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Stem cells are a hallmark of animal multicellularity. Sox and POU transcription
factors are associated with stemness and were believed to be animal innova-
tions, reported absent in their unicellular relatives. Here we describe uni-
cellular Sox and POU factors. Choanoflagellate and filasterean Sox proteins
have DNA-binding specificity similar to mammalian Sox2. Choanoflagellate—
but not filasterean—Sox can replace Sox2 to reprogram mouse somatic cells
into induced pluripotent stem cells (iPSCs) through interacting with the mouse
POU member Oct4. In contrast, choanoflagellate POU has a distinct DNA-
binding profile and cannot generate iPSCs. Ancestrally reconstructed Sox
proteins indicate that iPSC formation capacity is pervasive among resurrected
sequences, thus loss of Sox2-like properties fostered Sox family sub-
functionalization. Our findings imply that the evolution of animal stem cells
might have involved the exaptation of a pre-existing set of transcription fac-
tors, where pre-animal Sox was biochemically similar to extant Sox, whilst POU
factors required evolutionary innovations.

The evolution of animal multicellularity around 700 million years ago
was a key step that shaped all aspects of our planetary history. As

types. For example, neural stem cells can differentiate into neurons,
astrocytes and oligodendrocytes. In vertebrates, pluripotent stem cells

multicellular entities, most animals including early branching sponges
harbor pluripotent stem cells'. Stem cells can indefinitely produce
identical copies of themselves or, upon stimulation, can form all the
specialized cell types of an organism. Stem cells that can become any
somatic cell type are known as pluripotent stem cells, whereas multi-
potent stem cells are lineage-restricted only giving rise to certain cell

only transiently exist during the early stages of embryo development
and are characterized by the expression of a core set of transcription
factors (TFs) that induce and maintain stemness. Among these TFs, the
Sry-related box 2 (Sox2) and octamer-binding transcription factor 4
(Oct4) are key pluripotency factors that need to be present and active
at tightly regulated levels. Their removal or subtle perturbances to

'School of Biomedical Sciences, Li Ka Shing Faculty of Medicine, The University of Hong Kong, Hong Kong SAR, China. 2Centre for Translational Stem Cell
Biology, Hong Kong SAR, China. 3Evolutionary Biochemistry Group, Max Planck Institute for Terrestrial Microbiology, Marburg, Germany. “Department of
Biomedical Sciences, City University of Hong Kong, Hong Kong SAR, China. School of Medicine, Northwest University, Xi‘an, China. ®Transgenic Core Facility
of the Centre for Comparative Medicine Research, Li Ka Shing Faculty of Medicine, The University of Hong Kong, Hong Kong SAR, China. “Laboratory for Primate
Embryogenesis, Department of Physiology, Development and Neuroscience, University of Cambridge, Downing Street, Cambridge, UK. 8STAR-UBB Institute,
Babes-Bolyai University, Cluj-Napoca, Romania. °Computational Structural Biology Group, Utrecht University, Utrecht, The Netherlands. "°Max Planck Institute
for Molecular Biomedicine, Miinster, Germany. "Department of Chemistry and Center for Synthetic Microbiology, Philipps University, Marburg, Germany.
2School of Biological and Behavioural Sciences, Queen Mary University of London, London, UK. *Centre for Epigenetics, Queen Mary University of London,
Lodon, UK. "These authors contributed equally: Ya Gao, Daisylyn Senna Tan, Mathias Girbig. " e-mail: a.demendozasoler@gmul.ac.uk; ralf@hku.hk

