confirmed with co-staining of the chimeric embryos at

E4.5 with human-specific SUSD2 and mouse-specific Oct4 anti-

bodies. Human SUSD2+ cells were integrated into ICMs of 6 out

of 11 embryos. In one case, the immunostaining indicated that

S*K-reset hiPSCs took over thewhole epiblast region (Figure 7G),

which suggests that high levels of Sox2/Oct4 dimer might grant

pluripotent cells an advantage in embryonic cell competition

(Figure 7H).115

Initially, our OS*KML biPSCs failed to generate teratomas in

severe combined immunodeficient (SCID) mice. Similarly,

cultured bovine ESCs do not readily give rise to teratomas and

lose to humans in cross-species cell competition (Figure 7H).115

We injected control or S*K-reset biPSCs (Figure 7I) into opposite

sides of the same mouse. A teratoma arose only from the S*K-

reset sample, containing tissues representing all three embry-

onic germ layers (Figure 7J).

Finally, we nucleofected episomal mCherry or mCherry-S*K

into a poor-quality naive female mESC line (C57BL/6J back-

ground) cultured in 2iLIF media. Emerging colonies were picked
imaged on day 9.

from (B), scale bars, 2 mm.

rvived at least 3 months), including our previous data for XY lines.13 Scale bars

) OSKM. TRA1-60+ colonies were counted at day 14.

mmed with self-replicating RNA (I).

l vectors. TRA1-60+ colonies were counted after 4 weeks.

), scale bars, 200 mm.

: neural rosettes; mesoderm [M]: cartilage, bone, endothelium; endoderm [En]:

) 56-year-old human male dermal fibroblasts on day 25, (O) Cynomolgus ma-

etal fibroblasts on day 21 after nucleofection. Representative phase-contrast

, 200 mm.

newborn foreskin (young, Y) or 56-year-old human dermal (old, O) fibroblasts

1 (P), or RRBS (Q). Clustering was based on Euclidean distance.

ch clonal hiPSC line. Statistical significance calculated versus respective WT-

for (B), (D), (G), and (J); Student’s t test in (D), (G), (J), and (T).
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Figure 6. Sox2/Oct4 dimerization in naive versus primed pluripotency

(A) Spearman correlation of time-course ATAC-seq reads mESC samples undergoing priming.93

(B and C) TOBIAS footprinting analysis of (A) comparing mESCs versus day 1 EpiLC (B), and day 1 versus day 2 EpiLC samples (C).

(D) Representative EMSAs of whole-cell lysates of mESCs, Gof18� mEpiSCs (E3), PD0325091-reset Gof18+ mEpiSCs cultured in KSR-LIF ± 2i, and hiPSCs on

Nanog promoter DNA. All cells were grown on FSC-coated dishes without feeders.

(E) Supershift assay using anti-Oct4 and anti-Sox2 antibodies to confirm the identity of protein/DNA complexes in (D).

(F) Western blot of (D).

(G) Quantification of (F).

(H) Representative immunostaining for KLF17 of reset hiPSCs on day 6 after transduction with constitutive lentiviral vectors carrying Klf4 or Sox2-2A-Klf4, scale

bars, 500 mm.

(I) Strategy for mEpiSC integration-free naive reset using episomal mCherry-SK.

(J) Quantification of Figure S6C EMSAs of clonal mEpiSC lines reset using episomal SK.

(K) Quantification of Gof18+ colonies from Figure S6E at passage 4, grown in KSR-LIF media on feeders. >100 colonies were quantified for each reset EpiSC line.

(L) Schematic protocol for naive reset.

(M) Heterodimer model of pluripotency states.

Data in (D) and (G) representmean ± SD; n = 3 clonal lines (D) or biological replicates (G). Data points in (J) and (K) represent means for each clonal reset EpiSC line,

bars represent mean ± SEM for all lines; n = 6 clonal lines. Student’s t test in (D), (G), (J), and (K).
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at day 5 and used for 4N complementation (Figures 7K and 7L).

Remarkably, the S*K-reset cells generated 8 times more full-

term all-ESC pups compared with the control (Figures 7M–7O;

Table S1). Three S*K-reset all-ESC pups survived foster nursing,

whereas the only control all-ESC pup died shortly after birth. The

SKM cassette,13 particularly when containing Sox2AV, might

further improve the naive reset, given the outstanding develop-

mental potential of OSAVKM iPSCs (Figure 4 and Table S1).

The in vivo evidence for enhanced development potential in

three species presented in this section,most importantly the birth

of S*K-reset all-ESC animals, argues in favor of our proposed

‘‘heterodimer model’’ of pluripotency continuum (Figure 6L).

DISCUSSION

iPSC technology struggles with inefficiency and widely variable

quality of the produced cell lines.69,80,81,118 Some alternative re-

programming cocktails could improve the developmental po-

tential of miPSCs, but they also decreased the reprogramming

efficiency13,70,71 and, consequently, failed to reprogram human

cells that possess stronger epigenetic barriers.19 To date, only

the generation of all-iPSC mice has been reported,66,67,119 and

germline competence has only been demonstrated for mouse

(both sexes) and male rat iPSCs,120 highlighting the limitations

of current technology. Here, we combined structural elements

of Sox2 and Sox17 to build a chimeric super-Sox that enhanced

reprogramming in five species: mouse, human, cynomolgus

macaque, cow, and pig. The key point mutation, A61V, which

stabilized Sox/Oct dimer on DNA, increased the developmental

potential of OSKMmiPSCs, as evidenced by higher rates of full-

term development and survival of all-iPSC mice.

Oct4 functions independently of Sox2 to drive prolifera-

tion.121,122 Notably, the cocktails13,70 and culture interven-

tions123,124 that yield higher-quality iPSCs also reduce cell pro-

liferation during reprogramming, suggesting that limiting

proliferation is beneficial. This can be achieved by enhancing

Sox/Oct dimerization, as in OSAVKM reprogramming; increasing

Sox2:Oct4 ratio, as in SKM reprogramming13 andOct4 heterozy-

gous knockout ESCs10; and omitting or reducing Myc, as in

OKS70 or OSKM compared with OKSM cassette,69 and Myc-

depleted ESCs.125
Figure 7. Episomal S*K reset of human, bovine, and mouse PSCs

(A) Method for integration-free naive reset using pCXLE-mCherry-S*K. Immunos

(B) FACS for SUSD2 of day 7 reset hiPSCs. Error bars represent SD; n = 3; Stud

(C andD) Immunostaining of day 7 reset hiPSCs stained for KLF17 (RSeTmedia sta

(StemFlex media at all times, D), scale bars, 50 mm.

(E) RT-qPCR analysis of bulk day 7 reset samples. Expression normalized to GA

(F) Cross-species human/mouse morula aggregation with day 7 SUSD2+ hiPSC

bars, 100 mm.

(G) Immunostaining of (F) with human-specific SUSD2 and mouse-specific Oct4

(H) Model of interspecies and early development cell competition based on Zhen

(I) Representative phase-contrast image of day 6 S*K-reset biPSCs, scale bars,

(J) Teratoma generated by S*K-reset biPSCs (ectoderm [Ec]: neural rosettes, epid

tissue; endoderm [En]: gut epithelium), scale bars, 100 mm.

(K) Schematic representation of 4N-complementation experiment with S*K-reset

(L) Representative phase-contrast images of day 5 S*K-reset mESCs, scale bars

(M) Percentage of 4N-aggregated embryos generated in (K) and (L). Scale bars r

(N) All-iPSC pups generated by S*K-reset female mESCs.

(O) Summary of (K)–(N). Data in (B) and (E) represent mean ± SD; n = 3 biologica
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Mice are the only species, for which naive PSCs have been

stabilized in culture without the use of small molecule inhibi-

tors.126 Mice likely evolved (or preserved) the unusual stability

of their naive pluripotency fate to enable a blastocyst-stage em-

bryonic arrest, known as diapause.127 The developmental po-

tential of mESCs and their increased capacity for homologous

recombination repair (HDR) has allowed for unprecedented ge-

netic engineering of this species.128–130

Supplementing culture media with certain small molecule in-

hibitors, alone or combined with TF-based cocktails, could

generate naive-like PSCs for humans, NHPs, and other non-ro-

dents, but the reported cells lack the functionality of mESCs—

most importantly the ability to contribute to normal develop-

ment and to give rise to functional germ line.91,92,110,131–135

Long-term culture in naive media leads to epigenetic abnormal-

ities and loss of germline competency for both humans and

mice,81,136,137 whereas a short exposure during reprogramming

could be beneficial for hiPSC quality.124 Contrary to mESCs,

which exclusively contribute to the epiblast, chemically reset

naive hESCs can also contribute to the trophectoderm,138,139

which could be attributed to the low levels of Sox2/Oct4 dimer-

ization.106,140,141 The OSKM cocktail can induce naive pluripo-

tency from somatic cells in mice66,67 and humans.124,142 In

particular, the role of Klf4 in naive pluripotency has been

described for both species.111 Here, we showed that a subset

of Yamanaka’s cocktail containing Sox2 and Klf4 could induce

naive reset in bothmouse and human PSCs even in the absence

of small molecule inhibitors. SK-reset links iPSC quality to the

naive-primed continuum and explains the enhanced develop-

mental potential of SKM miPSCs.13 Episomal S*K reset

improved the developmental potential in humans (evidenced

by cross-species embryo aggregations), cows (generating tera-

toma-capable biPSCs), and mice (boosting all-ESC animal pro-

duction). The in vivo evidence for naive reset in three species

supports our proposed heterodimer model of a naive-to-primed

pluripotency continuum, which elucidates the roles of Yama-

naka factors: high levels of Sox2 and Klf4 expression and

Sox2/Oct4 dimerization promote the naive state, whereas

decreased Sox2 reduces the heterodimerization, and when

coupled with excess Oct4 and Myc, promotes cell proliferation

and priming.
taining of day 7 S*K-reset hiPSCs stained for SUSD2, scale bars, 50 mm.