Nature Communications | (2024)15:9868 1


http://orcid.org/0009-0003-7989-8756
http://orcid.org/0009-0003-7989-8756
http://orcid.org/0009-0003-7989-8756
http://orcid.org/0009-0003-7989-8756
http://orcid.org/0009-0003-7989-8756
http://orcid.org/0000-0002-9768-0756
http://orcid.org/0000-0002-9768-0756
http://orcid.org/0000-0002-9768-0756
http://orcid.org/0000-0002-9768-0756
http://orcid.org/0000-0002-9768-0756
http://orcid.org/0000-0003-3442-5448
http://orcid.org/0000-0003-3442-5448
http://orcid.org/0000-0003-3442-5448
http://orcid.org/0000-0003-3442-5448
http://orcid.org/0000-0003-3442-5448
http://orcid.org/0000-0003-3351-3227
http://orcid.org/0000-0003-3351-3227
http://orcid.org/0000-0003-3351-3227
http://orcid.org/0000-0003-3351-3227
http://orcid.org/0000-0003-3351-3227
http://orcid.org/0009-0007-6011-2548
http://orcid.org/0009-0007-6011-2548
http://orcid.org/0009-0007-6011-2548
http://orcid.org/0009-0007-6011-2548
http://orcid.org/0009-0007-6011-2548
http://orcid.org/0000-0003-0886-3401
http://orcid.org/0000-0003-0886-3401
http://orcid.org/0000-0003-0886-3401
http://orcid.org/0000-0003-0886-3401
http://orcid.org/0000-0003-0886-3401
http://orcid.org/0000-0002-1267-2870
http://orcid.org/0000-0002-1267-2870
http://orcid.org/0000-0002-1267-2870
http://orcid.org/0000-0002-1267-2870
http://orcid.org/0000-0002-1267-2870
http://orcid.org/0000-0002-7155-0451
http://orcid.org/0000-0002-7155-0451
http://orcid.org/0000-0002-7155-0451
http://orcid.org/0000-0002-7155-0451
http://orcid.org/0000-0002-7155-0451
http://orcid.org/0000-0002-6441-6529
http://orcid.org/0000-0002-6441-6529
http://orcid.org/0000-0002-6441-6529
http://orcid.org/0000-0002-6441-6529
http://orcid.org/0000-0002-6441-6529
http://orcid.org/0000-0002-6590-9579
http://orcid.org/0000-0002-6590-9579
http://orcid.org/0000-0002-6590-9579
http://orcid.org/0000-0002-6590-9579
http://orcid.org/0000-0002-6590-9579
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-024-54152-x&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-024-54152-x&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-024-54152-x&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-024-54152-x&domain=pdf
mailto:a.demendozasoler@qmul.ac.uk
mailto:ralf@hku.hk
www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-024-54152-x

their abundance lead to the loss of self-renewal and pluripotency®>.
Sox2, Oct4, and other factors have been described as “Pioneer” TFs,
capable of binding their target motifs even in closed chromatin and to
DNA wrapped around a nucleosome*”’. Pioneering TFs are critical to
direct cell fate transitions during embryonic development including
the zygotic genome activation that precedes the formation of plur-
ipotent stem cells® . To open up chromatin and regulate genes, Sox2
and all other Sox family members encode a conserved 79-amino-acid-
long high mobility group (HMG) box domain that mediates sequence-
specific binding to and bending at CATTGT-like DNA sequences>".

Previous phylogenetic reconstructions showed that the Sox clade
lacked any reliable non-metazoan HMG box sequences. Therefore, Sox
genes were considered a unique animal-specific sub-family within the
broader HMG class'* ¢, At the onset of metazoan radiation, Sox genes
expanded into five major paralogous families: SoxB-F". As cnidarians,
sponges and placozoans harbor neurogenic, pluripotent or peptider-
gic stem cell populations that express Sox2 orthologues (SoxB group
members), likely, the association of SoxB genes with stemness evolved
early in animals?® %, Given that stem cells across animals might not be
homologous, it is also possible that SoxB members possess biochem-
ical features that make them more likely to be convergently deployed
in stem cell regulation across lineages. The level of functional con-
servation of Sox members across different animal lineages is currently
not well understood.

The role of Sox2 in mammalian pluripotent stem cells is tied to
its ability to form DNA-dependent heterodimers with Pit-Oct-Unc
(POU) family factors such as Oct4>**%, The degree of Sox2/Oct4
cooperativity is key for pioneer binding in naive epiblast cells of day
4.5 mouse embryos” and determines the quality and developmental
potential of pluripotent stem cells across mammalian species®. The
heterodimerization between Sox2 and Oct4 is also essential for the
generation of induced pluripotent stem cells (iPSCs) during somatic
cell reprogramming conventionally driven by the four-factor Yama-
naka cocktail Sox2, Oct4, KIf4 and c-Myc”. Only Sox2 and other SoxB
members can induce pluripotency in vertebrates as part of this
cocktail, whilst Sox factors from the SoxC, D, E and F families
cannot’*% If the Sox2/Oct4 partnership is disrupted with mutations,
iPSC generation fails®**”>, POU factors are characterized by the
presence of a POU-specific domain and a POU homeodomain con-
nected by a flexible linker that jointly bind the ATGCAAAT sequence
(known as the Octamer)™. POU factors form six families (POUL, 2, 3,
4,5 and 6), where POU5/Oct4 is a vertebrate-specific duplication of a
POU3 member®. POU factors were also assumed to be an animal-
specific invention'*¢™,