ent’s t test.

rting from day 2, C), and day 6 S*K-reset hiPSCs stained for SUSD2 and KLF17

PDH.

s marked by constitutive RFP, reset with pCXLE-S*K (no mCherry), E4, scale

antibodies, scale bars, 10 mm.

g et al.115 and our data.

200 mm.

ermis, squamous epithelial cells; mesoderm [M]: smooth muscles, connective

mESCs.

, 200 mm.

epresent mean survival of transferred embryos; numbers are shown on top.

l replicates; Student’s t test.
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The evolutionary tree of animals suggests that of the Sox2/

Oct4 couple, in the beginning, there was Sox2. Key Sox2 resi-

dues, such as R50 and K57, are already present in sponges,

where SoxB TFs control early embryogenesis.143 A61 is

conserved in hydrozoans, where SoxB genes are expressed in

stem cells that give rise to neuroectoderm (default) and germ

line (when stressed).144–146 POU5 factors emerged much later

in the evolutionary tree—it is an innovation of vertebrates,147,148

where POU5 TFs cooperate with Sox2 to control early develop-

ment.14,149 The Oct4-linker is not directly involved in DNA bind-

ing; however, it is important for reprogramming to pluripotency

and for normal development.38,40,41 Here, we found that Oct4-

linker mutations reduce stability of the Sox2/Oct4 dimer on

DNA, but Sox2AV could rescue linker mutants’ ability to heterodi-

merize and to induce pluripotency. Likewise, Sox2AV enabled

heterodimerization and reprogramming with tissue-specific

POU factors. Our MDS revealed that the negatively charged

Oct4-linker residues form salt bridges with positively charged

R50 and K57 of Sox2. Although the linker is the least conserved

POU subdomain, its negative charges are already present in the

POU5 factor of jawless hagfish.147 It has been suggested that

two distinct POU5 factors that still exist in many vertebrates

could support either naive or primed pluripotency,147 possibly

through their differential ability to cooperate with Sox2. Our

work demonstrates that the most significant feature that distin-

guishes Oct4 from other POU factors is its ability to form a stable

heterodimer with Sox2 that had already been in control of early

embryogenesis in lower animals.

The heterodimer model of reset presented here aligns with

other studies placing Sox2 at the top of the pluripotency

hierarchy.12,14,22,23,140,150–152 In early animal development, uni-

directionality is likely achieved by a negative feedback loop

limiting the return to a high-Sox state.153 Interestingly, female

mPSCs have lower developmental potential compared with

male.154,155 Ourmodel suggests that the reason for higher devel-

opmental pluripotency in male lines could be the expression of

sex-determining region of Y (Sry),156 which has a Sox2-like

DNA-binding motif. The ‘‘high-Sox’’ hypothesis could also

explain the increased survival of male versus female embryos

in humans and other mammals157,158 and the higher occurrence

of Sox-driven cancers in men versus women.159 The abundance

of Sox footprints in the open chromatin of naive versus primed

cells suggests a more general developmental trend, where

various ratios of Sox factors and their partners predispose

stem cells toward specific lineages.

Our engineered super-SOX factor harnesses the reprogram-

ming powers from naturally evolved structural elements of two

major development regulators, Sox2 and Sox17. Even more effi-

cient reprogramming factors could potentially be built by means

of rational engineering and directed evolution.160,161 Our data

suggest that enhancing cooperativity between key co-factors

should be one of the goals of future designers.

Limitations of the study
A small number of cells from the ICM can contribute dispropor-

tionally to animal development.162 Thus, the developmental

potential of a given PSC line may be determined by a Sox2/

Oct4-high subpopulation rather than the average measured

by ATAC-seq, EMSA, and western blot experiments. Further
studies are needed to characterize the SK-reset naive PSCs

and address the posttranslational modifications and other

mechanisms regulating Sox2/Oct4 dimerization. Our current

episomal reset protocol produces naive PSCs transiently—be-

tween days 4 and 7, requiring their use in downstream applica-

tions before re-priming occurs. A culture media supporting

long-term maintenance of transgene-independent non-murine

naive PSCs with high heterodimer levels remains to be

formulated.

For this study, we generated OSKML hiPSC lines using the

construct carrying shRNA against TP53,74 which knocks down

the main tumor suppressor boosting cell proliferation. TP53

knockdown is likely detrimental to the iPSC quality and could

have caused LOI in our hiPSCs.

We cannot exclude that a highly cooperative Sox or excess of

Sox2 may participate in the developmental reset in ways beyond

enhancing Sox/Oct dimerization, e.g., by remodeling the epige-

nome through recruiting the aging antagonist Parp1163 or

silencing retroviral elements.13
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Nucleosomal DNA dynamics mediate Oct4 pioneer factor binding.

Biophys. J. 118, 2280–2296.

56. Michael, A.K., Grand, R.S., Isbel, L., Cavadini, S., Kozicka, Z., Kempf, G.,

Bunker, R.D., Schenk, A.D., Graff-Meyer, A., Pathare, G.R., et al. (2020).

Mechanisms of OCT4-SOX2 motif readout on nucleosomes. Science

368, 1460–1465.

57. MacCarthy, C.M., Huertas, J., Ortmeier, C., vom Bruch, H., Tan, D.S.,

Reinke, D., Sander, A., Bergbrede, T., Jauch, R., Schöler, H.R., et al.
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Manosalva Pérez, N., et al. (2022). JASPAR 2022: the 9th release of the

open-access database of transcription factor binding profiles. Nucleic

Acids Res. 50, D165–D173.

191. Rosety, I., Zagare, A., Saraiva, C., Nickels, S., Antony, P., Almeida, C.,

Glaab, E., Halder, R., Velychko, S., Rauen, T., et al. (2023). Impaired

neuron differentiation in GBA-associated Parkinson’s disease is linked

to cell cycle defects in organoids. npj Parkinsons Dis 9, 166. https://

www.nature.com/articles/s41531-023-00616-8.
Cell Stem Cell 31, 127–147, January 4, 2024 147

http://refhub.elsevier.com/S1934-5909(23)00402-2/sref164
http://refhub.elsevier.com/S1934-5909(23)00402-2/sref164
http://refhub.elsevier.com/S1934-5909(23)00402-2/sref165
http://refhub.elsevier.com/S1934-5909(23)00402-2/sref165
http://refhub.elsevier.com/S1934-5909(23)00402-2/sref165
http://refhub.elsevier.com/S1934-5909(23)00402-2/sref165
http://refhub.elsevier.com/S1934-5909(23)00402-2/sref165
http://refhub.elsevier.com/S1934-5909(23)00402-2/sref165
http://refhub.elsevier.com/S1934-5909(23)00402-2/sref166
http://refhub.elsevier.com/S1934-5909(23)00402-2/sref166
http://refhub.elsevier.com/S1934-5909(23)00402-2/sref166
http://refhub.elsevier.com/S1934-5909(23)00402-2/sref166
http://refhub.elsevier.com/S1934-5909(23)00402-2/sref167
http://refhub.elsevier.com/S1934-5909(23)00402-2/sref167
http://refhub.elsevier.com/S1934-5909(23)00402-2/sref167
http://refhub.elsevier.com/S1934-5909(23)00402-2/sref168
http://refhub.elsevier.com/S1934-5909(23)00402-2/sref168
http://refhub.elsevier.com/S1934-5909(23)00402-2/sref168
http://refhub.elsevier.com/S1934-5909(23)00402-2/sref168
http://refhub.elsevier.com/S1934-5909(23)00402-2/sref169
http://refhub.elsevier.com/S1934-5909(23)00402-2/sref169
http://refhub.elsevier.com/S1934-5909(23)00402-2/sref170
http://refhub.elsevier.com/S1934-5909(23)00402-2/sref170
http://refhub.elsevier.com/S1934-5909(23)00402-2/sref170
http://refhub.elsevier.com/S1934-5909(23)00402-2/sref170
http://refhub.elsevier.com/S1934-5909(23)00402-2/sref171
http://refhub.elsevier.com/S1934-5909(23)00402-2/sref171
http://refhub.elsevier.com/S1934-5909(23)00402-2/sref171
http://refhub.elsevier.com/S1934-5909(23)00402-2/sref172
http://refhub.elsevier.com/S1934-5909(23)00402-2/sref172
http://refhub.elsevier.com/S1934-5909(23)00402-2/sref172
http://refhub.elsevier.com/S1934-5909(23)00402-2/sref172
http://refhub.elsevier.com/S1934-5909(23)00402-2/sref173
http://refhub.elsevier.com/S1934-5909(23)00402-2/sref173
http://refhub.elsevier.com/S1934-5909(23)00402-2/sref173
http://refhub.elsevier.com/S1934-5909(23)00402-2/sref174
http://refhub.elsevier.com/S1934-5909(23)00402-2/sref174
http://refhub.elsevier.com/S1934-5909(23)00402-2/sref175
http://refhub.elsevier.com/S1934-5909(23)00402-2/sref175
http://refhub.elsevier.com/S1934-5909(23)00402-2/sref175
http://refhub.elsevier.com/S1934-5909(23)00402-2/sref176
http://refhub.elsevier.com/S1934-5909(23)00402-2/sref176
http://refhub.elsevier.com/S1934-5909(23)00402-2/sref176
http://refhub.elsevier.com/S1934-5909(23)00402-2/sref177
http://refhub.elsevier.com/S1934-5909(23)00402-2/sref177
http://refhub.elsevier.com/S1934-5909(23)00402-2/sref177
http://refhub.elsevier.com/S1934-5909(23)00402-2/sref178
http://refhub.elsevier.com/S1934-5909(23)00402-2/sref178
http://refhub.elsevier.com/S1934-5909(23)00402-2/sref178
http://refhub.elsevier.com/S1934-5909(23)00402-2/sref179
http://refhub.elsevier.com/S1934-5909(23)00402-2/sref179
http://refhub.elsevier.com/S1934-5909(23)00402-2/sref179
http://refhub.elsevier.com/S1934-5909(23)00402-2/sref180
http://refhub.elsevier.com/S1934-5909(23)00402-2/sref180
http://refhub.elsevier.com/S1934-5909(23)00402-2/sref180
http://refhub.elsevier.com/S1934-5909(23)00402-2/sref181
http://refhub.elsevier.com/S1934-5909(23)00402-2/sref181
http://refhub.elsevier.com/S1934-5909(23)00402-2/sref181
http://refhub.elsevier.com/S1934-5909(23)00402-2/sref181
http://refhub.elsevier.com/S1934-5909(23)00402-2/sref182
http://refhub.elsevier.com/S1934-5909(23)00402-2/sref182
http://refhub.elsevier.com/S1934-5909(23)00402-2/sref182
http://refhub.elsevier.com/S1934-5909(23)00402-2/sref183
http://refhub.elsevier.com/S1934-5909(23)00402-2/sref183
http://refhub.elsevier.com/S1934-5909(23)00402-2/sref183
http://refhub.elsevier.com/S1934-5909(23)00402-2/sref184
http://refhub.elsevier.com/S1934-5909(23)00402-2/sref184
http://refhub.elsevier.com/S1934-5909(23)00402-2/sref184
http://refhub.elsevier.com/S1934-5909(23)00402-2/sref184
http://refhub.elsevier.com/S1934-5909(23)00402-2/sref184
http://refhub.elsevier.com/S1934-5909(23)00402-2/sref185
http://refhub.elsevier.com/S1934-5909(23)00402-2/sref185
http://refhub.elsevier.com/S1934-5909(23)00402-2/sref186
http://refhub.elsevier.com/S1934-5909(23)00402-2/sref186
http://refhub.elsevier.com/S1934-5909(23)00402-2/sref186
http://refhub.elsevier.com/S1934-5909(23)00402-2/sref187
http://refhub.elsevier.com/S1934-5909(23)00402-2/sref187
http://refhub.elsevier.com/S1934-5909(23)00402-2/sref187
http://refhub.elsevier.com/S1934-5909(23)00402-2/sref187
http://refhub.elsevier.com/S1934-5909(23)00402-2/sref187
http://refhub.elsevier.com/S1934-5909(23)00402-2/sref187
http://refhub.elsevier.com/S1934-5909(23)00402-2/sref188
http://refhub.elsevier.com/S1934-5909(23)00402-2/sref188
http://refhub.elsevier.com/S1934-5909(23)00402-2/sref188
http://refhub.elsevier.com/S1934-5909(23)00402-2/sref189
http://refhub.elsevier.com/S1934-5909(23)00402-2/sref189
http://refhub.elsevier.com/S1934-5909(23)00402-2/sref189
http://refhub.elsevier.com/S1934-5909(23)00402-2/sref190
http://refhub.elsevier.com/S1934-5909(23)00402-2/sref190
http://refhub.elsevier.com/S1934-5909(23)00402-2/sref190
http://refhub.elsevier.com/S1934-5909(23)00402-2/sref190
http://refhub.elsevier.com/S1934-5909(23)00402-2/sref190
https://www.nature.com/articles/s41531-023-00616-8
https://www.nature.com/articles/s41531-023-00616-8


ll
OPEN ACCESS Article
STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies
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Rabbit anti-mouse-Oct4 Cell Signaling Tech Cat# 83932; RRID: AB_2721046

Goat anti-Sox2 Santa Cruz Biotechnology Cat# sc-17320; RRID: AB_2286684

Goat anti-Sox2 Neuromics Cat# GT15098; RRID: AB_1623028

Rabbit anti-KLF17 Atlas Antibodies HPA024629
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Mouse anti-human-SUSD2 Biolegend Cat# 327401; RRID: AB_940656

Mouse anti-human-SUSD2 Miltenyi Biotec Cat# 130-127-902; RRID: AB_2905407
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PD0325901 Cayman Chemical 13034

XAV939 Sigma X3004

Human LIF In-house or Peprotech N/A or 300-05

RSeT naı̈ve-like media STEMCELL Tech 05978

StemFlex primed media Gibco A3349401

Nucleofector kit Lonza VPH-5012 or V4LP-3002

LipofectamineTM Stem Reagent Invitrogen STEM00001

FuGENE6 Promega E269A

RT-qPCR oligos Sigma Table S2

EMSA DNA sequences Sigma Table S3

Critical commercial assays

Zymo-Seq RRBS Library Kit Zymo Research D5461

SYBRGreen qPCR kit Bio-Rad 1725125

Experimental models: Cell lines

HEK293T cells ATCC CRL-3216

Rosa25rtTA-Gof18 MEFs Derived in house N/A

Cynomolgus fibroblasts Wunderlich et al.77 N/A

Porcine embryonic fibroblasts Nowak-Imialek et al.164 N/A

Bovine embryonic fibroblasts Wuensch et al.165 N/A

Human foreskin fibroblasts Shahbazi et al.166 N/A

Human 56 yo dermal fibroblasts Coriell AG04148

Human episomal iPSC line Gibco A18945

Human ESCs (H6) Baharvand et al.167 N/A

Human ESCs (H9) Thomson et al.168 N/A

Mouse E3 EpiSCs Han et al.99 N/A

Experimental models: Organisms/strains

Stbl2� competent E. coli Invitrogen 10268019

NEB� Stable competent E. coli NEB C3040

High Five� Cells Gibco B85502

Sf9 cells Gibco 11496015

C57BL/63C3H mice Bred in house N/A

CD1 mice Bred in house N/A

SCID mice Bred in house N/A

Recombinant DNA

Lentiviral pHAGE2-tetO-SKM/OSKM Velychko et al.13 Addgene #136541, 136551
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Episomal pCXWB-EBNA1 Okita et al.169 Addgene #37624

Episomal pCXLE-mp53DD Okita et al.169 Addgene #41859

Episomal pCXLE-ML Okita et al.74 Addgene #27080

Episomal pCXLE-OCT4 Okita et al.74 Addgene #27076-27077

Episomal pCXLE This study Addgene #193290-193298

Lentiviral pHAGE2-tetO This study Addgene # 193345-49, 193299

Self-replicating RNA T7-VEE This study Addgene #193355-193360

Retroviral pMX This study Addgene #193350-193354

Deposited data

MDS This study datashare.mpcdf.mpg.de/s/

hovecsrp8aaONTR

ChIP-seq This study GEO: GSE247048

RNA-seq This study GEO: GSE247049

RRBS This study GEO: GSE247050

ATAC-seq of time-course priming Yang et al.93 ArrayExpress: E-MTAB-7207

ATAC-seq of MEFs vs. ESCs Li et al.65 GEO: GSE93029

Software and algorithms

GREAT McLean et al.60 great.stanford.edu

TOBIAS footprinting analysis Bentsen et al.65 github.com/loosolab/TOBIAS

MODELLER Webb and Sali170 salilab.org/modeller/
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Sergiy

Velychko (Sergiy_Velychko@hms.harvard.edu).