In this work, we re-examine the evolutionary origins of Sox and
POU transcription factors by focusing on unicellular relatives of ani-
mals. We find orthologs of these transcription factors in previously
uncharted choanoflagellates and filastereans. Since these species are
unicellular, they do not form stem cells. We show that choanoflagellate
Sox is capable of inducing pluripotency in mouse somatic cells. In
contrast, choanoflagellate POU binds DNA motifs distinct from animal
homologs and cannot induce pluripotency. We propose that the Sox/
POU partnership could have emerged early during animal evolution
and was likely driven via molecular exaptation of the previously
established Sox-POU-DNA dimerization and binding capacities. Our
findings foster our understanding of the molecular evolution of Sox/
POU, which we hypothesize could have been critical for the advent of
stem cells and animal multicellularity.

Results

Unicellular holozoans possess Sox genes that bind DNA like Sox2
To re-evaluate the evolutionary history of Sox genes, we searched for
Sox orthologs in the recently generated genomic and transcriptomic
datasets from various single-celled outgroups of animals that, together
with animals, are part of the clade Holozoa****** (Fig. 1a). We found

Sox-like HMG box sequences in the genomes of the filastereans -
Pigoraptor vietnamica (Pvie) and Pigoraptor chileana (Pchi) and in the
transcriptomes of the choanoflagellates Mylnosiga fluctuans (Myflu)
and Salpingoeca helianthica (Salhel). To validate these hits, we inferred
a maximum-likelihood (ML) phylogenetic tree and found that the Pvie,
Pchi, Myflu, and Salhel Sox-HMG sequences form a sister clade to ani-
mal Sox genes (Fig. 1b, Supplementary Fig. 1). Sox-like hits from other
choanoflagellates present longer unstable branches, outside the Sox
main clade. This suggests that Sox genes originated before the last
common ancestor of multicellular animals, while many unicellular
holozoans have secondarily lost their Sox or retained degenerate Sox-
like sequences lacking Sox hallmarks such as Tyr72 (Fig. 1c).

Importantly, all of the amino acids that are key for the sequence-
specific base readout in modern Sox proteins are also conserved within
Puvie, Pchi, Myflu, and Salhel Sox-HMG (Fig. 1c, d, Supplementary
Fig. 2a), suggesting that unicellular Sox could bind the same DNA
motifs as their mammalian counterparts. Regions outside the HMG are
not evolutionary conserved, cannot be modeled with high confidence,
and are therefore likely structurally disordered (Fig. 1e). To test DNA
binding, we selected representative unicellular holozoan Sox sequen-
ces from a filasterean (Sox*") and a choanoflagellates (Sox-I5"") as
well as two choanoflagellate sequences from the Sox-like (SoxL)
branch Monsiga brevicolis (SoxLM™) and Salpingoeca rosetta
(SoxL%), We purified HMG domains of holozoan Sox and performed
a specificity-by-sequencing (Spec-seq*’) experiment that quantitatively
interrogates sequence specificity to the Sox binding motif. We found
that the Sox™" and Sox-I*"! proteins exhibit a sequence specificity
indistinguishable from mouse Sox2 (Fig. 1f, Supplementary Fig. 2b-d),
which we also confirmed with electrophoretic mobility shift assays
(EMSAs) (Fig. 1g, h). Unicellular holozoan Sox proteins bind DNA with
nanomolar affinity, indicating that target DNA binding is highly specific
(Fig. 1h, Supplementary Fig. 2e). In contrast, SoxLM"" could not bind
the Sox DNA and SoxL%™ showed a substantially reduced affinity
(Fig. 1i, Supplementary Fig. 2e). Of note, these choanoflagellate Sox-
like proteins could be purified with high yield and purity comparable
to the Sox (Supplementary Fig. 2f). As a control, we also tested the
HMG box domain from capicua (Cic) which does not belong to the Sox
family, and verified that it strongly prefers binding to its cognate
binding site over the Sox consensus (Supplementary Fig. 2g, h). Col-
lectively, unicellular holozoans encode proteins with sequence char-
acteristics and biochemical properties that are similar to mammalian
Sox factors and thus represent bona fide Sox.