Materials availability
Plasmids generated in this study have been deposited to Addgene (#193290-210020).

Data and code availability
d ChIP-seq, RNA-seq, RRBS data have been deposited at GEO (GSE247051) and are publicly available as of the date of pub-

lication. Accession numbers are listed in the key resources table. The DOI is listed in the key resources table.

d This paper analyzes existing, publicly available data. These accession numbers for the datasets are listed in the key re-

sources table.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice
All mice used were bred and housed at the mouse facility of the Max Planck Institute in M€unster. Animal handling was in accordance

with MPI animal protection guidelines.

The surrogate mouse embryos for tetraploid complementations were obtained by breeding super-ovulated B6C3 F1 females with

CD1males, a pairing that results in yellow coat color, and the surrogatemothers were pseudopregnant CD1 females (white). Rosa26-

rtTA/Gof18miPSCs have dark brown coats. While we present tetraploid complementation data for both sexes, for direct comparison

between OSKM versus OSAVKM cocktails we focused on male iPSCs, as male PSC lines have higher developmental potential. The

experiment on the female mESC line (C57BL/6J background) illustrates that our findings apply for both sexes.

Primary cells
Mouse embryonic fibroblasts (MEFs, OG2 or Rosa26rtTA-Gof18, mixed sexes), human (newborn foreskin fibroblasts166 and 56-year-

old male dermal fibroblasts, Coriell, AG04148), cynomolgus macaque (female, MHH Hannover),77 and porcine fetal fibroblasts
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(male164) were cultured in high-glucose DMEM (Sigma) supplemented with 15%FBS, 1%Glutamax, 1% penicillin-streptomycin, 1%

nonessential amino acids (NEAA), 1% sodium pyruvate (Sigma), and 1% b-mercaptoethanol (Gibco); bovine fetal fibroblasts (GOF

451-1,male)165 were cultured in 50:50DMEM/F12 (Gibco) and IMDM (with HEPES, Cytiva) with 15%FBS and the same supplements;

5 ng/ml of human bFGF (Peprotech) was used to improve cynomolgus, bovine, and porcine fibroblast cultures.

Cell lines
HEK293T cells were cultured in low-glucose DMEM (Sigma) supplemented with 10% FBS (Capricorn Scientific, ESC tested), 1%

Glutamax, 1% penicillin-streptomycin, and 1% nonessential amino acids (all from Sigma).

Mouse naı̈ve pluripotent stem cells were grown in KSR-based mouse embryonic stem cell (mESC) media: high-glucose DMEM

medium supplemented with 15% KSR (Invitrogen), 1% Glutamax, 1% NEAA, 1% penicillin-streptomycin, 1% b-mercaptoethanol,

and 20 ng/ml human recombinant LIF (purified in-house) on Mitomycin C-inactivated C3H MEF feeder layer. For 4N-complemen-

tation experiments the KSR-LIF media was supplemented with 2i (1 mM PD0325901 and 3 mM CHIR99021) for one passage.

Mouse Gof18 Oct4-GFP reporter (E3) epiblast stem cells (EpiSCs)99 were cultured in StemFlex� media (Gibco) on FBS-coated

dishes.

Human PSCs (H6167 and H9168 ESCs, female episomal A18945 iPSC line from Gibco, and iPSC derived in this study) were

cultured in human ESC (hESC) media: either in DMEM/F12 supplemented with 15% KSR, 1% Glutamax, 1% NEAA,1% peni-

cillin-streptomycin, 1% b-mercaptoethanol, and 5 ng/ml bFGF or in StemFlex media (Gibco) on Matrigel-coated dishes (Corning),

on FBS-coated dishes, or on Mitomycin C-inactivated CF1 MEF feeder layer. Mouse primed EpiSCs (E399) were cultured in in

StemFlex media. Cynomolgus iPSCs (ciPSCs) were derived and cultured in StemFlex media on Mitomycin C-inactivated CF1

MEF feeder layer. Bovine and porcine iPSCs (biPSCs and piPSCs) were derived and cultured in StemFlex media (Gibco) supple-

mented with 2 mM XAV939 (Sigma) on Mitomycin C-inactivated CF1 MEF feeder layer (prepared in house) in a hypoxic 5% O2, 5%

CO2 incubator at 37
�C; other cells were cultured in normoxic conditions. They were split on FBS-coated dishes with no feeders for

karyotyping.

For naı̈ve reset hiPSCs, the media was changed to RSeT� (STEMCELL Technologies) at day 2, or StemFlex was kept (as indi-

cated). For naı̈ve reset biPSCs, the media was changed to mESCs supplemented with 1 mM PD0325901 (Cayman Chemical) and

2 mM XAV939 (Sigma).

Pluripotent stem cells of all five species were passed using Accutase (Sigma). 10 mM Rho-associated kinase inhibitor (ROCKi,

Y-27632, Abcam) was added for the first 24h after passaging of primed PSCs of all five species (extended to 48h for mouse

EpiSCs). The cells were routinely tested for Mycoplasma contamination and tested negative.

High Five� and Sf9 insect cells were grown in serum-free EX-CELL� 420 medium containing L-glutamine (Sigma) andmaintained

in suspension culture at 0.5-1x106 cells/mL. Cultures were incubated at 26�C shaking at 100-120 rpm depending on flask size in a

refrigerated shaking incubator (AutoQ Biosciences – AQ-2402D).

Microbe strains
TOP10 chemically-competent E. coli grown in Luria broth (LB) was used for plasmid amplification. For baculovirus plasmid DNA

amplification, DH10EMBacY171 (a gift from Dr. Imre Berger) were plated on agar plates containing LOC media supplemented with

50 mg/mL kanamycin, 10 mg/mL tetracycline 7 mg/mL of gentamicin, Bluo-Gal 100 mg/mL, and 1 mM IPTG. Selected colonies

were grown in LOC media supplemented with 50 mg/mL kanamycin, 10 mg/mL tetracycline, and 7 mg/mL of gentamicin (Sigma).

Stbl2 (Invitrogen) or NEB Stable competent E. coli grown in LB supplemented with 100 mg/ml of ampicillin or carbenicillin were

used for preparing episomal plasmids.

METHOD DETAILS

Vector construction
The pMX-Sox2/Sox17 chimeric TF vectors were based on Addgene #133671 and the tet-inducible pHAGE2-tetO-Oct4-P2A-Sox2-

17-T2A-Klf4-E2A-cMyc (OS*KM) and pHAGE-tetO-Sox2-17-T2A-Klf4-E2A-cMyc (S*KM) vectors were based on Addgene #136551

and 136541, respectively.13

The self-replicating RNA vector T7-VEE-OKS*iG was based on Addgene #58974.72 The mouse episomal vectors pCXLE-Oct4-

P2A-Klf4-IRES-Sox2 (OKS) and pCXLE-Oct4-P2A-Klf4-IRES-Sox2-17 (OKS*), and human episomal vectors pCXLE-SOX2-P2A-

KLF4 (SK), pCXLE-SOX2AV-P2A-KLF4 (SAVK), pCXLE-SOX2-17-P2A-KLF4 (S*K), pCXLE-mCherry-E2A-SOX2-P2A-KLF4 were

based on Addgene #27078,169 except the inefficient self-cleaving peptide F2A was replaced with P2A to avoid protein fusion. pCXLE

plasmids showed much better yields when grown in Stbl2� (Invitrogen) or NEB Stable competent E. coli.

The mouse and human protein sequences of Sox2AV and Sox2-17 were (HMG-box domains are uppercase, Sox17 parts are

in bold):

>Mouse Sox2A61V

mynmmetelkppgpqqasgggggggnataaatggnqknspDRVKRPMNAFMVWSRGQRRKMAQENPKMHNSEISKRLGAEWKLLSETEKRP

FIDEAKRLRVLHMKEHPDYKYRPRRKTKTLMKKDKytlpggllapggnsmasgvgvgaglgagvnqrmdsyahmngwsngsysmmqeqlgypqhpglnah

gaaqmqpmhrydvsalqynsmtssqtymngsptysmsysqqgtpgmalgsmgsvvkseasssppvvtssshsrapcqagdlrdmismylpgaevpepaapsrlhmaqh

yqsgpvpgtaingtlplshm
e3 Cell Stem Cell 31, 127–147.e1–e9, January 4, 2024
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>Human SOX2A61V

mynmmetelkppgpqqtsgggggnstaaaaggnqknspDRVKRPMNAFMVWSRGQRRKMAQENPKMHNSEISKRLGAEWKLLSETEKRPFI

DEAKRLRVLHMKEHPDYKYRPRRKTKTLMKKDKytlpggllapggnsmasgvgvgaglgagvnqrmdsyahmngwsngsysmmqdqlgypqhpglnahg

aaqmqpmhrydvsalqynsmtssqtymngsptysmsysqqgtpgmalgsmgsvvkseasssppvvtssshsrapcqagdlrdmismylpgaevpepaapsrlhmsqhy

qsgpvpgtaingtlplshm

>Mouse Sox2-17

mynmmetelkppgpqqasgggggggnataaatggnqknspDRVKRPMNAFMVWSRGQRRKMAQENPKMHNSEISKRLGAEWKALTLAEKR

PFIDEAKRLRVLHMQDHPNYKYRPRRRKQVKRMKRVeggflhalvepqagalgpeggrvamdglglpfpepgypagpplmsphmgphyrdcqglg

apaldgyplptpdtspldgveqdpaffaaplpgdcpaagtytyapvsdyavsveppagpmrvgpdpsgpampgilappsalhlyygamgspaasagrgfhaqpqq

plqpqapppppqqqhpahgpgqpspppealpcrdgtesnqptellgevdrtefeqylpfvykpemglpyqghdcgvnlsdshgaissvvsdassavyycnypdi

>Human SOX2-17

mynmmetelkppgpqqtsgggggnstaaaaggnqknspDRVKRPMNAFMVWSRGQRRKMAQENPKMHNSEISKRLGAEWKALTLAEKRPF

IDEAKRLRVLHMQDHPNYKYRPRRRKQVKRLKRVeggflhglaepqaaalgpeggrvamdglglqfpeqgfpagppllpphmgghyrdcqslgappld

gyplptpdtspldgvdpdpaffaapmpgdcpaagtysyaqvsdyagppeppagpmhprlgpepagpsipgllappsalhvyygamgspgagggrgfqmqpqh

qhqhqhqhhppgpgqpspppealpcrdgtdpsqpaellgevdrtefeqylhfvckpemglpyqghdsgvnlpdshgaissvvsdassavyycnypdv

iPSC generation and characterization
Mouse reprogramming experiments were done as described before.13,36 Briefly, for retrovirus production monocistronic pMX-Oct4,

Sox (Addgene #193350-193354), and Klf4 vectors were co-transfected with pCL-Eco (Addgene #12371)172 in HEK293 cells with

FuGENE6 (Promega) using low volume transfection protocol (Steffen et al., 2017). For lentivirus production, pHAGE2-tetO vectors

were co-transfected with PAX2 and VSV. The viral supernatants were harvested after two and three days, filtered (Millex-HV

0.45 mm; Millipore) aliquoted and stored at -80�C. For reprogramming, Oct4-GFP MEFs (OG2 or Rosa26rtTA-Gof18) were plated

on gelatin-coated 12-well plates at 3x104 cells per well in fibroblast media. A few hours later the cells were infected with titer-adjusted

volumes of each viral supernatant supplemented with 6 mg/ml (final concentration) of protamine sulfate (Sigma). After two days, the

media was replaced with mESC media. For mouse tet-inducible reprogramming, the cells were treated with Dox for 10 days (same

as13), unless otherwise stated. Because all the reprogramming experiments were treated equally, enhanced kinetics of OS*KM re-

programming resulted in mature tetO-OS*KM expressing theMyc-containing transgene for much longer compared to tetO-OSKMor

tetO-OSAVKM iPSCs that emerged later in the 10-day course. This likely explains the poor quality of tetO-OS*KM versus tetO-

OSAVKM iPSCs. The 24h-iPSCs were derived from MEFs that by infecting them with lentiviral tetO-OS*KM and exposing them to

Dox for 24h. Clonal iPSC colonies were picked after day 10, and propagated in the same manner as for other iPSC lines. We do

not claim that reprogramming of MEF to iPSC was completed in just 24h. Rather, we posit that a 24-hour induction with OS*KM

is sufficient to induce complete pluripotency.

For human retroviral reprogramming, 48h after infection, the transduced cells were split on a CF1 feeder layer at 104 per 6-well

plate. After one week, fibroblast media was changed to hESC media.

For mouse episomal reprogramming 105 of Oct4-GFP (Rosa26TA-Gof18) MEFs were plated on gelatin-covered 6-well plates over-

night and transfectedwith 1.5 mg of pCXLE-OKS or OKS* combinedwith 0.5 mg of pCXWB-EBNA1 (Addgene #37624) with FuGENE6.

Human self-replicating RNA-based reprogramming was performed as previously described.72 Briefly, the T7-VEE constructs

(Addgene #58974, 193356) were digestedwithMluI and then in vitro transcribed using RiboMAX Large Scale RNAProduction System

Kit (Promega). The transcripts were 20-O-methylated, capped, and poly(A)-tailed using respective CELLSCRIPT kits following the

manufacturer’s protocol. For reprogramming, 1 mg of RNA replicons were transfected into 105 fibroblasts on 6-well plates using

RiboJuice (Sigma) in the presence of 100 ng/ml B18R (Promega). The media was supplemented with 0.5 mM VPA, 5 mM EPZ to

enhance the very inefficient RNA-based reprogramming. The reprogramming worked more efficiently when no puromycin selection

was used. After two weeks, the cells were sorted for TRA-1-60 and plated on a CF1 feeder layer in hESC media without B18R

(Figure 5I).

Human and cynomolgus macaque episomal reprogramming was done as previously described.173 Briefly, 5x105 human newborn

foreskin fibroblasts (Young, Y),166 56-year-old male dermal fibroblasts (Old, O, Coriell, AG04148), or macaque fibroblasts (MHH

Hannover) were nucleofected with 3 mg of plasmid DNA mix: pCXLE-SOX2-P2A-KLF4 (Addgene #193292) or pCXLE-SOX2-17-

P2A-KLF4 (Addgene #193290), pCXLE-L-MYC-F2A-LIN28 (ML, Addgene #27080), pCXLE-hOCT4-shTP53 (Addgene #27077),

pCXWB-EBNA1 (Addgene #37624) using Lonza NHDF Nucleofector kit (U-23 program), and plated in ROCKi-containing fibroblast

media on a CF1 feeder layer at different densities.

For livestock reprogramming, 106 bovine fetal fibroblasts (GOF 451-1)165 or porcine fetal fibroblasts164 were nucleofectedwith 6 mg

of plasmid DNA mix: pCXLE-SOX2-P2A-KLF4 or pCXLE-SOX2-17-P2A, pCXLE-L-MYC-F2A-LIN28, pCXLE-hOCT4 (Addgene

#27076), pCXWB-EBNA1 with or without p53DD (Addgene #41859) and plated on CF1 feeders.

The virus supernatant volumes were adjusted according to RT-qPCR titration using common WPRE or 3’UTR primers normalized

to Rpl37a.13 All the tetO lines were screened for promoter leaking, only those with minimal leaking were selected for characterization.

The newly generated iPSC lines (mouse, human, cynomolgus, and cow) were karyotyped using DAPI staining of metaphase spreads,

only the lines with correct chromosomal numbers were selected for characterization. As we reported before,13 no difference in aneu-

ploidy occurrence was observed between different cocktails. Similar to other studies, we only tested the quality of male iPSCs for

this work.
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Tetraploid (4N) complementation assay
Preparation of tetraploid embryos

Super ovulated B6C3 F1 females were mated with CD1males. E1.5 embryos at the two-cell stage are flushed from the oviducts and

collected in M2 medium.

After equilibration in fusion solution (0.3 M D-mannitol, 50 mM CaCl2, 0.3% BSA (Sigma)), 50-75 embryos are placed between the

electrodes of a 250 mm gap electrode chamber (BLS Ltd.) containing 0.3 M mannitol with 0.3% BSA and fused with a Cellfusion CF-

150/B apparatus (BLS Ltd.) with 0.5mmMicroslide (BTX-450). An initial electrical field of 2V is applied to the embryos followed by one

peak pulses of 60V for 50 ms. Embryos are transferred back into KSOM-aa medium and immediately into a 37�C incubator with 5%

CO2. Embryos are observed for fusion after 15 to 60 minutes. The fused tetraploid embryos are cultured for 24h to the 4-cell stage

under the same conditions.

Aggregation of iPSCs with zona-free embryos

d Preparation of aggregation plates for mouse embryos chimera production 1h before aggregation:

Using a KSOMmedium filled 100ml-pipette, make 4 rows ofmicrodrops (roughly 3mm in diameter) in a 35mmdish (Falcon, Cat. No.

35-3001), two drops in the first and fourth, five drops in the second and third rows.

Cover the whole plate with paraffin oil.

Sterilize the aggregation needle (BLS Ltd.) with 70% ethanol.