Choanoflagellate Sox can induce pluripotency in mouse
somatic cells

Because their biochemical properties are remarkably similar to the
mammalian Sox2 protein, we wondered if unicellular holozoan Sox can
also recapitulate some of the functional activities of mouse Sox2. To
test this hypothesis, we opted to perform induced pluripotent stem
cell (iPSC) generation experiments that critically rely on the ability of
Sox2 to direct cell fate transitions and regulate gene networks leading
to the establishment of pluripotency and stemness®. In a typical iPSC
reprogramming experiment, somatic cells such as fibroblasts are
transduced with the four transgenic Yamanaka factors (Sox2, Oct4,
Klf4, c-Myc, OSKM) and after culturing for 1-2 weeks in embryonic stem
cell culture conditions containing critical growth factors such as LIF,
clusters of iPSC gradually emerge”. Individual colonies are then seri-
ally isolated or ‘picked’ and clonal iPSC lines are established. These
clonal iPSC lines are then subjected to a panel of assays to verify that
they exhibit the hallmarks of pluripotency on a functional and mole-
cular level reminiscent of embryo-derived stem cells (Fig. 2a). We used
primary mouse embryonic fibroblasts with a transgenic Oct4-GFP
reporter (OG2MEF) that gets activated when cells start to acquire a
pluripotent state. GFP-positive cell clusters serve as an initial indicator
for a pluripotent state that requires further validation (Fig. 2a).
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Fig. 1| Unicellular relatives of animals encode Sox transcription factors.

a Phylogeny of holozoans and (b) Reduced phylogenetic tree of animal and uni-
cellular Sox. ¢ Sequence logos representing the High Mobility Group (HMG)
domain of human Sox genes, Sox-like sequences found in unicellular holozoans,
and human TCF/LEF genes. Residues reported to direct DNA and protein interac-
tions are boxed in red and blue, respectively?**. d Structural Models of the Sox2
DNA binding domains (DBD) superimposed with HMG Salpingoeca helianthica
(Salhel), Mylnosiga fluctuans (Myflu), and Pigoraptor chileana (Pchi). e The pre-
dicted protein structure of full-length Salhel Sox-1 by AlphaFold3, with model

298.0nM45.5
1nM Sox motif

5" -GGCGGCGGCATTGTCCGGCGCGCGG-3"

confidence color-coded. f Energy logos derived from Spec-seq using a set of
sequences with one nucleotide difference to the consensus Sox motif (CATTGTT).
g-i Binding of the HMG box DBD with apparent Kd shown as mean+SD (n=
independent experiments) (g) mouse Sox2 (n =4), and Sox17 (n = 3), (h) Salhel Sox-I
(n=3) and Pchi Sox (n=5), and (i) Sox-like sequences from Salpingoeca rosetta
(Salro) (The asterisk shows the lane with 250 nM protein which is the highest
concentration used for Pchi Sox) and Monosiga brevicollis (Monbr) to consensus
Sox DNA (n=3). The silhouettes of the species are sourced from PhyloPic (http://
phylopic.org). Source data and statistics are provided as a Source Data file.

We transduced fibroblasts with transgenes encoding the OSKM
factor cocktail via doxycycline-inducible lentiviruses. When using
mouse Sox2, dozens of GFP-positive iPSC colonies emerged in
<2 weeks in a typical experiment. When Sox2 is omitted and replaced
by mCherry or the non-Sox HMG box factor Cic, pluripotency
reprogramming is derailed and Oct4-GFP positive colonies cannot be
detected (Supplementary Fig. 3a, b). Likewise, when Sox2 is replaced
with its paralog Sox17 (member of SoxF family) pluripotency repro-
gramming fails® > (Fig. 2b, c). To evaluate the capacity of unicellular
holozoan Sox to induce pluripotency, we used four choanoflagellate
Sox (Salhel-Sox-1, Salhel-Sox-ll, Myflu-Sox-I, Myflu-Sox-I[) and two
choanoflagellate Sox-like factors (SoxLM"™" and SoxL%™). We also
generated chimeric Salhel-I and Pchi constructs, in which their
respective HMG box domains were flanked by the N- and C-terminal
tails of mouse Sox2 (Chimeric-Sox-I""! and Chimeric-Sox™",