Press the aggregation needle into the plastic through the paraffin oil and culturemedium, while making a circle movement to create

a tiny scoop of about 300 mm in diameter with a clear smooth wall. Six to ten holes can be made within each droplet.

d iPSCs are aggregated and cultured with denuded 4-cell stage mouse tetraploid embryos as reported with a slight modifi-

cation:174

Clumps of loosely connected iPSCs (15-20 cells in each) from short trypsin-treated day two iPSC cultures were chosen and trans-

ferred into microdrops of KSOM medium under mineral oil; each clump is placed in a depression in the microdrop. Meanwhile,

batches of 30-50 embryos were briefly incubated in acidified Tyrode’s solution175 until dissolution of their zona pellucida. Two em-

bryos were place on the iPSC clump. All aggregates are assembled in this manner, and cultured overnight at 37�C, 5% CO2.

After 24h of culture, themajority of aggregates have formed blastocysts. Ten to fourteen embryos were transferred into one uterine

horn of each 2.5 days post coitum, pseudopregnant CD1 female that had been mated with vasectomized males. For Cesarean Sec-

tion, recipient mothers were sacrificed at E19.5 and pupswere quickly removed. Newborns that were alive and respirating were cross

fostered to lactating females.

Lentiviral naı̈ve reset of human iPSCs
For primed-to-naı̈ve reset (pluripotency upgrade), human iPSCs were transduced with monocistronic or polycistronic pHAGE2-EF1a

lentiviral vectors carrying different subsets of Yamanaka factors from.13 After two days, the cells were passed at low density (103 cells

per 24-well plate) on an inactivated C3H feeder layer in mESCmedia supplemented with ROCKi with or without small molecules. 24h

later themedia was changed tomESCmedia (KSR-LIF) with ROCKi with or without 2i. Six days after passing, the cells were fixed and

stained for KLF17 (HPA024629, ATLAS, 1:500). SK was the minimal subset that gave rise to KLF17+ colonies, while neither Sox2 nor

Klf4 alone did not.

Integration-free naı̈ve reset of mouse epiblast stem cells
For integration-free reset, 3x105 of GFP-negative Gof18 E3 mouse epiblast stem cells (mEpiSC)99 cells were seeded in

StemFlex+ROCKi media on FBS-coated 12-well plates and simultaneously transfected with 2 mg of episomal pCXLE-mCherry,

pCXLE-mCherry-T2A-SOX2-P2A-KLF4 or pCXLE-mCherry-T2A-SOX2-17-P2A-KLF4 (Addgene #193293, #193296, and #193294,

respectively) using 4mL of Lipofectamine Stem Reagent (Invitrogen, STEM00001) according to manufacturer’s instructions; after

48h the cells were sorted for mCherry and plated in mESCmedia +ROCKi on an inactivated C3H feeder layer at 104 per 12-well plate.

�30% of sorted cells survived; of those�50% of SK/SAVK/S*K-transfected colonies grew dome-shaped and were GFP+/mCherry�

already on day 4 after passing. The GFP+ colonies were picked and clonally expanded for further characterization.

Integration-free naı̈ve reset of human PSCs using episomal vectors
For human iPSC (hiPSCs, episomal A18945 fromGibco) or ESC (hESCs, H9) naı̈ve reset, 0.5x106 primed cells were nucleofected with

a mix of 5 mg of pCXLE-mCherry-T2A-SOX2-17-P2A-KLF4 (Addgene #193294) or pCXLE-mCherry control (Addgene #193293) and

1 mg pCXWB-EBNA1 (Addgene #37624); with Nucleofector 2b (program B-016) and Lonza Human Stem Cell Nucleofector� Kit 1

(Catalog #: VPH-5012) or 4D-Nucleofector (program CM-113) and Lonza P3 Primary Cell Kit L (Catalog #: V4LP-3002) according

to manufacturer’s protocol.

The nucleofected cells were plated on a dense feeder layer in StemFlex media supplemented with ROCKi. On the second day, the

mediawas changed toStemFlex, andonday 3 to humannaı̈ve-likemedia (RSeT�, STEMCELL Technologies); the cells were feddaily.

Alternatively, the episomal S*K reset could be performed using feeder-free primed human iPSC culture conditions in StemFlex or

E8 media.
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The episomal vectors could also be delivered using Lipofectamin Stem Transfection Reagent (Invitrogen, STEM00001): hiPSCs

were plated in feeder-free conditions on 6 well plate (106 cells per well) and next day the media was changed to pure OPTIM-

MEM media supplemented with ROCKi, and the cells were transfected with 3 mg of pCXLE-mCherry-T2A-SOX2-17-P2A-KLF4

and 1 mg pCXWB-EBNA1 mixed with 8 ml of lipofectamine according to manufacturer’s protocol for 4 hours. Following 4-hour trans-

fection, the media was changed to StemFlex supplemented with ROCKi overnight for recovery. On day 2, the cells were dissociated

using accutase, and split on feeders in StemFlex media supplemented with ROCKi. On day 3 the media was changed to RSeT.

While hypoxic conditions (5% O2, 5% CO2, 37
�C) were used to generate naı̈ve human cells for this study starting from day 2 after

nucleofection, we later found that normoxic condition are favorable for human naı̈ve reset. N2B27 media supplemented with PD,

XAV, and LIF (PXL media) performed best for S*K naı̈ve reset. The PXLmedia formulation was 1:1 mix of Neurobasal medium (Gibco,

21103049) and Advanced DMEM/F12 (Gibco, 11320082) supplemented with N2 (Gibco, 17502048), B27 minus vitamin A (Gibco,

12587010), sodium pyruvate (Gibco, 11360070), non-essential amino acids (Gibco, 11140050), GlutaMAX (Gibco, 35050061),

Penicillin-Streptomycin (Gibco, 15070063), 0.1 mM b-mercaptoethanol (Gibco, 31350010), 50 mg/ml L-ascorbic acid (Sigma,

A8960), 0.2% Geltrex (Gibco, A1413301), 1 mM PD0325901 (Cayman Chemical, 13034), 2 mM XAV939 (Sigma, X3004), 20 ng/ml hu-

man LIF (made in house or Peprotech, 300-05).

Increasing the ratio of pCXLE to pCXWB-EBNA1 up to 1:1 (3+3 mg for 100ul nucleofection reaction) could increase the longevity of

the episome improving the efficiency of naı̈ve reset, but could also be toxic for sensitive PSC lines. While SK is the minimal cocktail

capable of inducing human naı̈ve pluripotency, polycistronic SKM episomes13 could further improve the reset efficiency (Addgene

#210016-210018).

Gene expression analysis was performed using CYBRGreen qPCR as previously described.13 the oligos for human naive reset the

primers can be found in Table S2.

The following plasmids were used to constitutively label the A18945 hiPSC line for mouse/human chimera experiments: AAVS1-

Pur-CAG-mCherry (Addgene #80946), gRNA_AAVS1-T2 (Addgene #41818), pX330-U6-Chimeric_BB-CBh-hSpCas9 (Addgene

#42230). pCXLE-SOX2-17-P2A-KLF4 (Addgene #193290) was used for naı̈ve reset not to interfere with constitutive RFP expression.

For assessing embryo development contribution, we aggregated the S*K-reset hiPSCs with mouse morulae at E2.5 as previously

described.117 After 2 days of culture (E4.5), the chimeric embryos were stained for human-specific SUSD2 (Biolegend 327401)

and mouse-specific Oct4 (D6C8T, Cell Signaling). All the experiments were performed in accordance with ISSCR guidelines.

Mammalian cell overexpression and whole-cell lysate (WCL) generation
HEK293 cells cultured on 10cm dishes were transfected with 10 mg of pLVTHM or pHAGE2 vectors under the control of an EF1a pro-

moter and containing theWT or mutant versions of Oct4 or Sox2 with Fugene6 (Promega) using a low volume protocol (Steffen et al.,

2017). Three days after transfection, the cells were dissociated from the plate using Accutase (Sigma), collected, counted, and

washed with PBS. WCLs were generated by five cycles of freeze-thawing pellets resuspended in 12.5 mL per million cells in lysis

buffer (20 mM HEPES-KOH pH 7.8, 150 mM NaCl, 0.2 mM EDTA pH 8, 25% glycerol, 1 mM DTT, and cOmplete� protease inhibitor

cocktail (Merck). After disruption, lysates were spun at 14k RCF at 4ºC for 10min. After centrifugation, pellets were discarded and the

supernatants transferred to a new tube for further analysis. Protein concentrations were estimated by diluting samples in 0.1% SDS

solution, measuring A230 and A260, and applying the equation:

Conc:ðmg =mLÞ = ð0:183 � A230� 0:075�A260Þ�dilution factor

All samples were diluted to 1 mg/mL, aliquoted, snap frozen, and stored at -80�C. Western blots were run to compare expression

levels between mutants. Expression was evaluated by Quantity One� (v4.6.7, Bio-Rad) densitometry to adjust for equal amounts of

expression using WCL of untransfected cells to maintain total protein content, when necessary.

Western blot analysis
5-10 mg of total protein was combinedwith Laemmli sample buffer, heated, and loaded onto 12%mini SDS-polyacrylamide gel (SDS-

PAG) using the Towbin buffer system.176 Gels were run initially at 15V for 15 minutes to load samples into the stacking gel and then

50V for 30-60minutes to resolve the proteins of interest. Samples were transferred to Immobilin�-FL PVDFmembranes (Merck Milli-

pore Ltd.) at 4�C under 300V for 2h. Membranes were blocked for one hour at room temperature in 5% skimmilk (Sigma) dissolved in

PBS with 0.1% Tween-20 (PBS-T) and incubated overnight at 4�C with rotation in the primary antibody diluted in blocking solution.

The following day the membrane was washed three times in PBS-T and then incubated in secondary antibody diluted in blocking

solution for one hour at 25�C. The following antibodies were used: polyclonal goat anti-Oct4 N-19 (sc-8628, Santa Cruz Biotech-

nology) or monoclonal mouse anti-Oct4 (611203, BD Biosciences), polyclonal goat anti-Sox2 (sc-17320 from Santa Cruz Biotech-

nology or GT51098 from Neuromics), monoclonal mouse anti-alpha tubulin (T6199, Sigma), 647-conjugated anti-goat (Alexafluor),

and 647-conjugated anti-mouse (Alexafluor). Western blot signal was detected using Fujifilm FLA-9000 fluorescence scanner

(Fujifilm).

Insect cell expression and protein purification
The coding sequence of full-length Mus musculus Sox2 or Sox2AV was cloned into pCoofy27 plasmid with an N-terminal 6xHis-tag

using SLIC as previously described: forward primer 3C, reverse primer ccdB.177 Plasmids were then transformed into DH10EMBacY

(a gift fromDr. Imre Berger) for baculovirus plasmid DNA amplification.171 Bacmidswere purified usingMacherey-Nagel Xtra BAC100
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(D€uren) and then transfected into a suspension of Sf9 cells at 0.8x106 cells/mL grown in serum-free EX-CELL� 420 medium contain-

ing L-glutamine (Sigma) and incubated at 26�C with shaking for virus production. Cells were monitored daily for increased cell size

and GFP fluorescence. Once �90% of cells were GFP+, viral suspensions were spun down and then filtered through 0.22 mm. Viral

supernatants were expanded once before being used for infection, filtered aliquots were stored at -80�C.
Optimal protein expression conditions were determined empirically. Mid-log phase High Five� insect cells were split to 106 cells/

mL in 2 L and then infected with 10-12mL of P1 baculovirus from previous steps per liter of cells. Following incubation at 28�C for 96h

with shaking, cell pellets were collected by centrifugation. Pellets were resuspended in lysis buffer (20 mM HEPES pH 7.5, 300 mM

NaCl, 30 mM Imidazole, 5% glycerol, 0.1% Triton X-100, cOmplete� protease inhibitor cocktail (Merck), and 1 mMDTT), frozen and

thawed once, then sonicated at 4�C using a probe sonicator (Bandelin Sonopuls, Bandelin Eletronics). Pellets were resuspended in

inclusion body wash buffer (20mMHEPES pH 7.5, 200mMNaCl, 1 mMEDTA, 1%Triton X-100, cOmplete� protease inhibitor cock-

tail (Merck), and 1 mM DTT) and subject to four cycles of Dounce homogenization followed by centrifugation for 20 min. at 18k RCF

and 4�C, twice with inclusion body wash buffer and twice in buffer without Triton X-100. The final pellet was cut twice in DMSO and

then incubated for 30 min at 25�C. Unfolding buffer (7 M guanidine hydrochloride, 20 mM Tris-HCl pH 7.5, 5 mM DTT) was added to

the pellet and incubated while rotating for 1h at 25�C. Nickel Sepharose slurry (GE Healthcare) was washed and equilibrated in bind-

ing buffer, then supernatant was added and incubated at 4�C overnight with rotation. Proteins were eluted using the unfolding buffer

with additional 500 mM imidazole. Eluate fractions were checked with SDS-PAGE and relevant fractions were pooled. Using 7 kDa

molecular weight cut off (MWCO) dialysis tubing, pooled fractions were dialyzed for three buffer changes of at least 6 h for each vol-

ume of refolding buffer at 4�C (7 M urea, 20 mM Na Acetate pH 5.2, 200 mM NaCl, 1 mM EDTA, and 5 mM DTT). Following centri-

fugation to remove any insolublematerial, the supernatant was dialyzed (7 kDaMWCO) in refolding buffer with decreasing amounts of

urea: 1 h 6 M urea, 2h 4 M, 2h 2 M, and 1 h in size exclusion chromatography (SEC) buffer (50 mM Tris-HCl pH 7.4, 150 mM NaCl,

1 mM EDTA, 5% glycerol). Eluate was centrifuged to remove any precipitate before loading onto HiLoad 16/60 Superdex 200 SEC

column (GE Healthcare).

The coding sequence for full-length Oct4 fromM. musculus was cloned into the pOPIN expression vector using the SLIC method

and Phusion Flash High-Fidelity PCRMaster Mix (Finnzymes/New England Biolabs). SLIC reactions were then transformed into One

Shot� OmniMAC� 2 T1� Chemically Competent E. coli (ThermoFisher Scientific). After sequencing, the pOPIN-cHis-Oct4

construct was co-transfected with flashBACULTRA� bacmid DNA (Oxford Expression Technologies) into Sf9 cells (ThermoFisher

Scientific) using Cellfectin II� (ThermoFisher Scientific) to generate recombinant baculovirus. Mid-log phase Sf9 cells were used

to amplify the virus. Suspension High Five� cells were infected with P3 virus for two days at 27�C and 120 rpm shaking. After expres-

sion, crude lysates were purified on a HiTrap TALON column (GE Healthcare), cleaved on the column with 3C protease followed by

size exclusion chromatography (HiLoad Superdex 200, GE Healthcare). The final product was collected in 25 mM HEPES pH 7.8,

150 mM NaCl, 1 mM TCEP, and 5% glycerol with �95% purity confirmed by SDS-PAGE. Fractions were checked with SDS-

PAGE, pooled, and finally quantified using the NanoDrop spectrophotometer (ND-1000, ThermoFisher Scientific) and the Protein

A280 program using specific molecular weight and extinction coefficients for either Sox2 or Oct4. Unless otherwise indicated all

chemicals were from Sigma-Aldrich.

Electrophoretic mobility shift assays (EMSAs)
DNA probes were generated by annealing complementary 5’ labeled Cy5 oligos (Metabion International AG) followed by purification

from 10% polyacrylamide gels. EMSA DNA sequences can be found in Table S3. For binding reactions, WCL (2-4 ug of total protein)

or purified proteins were incubated in binding buffer (25 mM HEPES-KOH pH 8, 50 mM NaCl, 0.5 mM EDTA, 0.07% Triton X-100,

4 mg/mL BSA, 7 mMDTT, and 10% glycerol) and 70 nMCy5-dsDNA at 37�C for 1h. Samples were then loaded onto 6% native poly-

acrylamide gels (37.5/1 acrylamide/bis-acrylamide) containing 0.3x Tris-borate EDTA and 5% glycerol and run at 10 mA/gel in

running buffer of the same composition. 5% native gels were used for the compressedmotif experiments to resolve the Sox17mono-

mer from the lower non-specific band of the HEK293T cells.

TheWCLEMSAs throughout themanuscript were generated from lysates of HEK293T cells overexpressing our proteins of interest.

The system was optimized by screening several different cell lines, promoters, and transfection condition combinations to find the

optimal overexpressed protein to background band ratio. The intensity of the background bands varied between transfections and

the protein being overexpressed. All EMSAs were adjusted for equal amounts of the overexpressed proteins being compared based

on western blotting and monomer binding. WCL of untransfected 293T cells was added to reactions to equalize the total protein in

each lane.

Gels were imaged using Fujifilm FLA-9000 fluorescence scanner using (Fujifilm). Fraction bound was determined by densitometry

of raw data using Quantity One� (v4.6.7, Bio-Rad) and the following equation for specific bands and then normalized: FB = DNAbound/

(DNAbound + DNAunbound). Half-life was calculated using fraction bound as a function of protein concentration from at least two inde-

pendent experiments, error bars represent SD.

For competition experiments, pre-formed protein/DNA or protein/nucleosome complexes (see binding conditions above) were

loaded onto native gels (t=0) and then incubated with unlabeled double stranded DNA containing the Nanog locus. Protein dissoci-

ation was monitored by removing aliquots of the reaction at the given time points and loading them onto a running gel. Protein com-

plex stability was highly variable thus conditions for competition assays were determined empirically and can be found in Table S4.