Supplementary Fig. 3c), as a way to test if the differences in plur-
ipotency induction depend on regions beyond the DNA binding
domain. SoxLM"" never generated GFP-positive cell clusters (Sup-
plementary Fig. 3d). Chimeric-Sox™" (Fig. 2b) and SoxL%™* (Sup-
plementary Fig. 3d) occasionally generated cell clusters with weak
GFP-positive signals. However, these GFP-positive cells could not be
maintained beyond two passages. Upon isolation, these cells
underwent differentiation, and the GFP signal gradually faded away,
indicating an incomplete reprogramming and the inability to self-
renew. By contrast, all four choanoflagellate Sox and the chimeric-
Sox-I"  reproducibly generated Oct4-GFP positive colonies
(Fig. 2b, c). iPSCs could also be generated with mouse embryonic
fibroblasts from another mouse genetic background where a GFP
reporter is controlled by the Sox2 promoter instead of an Oct4
promoter (Fig. 2d).
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Using RT-qPCR, we demonstrated that endogenous Sox2 is absent
in the starting MEFs as well as during early and intermediate stages of
reprogramming and only gets activated by the time Oct4-GFP positive
pluripotent colonies appear (Supplementary Fig. 4a). This verifies that
iPSC generation is driven by exogenously provided Sox factors. The
identity of the poorly conserved and structurally disordered N/C-
terminal flanks has only a minor effect on reprogramming activity as
the full-length Sox-IF*™' as well as the chimeric Sox-IF"" with Sox2
flanks, support iPSC generation (Fig. 2b). Likewise, the reciprocal chi-
meric constructs consisting of the mouse Sox2 HMG domain flanked
by N/C-termini of Salhel-I or Salhel-Il can induce pluripotency (Sup-
plementary Fig. 4b, c). Whilst the identity of the flanks appears inter-
changeable despite the lack of sequence conservation and detectable

iPSC reporgramming efficiency

6 1 2 3 (Normalized to mSox2)
# Expts with GFP* colonies

Salhel-Sox-Il Myflu-Sox-|

structured domains, completely removing the flanks is detrimental as
the isolated HMG domain of Sox2 fails to reprogram (Supplementary
Fig. 4b, ¢)*°.

To establish clonal iPSC lines for the validation of stemness and
pluripotency, we serially isolated (‘picked’) cells from individual GFP-
positive colonies in three successive rounds (Supplementary Fig. 5a)
and verified the identity of exogenous Sox factors by genotyping
(Supplementary Fig. 5b). These clonal iPSC lines displayed comparable
self-renewal capacity to iPSCs reprogrammed by mouse Sox2, as they
could be maintained for over 15 passages (Supplementary Fig. 5c) and
express pluripotency markers such as Nanog at both the transcript
(Supplementary Fig. 5d) and protein level (Fig. 2e). To verify the
pluripotency of clonal iPSC lines obtained with choanoflagellate Sox in

Nature Communications | (2024)15:9868


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-024-54152-x

Fig. 2 | Choanoflagellate Sox can induce pluripotency in mammalian cells.

a Schematic illustration of the procedure of mouse induced pluripotent stem cell
(iPSC) reprogramming from mouse embryonic fibroblasts (MEFs) carrying an Oct4-
GFP reporter (OG2MEFs) and the establishment of clonal iPSC line for pluripotency
validation. b Representative microscope images show iPSC colonies generated by
mSox2 and Sox factors of Choanoflagellates on reprogramming day 14. Scale bar,
80pum. Chimeric-Salhel-I1 (Chimeric-Salhel-Sox-1), HMG of Salhel-Sox-I fused with
mSox2 NTD and CTD; Salhel-Sox-l, full-length Salhel Sox-I; Salhel-Sox-II, full-length
Salhel Sox-1I; Myflu-Sox-l, full-length Myflu Sox-I; Myflu-Sox-1I, full-length Myflu Sox-
1I. ¢ Quantification of iPSC reprogramming efficiency by Sox variants. The heatmap
depicts the number of experiments with observation of GFP-positive colonies, with
the red frame highlighting the ability of the variants to produce iPSCs with con-
firmed pluripotency through the establishment of stable clonal iPSC lines. Chim-
Salhel-I, Chimeric-Salhel-Sox-I; Chim-Pchi, Chimeric-Pchi-Sox. The box plot shows
the reprogramming efficiency of Sox variants normalized by the number of iPSC
colonies generated by mSox2. (n =7 technical replicates in total, 2 biological
replicates each with 2 technical replicates and 1 biological replicates including 3

technical replicates). The box displays the interquartile range, with the left edge
representing the lower quartile (25th percentile) and the right edge indicating the
upper quartile (75th percentile). The median value is shown as a line splitting the
box. The silhouettes of the species are sourced from PhyloPic (http://phylopic.org).
d Representative images of iPSC colonies derived from MEFs carrying a Sox2-GFP
reporter on reprogramming day 14. Scale bar, 80 pm. e Expression of pluripotency
markers of clonal iPSC lines derived by choanoflagellate Sox examined by immu-
nocytochemistry staining. Scale bar, 40pum. f Inmunocytochemistry of differ-
entiated iPSC lines stained for markers of the 3 germ layers: Class Ill beta-tubulin
(Tujl), Forkhead box protein A2 (FoxA2), a-smooth muscle actin (SMA). Scale bar,
40 pm. g Chimeric mice generated from full-length Salhel-Sox-I iPSC lines dis-
playing black coat patches and eyes (indicated by arrows) representing their iPSC
origin, in contrast to the wildtype mouse exhibiting a white coat and red eyes. The
illustration for (a) was created in BioRender. Gao, Y. (2022) BioRender.com/
721g065. d n=2 replicates; (e, f) n=3 replicates. Source data and statistics are
provided as a Source Data file.

vitro, LIF was withdrawn, and cells were cultured in non-adherent
conditions (Methods) initiating spontaneous differentiation into cell
lineages representing all three germ layers (Fig. 2f). To verify the
pluripotency of our iPSC lines in vivo, we microinjected the cells into
blastocyst-stage mouse embryos which were then transplanted into
pseudopregnant mice. The live offspring exhibited clear chimerism,
characterized by patches of black coat and black eyes from the iPSC
donor’s genetic background which highlighted the developmental
potential of iPSC lines generated with choanoflagellate Sox in vivo
(Fig. 2g). Altogether, choanoflagellate Sox can replace Sox2 in somatic
cell reprogramming to iPSCs and induce self-renewing pluripotent
stem cells. This demonstrates that choanoflagellate Sox possesses all
the molecular features necessary to act as a pioneer factor and induce
stemness in the context of a mammalian cell.

Choanoflagellate Sox can cooperate with mammalian

Oct4 on DNA

In mammalian pluripotent stem cells and during iPSC reprogramming,
Sox2 partners with Oct4 on a composite binding site termed canonical
SoxOct element with juxtaposed Sox (CATTGTC) and Oct (Octamer:
ATGCAAAT) half sites (Fig. 3a)>”*¢*%, The composite SoxOct DNA
element is found in the regulatory enhancer DNA of many pluripotency
genes and supports the DNA-dependent heterodimerization of Sox2
and Oct4*?****’_In vitro, dimerization can be measured using gel shift
assays that separate free DNA, Sox-bound, POU-bound, and dimeri-
cally bound DNA followed by calculation of cooperativity factors that
use the relative fractional contributions of the four DNA states as
input*~° (Supplementary Fig. 6a, b). Given the intimate association of
Sox2 and Oct4 in stemness induction, we wondered whether and how
holozoan Sox dimerize with mouse Oct4. In control experiments, we
verified that mouse Sox2/Oct4 forms dimers on canonical SoxOct DNA
probes (Fig. 3a). Intriguingly, both Sox-I’" and Sox*" could hetero-
dimerize with Oct4 on the canonical SoxOct element but Sox-I5"" does
so more effectively with higher cooperativity than Sox™" (Fig. 3b, c,
Supplementary Fig. 6c).

Since Oct4 is a POUS member, a family only found in vertebrates®,
we also tested dimerization of the Sox factors with the mouse POU3
factor Brn2. POU3 is the sister group to POUS, and POU3 factors are
found across invertebrates including sponges. Particularly, Brn2 is
expressed in mammalian multipotent neural stem cells where it can
partner with Sox2°*, Sox-I®"! dimerizes with mouse Brn2 on cano-
nical SoxOct DNA with positive cooperativity indistinguishable from
Sox2 (Fig. 3d-g). In contrast, Sox™" shows weak dimerization with
cooperativity < 1. Since POU3 factors are ancestral in animals, a SoxB/
POUS3 partnership may have evolved earlier than the prominent SoxB/
POUS dimer we see in vertebrates, and might even occur in non-
bilaterian animals.