Supershift assays were run under the same conditions as equilibrium or static EMSAs, see above. After incubation of the proteins

with DNA for 1 hour at 37�C, antibody was added to the reactions and incubated at room temperature for 30 min. Antibody/total
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protein ratios were empirically determined as 1 mg of antibody per 2 mg of total protein. For Oct4 and Sox2 detection, mouse anti-Oct4

from BD Biosciences (611203) and goat anti-Sox2 from Neuromics (GT51098) were used, respectively.

Nucleosome assembly
The nucleosome DNA sequence Widom +6 consists of 147 bp of the established Widom 601 sequence178 with a Sox/Oct motif

(CTTTGTTATGCAAAT) at super helical location +6, with the nucleosome dyad being zero.56 Double stranded DNA was purchased

from IDT (Coralville) and labeled using Cy-5 conjugated primers via PCR, as previously described.56 Nucleosomeswere assembled in

DNA:octamer ratios ranging from 1:1.2-1:1.6 with purified full-lengthD.melanogaster histone octamer179 using the salt-gradient dial-

ysis method previously described,180 final buffer composition: 10 mM HEPES pH 7.6, 50 mM NaCl, 1 mM EDTA, and 0.5 mM DTT.

Following dialysis, nucleosomes were heat shifted at 37�C for 2h. Nucleosome quality and concentration were evaluated using native

PAGE run with a histone-free DNA standard curve made from the parent DNA. Histone stoichiometry was checked by 22% SDS-

PAGE followed by Coomassie staining (R-250; SERVA). Nucleosome were stored at 4�C in the dark and used for no longer than three

weeks from the date of assembly.

Molecular Dynamics Simulation (MDS)
We used the model of the Sox2/Oct4 heterodimer bound to a regulatory DNA element from the Hoxb1 enhancer that we previously

built38 as template for building new models for the Sox2/Oct4, Sox2A61V/Oct4, Sox2/Oct6, Sox2A61V/Oct6. Using MODELLER170w

(https://salilab.org/modeller/), we adapted the sequences, extended each model of the Oct factor with 4 and 8 residues at the N-

and C-termini, respectively, and similarly with each model of the Sox factor with 4 and 5 residues. We built 100 models for each

ternary complex using a ‘‘slow’’ optimization procedure that included a ‘‘slow’’ MD refinement as defined in MODELLER. We ranked

themodels using an energetic score (‘‘DOPE’’) and selected 2models for each complex for MD simulations. In each of thesemodels,

we extended the DNA by 16 and 18 base pairs at the 5’ and 3’ ends using the mouse Hoxb1 sequence.45 The final sequence in our

model was:

5’-AGAGTGATTGAAGTGTCTTTGTCATGCTAATGATTGGGGGGAGATGGAT-3’

Then, we solvated the systems in a truncated octahedron periodic box of SPCE water with the distance between any protein-DNA

atom to the box edges larger than 12 Å.We added 73 neutralizing Na+ ions and 150mMKCl (225 K+ and 225Cl- ions). For the ionswe

used the parameters developed by Li and Merz.181 We used the Amber-ff14SB182 and the Amber-parmbsc1183 force fields for pro-

teins and DNA respectively. We energy minimized and equilibrated each system with a protocol described previously.35 With each

model we performed 2 independent, 1.2 ms long MD simulations by assigning different velocity distributions before the equilibration

(in total 4 x 1.2 ms = 4.8 ms per system). We applied periodic boundary conditions in the isothermic-isobaric (NPT) ensemble with a

timestep of 2 fs. The temperature was maintained at 300 K with Langevin Dynamics (damping coefficient of 0.1 ps-1). The pressure

wasmaintained at 1 atmwith the Nose Hoover Langevin Pistonmethodwith the period and decay of 1.2 and 1.0 ps, respectively. The

direct calculation of the non-bonded interactions was truncated at 10 Å and the chemical bonds of hydrogens were kept rigid with the

SHAKE algorithm. Long range electrostatics were calculated using the particle mesh Ewald algorithm. All simulations were per-

formed in NAMD.184 Snapshots were selected for analysis every 10 ps.

The coordination number between two atom selections describes the number contacts between the selections using a continuous

switching function with a distance threshold for contact formation as implemented in the COLVARmodule of NAMD. The mathemat-

ical formula is:

c =
X

i

X

j

1 � ðdij

�
d0Þn

1 � ðdij

�
d0Þm

where i; j = a pair of atoms, one from each selection; dij= the distance between iand j; d0= the distance threshold (4.5 Å); n;m= ex-

ponents describing the switching from contact to no contact (n = 6;m = 12).

To build the models of the Oct4-Sox2 complexes bound to the Nanog element, we started from the Oct4-Sox2-Hoxb1 model and

adapted the sequence using the swapna function in Chimera (https://www.cgl.ucsf.edu/chimera/). The models were minimized and

equilibrated with the same procedure. 2 independent simulations, each 2 microsecond long were performed with the same protocol

(described above).

For the simulations of the Sox2/Oct4 and Sox2A61V/Oct4 bound to the Pou5f1 distal enhancer (Oct4DE) we used the AlphaFold

model of Oct4 instead of the model based on the structure of Oct4 bound to the PORE DNA element. AlphaFold predicts a different

orientation of the linker a5 helix relative to the POUS domain. This orientation may represent more accurately the solution structure of

Oct4 because in the PORE bound structure the linker orientation may be stabilized by the Oct4 dimerization. 3 starting models were

built that differ in the conformation of the N-terminal and C-terminal extensions of the proteins. With each model we performed 3

independent simulations, two were 3 micros long and 1 was 2 micros long. The rest of the protocol was the same.

NGS and bioinformatic analysis
For ChIP-seq experiments, Rosa26TA-Gof18 MEFs were infected with titrated volumes of pHAGE2-tetO-Klf4-IRES-Sox2/Sox2AV

with or without pHAGE2-tetO-Oct4/Oct6. After 48h, the media was replaced with fibroblast media supplemented with doxycycline

(dox). The samples were collected 48h after dox-induction. Gene ontology analysis was done by GREAT.60
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RNA-seq and RRBSwere performed for human iPSC at passage 10-12, human ESCs (H6167 and H9168) at passage 35-36 grown in

StemFlex media on Matrigel. The sample processing and data analysis for RNA-seq, ChIP-seq, RRBS were performed as described

before.13,22,81

For RRBS analysis Fastq files were trimmed with Trim Galore (bioinformatics.babraham.ac.uk/projects/trim_galore/) flagging the

options –RRBS. The trimmed fastq files were aligned to GRCh38 using bwameth (github.com/brentp/bwa-meth) and methylation

metrics were extracted using MethylDackel (https://github.com/dpryan79/ MethylDackel), flagging the options –minDepth 10. The

genomic coordinates of known imprinted DMRs185 were converted to GRCh38 using the LiftOver tool from UCSC and the methyl-

ation levels of CpGs within these regions were extracted with bedtools intersect (bedtools.readthedocs.io/en/latest/content/tools/

intersect.html). Finally, the mean methylation level for all CpGs of a given DMR was calculated. The several DMRs corresponding

to SNRPN were collapsed as well. Only DMRs which were represented by all samples were taken into consideration for the compar-

ative LOI analysis. A DMR was considered to lose imprinting if it showed less than 30% mean methylation levels.

For footprinting analysis, the publicly available data were aligned to mm10 genome using bowtie2186 using ‘‘–very-sensitive -X

2000 –no-mixed’’ options; the mitochondrial and duplicate reads were removed, and the reads were sorted and indexed using sam-

tools187; spearman correlation was plotted using deeptools188; the peaks were called using macs2 using ‘‘-g mm -f BAMPE –call-

summits –cutoff-analysis –keep-dup all -B’’ options189; the output of macs2 was used for TOBIAS footprinting analysis65 using

ENCODE blacklist,190 JASPAR MEME motif database191 with some additional custom motifs.22

QUANTIFICATION AND STATISTICAL ANALYSIS

The statistical details of experiments can be found in the figure legends, figures, results, and method details. All EMSA experiments

were performed at least three times. Protein complex half-lives were determined using nonlinear regression in GraphPad Prism 7 for

Mac (version 7.0a) and only used when goodness of fit, evaluated by R2 values, was 0.95 or greater. All reprogramming data

are representative of at least three independent experiments, each with three biological replicates (n=3), data are shown as

mean ± SD, unpaired two-tailed Student’s t test was used to test the statistical significance of the data. Data were plotted

and analyzed using GraphPad Prism 7. For ChIP-seq analysis p-values were calculated using the unpaired Wilcoxon rank sum

test (R function pairwise.wilcox.test). For all statistical analysis: *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001. Tetraploid

complementation data were shown as mean between clonal iPSC lines generated with the same delivery and construct ±SEM,

the mean of each line was plotted individually, raw numbers are available in Table S1.
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