To investigate the structural basis that might underlie differences
between Sox-I*"! and Sox™" to partner up with Oct4 and related POU
proteins, we next compared structural models of Sox/Oct4 dimers for
the Sox factors (Fig. 3h, i). We selected three amino acids for rational
mutagenesis taking into account (i) amino acids previously found to
affect dimerization and function and (ii) amino acids that differ
between Sox factors that can induce pluripotency and those that
cannot******° (Fig. 3h, i). One of the amino acids that determines Oct4
interactions and the ability to induce pluripotency is located at posi-
tion 57 of the HMG box. iPSC reprogramming incompetent Sox17
encodes a glutamic acid at this position and Sox2 a lysine. A Sox2
Lys57Glu (Sox2KE) mutation disrupts the ability of Sox2 to dimerise
with Oct4 and to induce pluripotency®. Likewise, mutating position 57
in Sox-I"! into a glutamic acid impairs the ability of mutant Sox-I5h
to generate iPSCs (Supplementary Fig. 7a, b). Conversely, replacing
two interface amino acids at positions 61 and 64 of Sox™ with
their counterparts found in mouse Sox2 re-engineers a gain-of-
function Sox-I"" double mutant that is now capable of inducing
pluripotency (Supplementary Fig. 7b-h, Supplementary Fig. 8). We
conclude that the cooperative dimerization of Sox-I"! with Oct4 on
DNA sequence signatures found in pluripotency enhancers is key for
its ability to induce stemness in mice. The ability to induce stemness of
holozoan Sox correlates with their ability to cooperate with mamma-
lian Oct4 on the canonical SoxOct element.

Ancestral Sox proteins can function as pluripotency inducer

in mice

To understand how the amino acid positions that mediate the
interaction between Sox and Oct4 and DNA evolved, we performed
ancestral sequence reconstruction (ASR) which uses an alignment, a
phylogenetic tree, and a probabilistic model of sequence evolution
to infer the maximum a posteriori (MAP) sequences (the best esti-
mates of the ancestral states) of ancestral proteins™. We first used the
ML phylogeny, inferred the posterior probabilities and MAP
sequences of ancestral Sox proteins at key evolutionary nodes,
including the last common ancestor of animals and unicellular Sox
sequences, as well as shallower ancestors at the base of major Sox
clades (Fig. 4a, Supplementary Fig. 9a, b). All these sequences pos-
sess the signature amino acids that mediate the base-readout of the
Sox DNA element (RS, F10, R18, N30, S34, W41, Y72) (Fig. 4b)*. In this
set of inferred ancestors, all ancestral nodes along the trajectory
from our deepest ancestor to the SoxB lineage contain K57. Residue
57 is one of the critical determinants for pluripotency induction and
maintenance’®****"" as well as the dimerization with Oct4"***%35,
Only the ancestral SOxCEF node (and its descendants) encodes E57
which is detrimental to the induction and maintenance of stemness
(Fig. 4b)>*,
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Fig. 3 | Choanoflagellate Sox can partner with Oct4 (POU5) and Brn2 (POU3) on
DNA elements found in mammalian pluripotency enhancers. a-f Heterodimer
EMSAs with 50 or 100 nM Cy5 labeled canonical SoxOct DNA elements to monitor
the heterodimer formation of POU factors (a-c) 150-190 nM mOct4 or (d-f) 50 nM
mBrn2 with Sox factors - (a-d) mSox2 (a-e) Salhel Sox-I or (c—f) Pchi Sox HMG. POU
factors are kept at a constant concentration indicated by + signs, triangles indicate
different concentrations of Sox with the highest concentration indicated, and -
sign indicates absences of either Sox or POU or both for controls. g Quantifications
of heterodimer EMSAs and calculation of cooperativity factors according to (Ng
et al. 2012) with the y axis depicted in loglO scale (mean + SEM) with n=

Nanog locus with SoxOct motif

independent experiments. Oc4/Sox2 (n = 4), Oc4/Pchi Sox (n = 3), Oct4/Salhel Sox-I
(n=4) and Brn2 with Sox2, Pchi Sox and Salhel Sox-I (n = 3). Adjusted p-values are
shown and were determined from a Games-Howell test with a 0.95 confidence
interval after Bartlett test of homogeneity for each dataset (mOct4 - p = 2.06E-08,
mBrn2 p =0.003637) and Kruskal-Wallis test(One-way). h, i Structural models of
heterodimer complexes on canonical SoxOct motifs of (f) Salhel Sox-l HMG-mOct4
POU complex or (g) Pchi Sox HMG-mOct4 POU complex highlighting differences at
the heterodimer interface (i.e. positions 57, 61 and 64 previously predicted to
impact dimer formation). Source data and statistics are provided as a Source
Data file.

We next synthesized ancestral Sox HMG domains derived from
this tree flanked by N- and C-terminal tails of Sox2 to perform iPSC
generation assays (Supplementary Fig. 9¢). We discovered that all
ancestral nodes along the evolutionary trajectory leading to Sox2 are
capable of pluripotency induction (Fig. 4c, d). Solely, the branch
leading to SoxCEF families lost this capacity most likely due to the
substitution of lysine 57 with glutamic acid.

In the ML phylogeny, the choanoflagellate Myflu, and Salhel Sox-
HMG sequences form a monophyletic clade with the filasterean Pvie
and Pchi sequences but not with other choanoflagellate sequences.
This gene tree topology deviates from the expected holozoan species
tree, and would imply either incomplete lineage sorting or additional
gene duplications and recurrent differential losses in holozoans. We
therefore also performed constrained tree (CT) searches, ensuring all
Sox/Sox-like sequences followed the holozoan species tree topology.
This constraint resulted in somewhat unstable tree searches, yielding
5 subtly different topologies with slightly lower likelihoods than our
original ML tree. However, none of these trees were rejected by the
approximately unbiased (AU) test*® (Supplementary Fig. 10), implying
that our constraint is not ruled out by the data and that Sox-like
sequences might be divergent Sox genes that in our original ML tree
branch as sister to the rest due to accelerated evolution. We therefore

also performed ASR using these alternative constrained phylogenies
and compared the inferred ancestral Sox sequences (Supplementary
Fig. 11). The inferred ancestral metazoan and holozoan Sox sequences
were not identical, but all CT ancestors possessed the signature resi-
dues for Sox DNA element binding. This further suggests that the
ability to recognize the Sox DNA motif predates the origin of animals.
At position 57, four out of five CT ancestors exhibited K57, similar to
the ML ancestors, while one exhibited Q57. As K57, Q57 is expected to
be compatible with pluripotency reprogramming®®. These results
imply that regardless of the exact gene history of these proteins, the
amino acid states required for DNA binding, POU partnership and iPSC
generation were already present before the evolution of animals.

Choanoflagellates encode an atypical POU protein

Since we found that Sox-I*" could interact with mammalian Oct4 on
pluripotency enhancer DNA, we wondered whether POU factors and
the Sox/POU partnership could have evolved before the origin of
animals. In contrast to previous reports, we found high-confidence hits
for Oct4/POU in the choanoflagellate transcriptomes of S. helianthica
and M. fluctuans, the same species encoding Sox genes, while being
absent from the rest of the 20 available choanoflagellates. Choano-
flagellate POU factors similarly to their metazoan homologs, contain a
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b Sequence alignment showing selected key residues of the ancestral Sox HMG
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57, which is critical for the selective pairing with Oct4*>. ¢ Representative micro-
scope images of iPSC colonies on day 14. Scale bar, 80 um. d Quantification of iPSC
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reprogramming efficiency normalized to the colony numbers of mSox2 on day 14
(n =5 technical replicates in total, including 2 biological replicates each with 2
technical replicates and 1 biological replicates). The box displays the interquartile
range, with the left edge representing the lower quartile (25th percentile) and the
right edge indicating the upper quartile (75th percentile). The median value is
shown as a line splitting the box. Source data and statistics are provided as a Source
Data file.

bipartite domain composed of a POU-specific domain (POUs) and a
POU-homeodomain (POUyp, Fig. 5a, Supplementary Fig. 12). These
choanoflagellate POU homeodomains branch as a sister group to
metazoan POU members in a phylogeny encompassing all home-
odomains (TALE and non-TALE) across holozoans (Fig. 5a), implying
that this is not a convergent acquisition of a similar domain archi-
tecture in choanoflagellate sequences. Using a focused phylogeny
including the POU-specific domain alongside the homeodomain, we
could recover the previously defined major POU families (1, 2, 3/5, 4, 6,
Supplementary Fig. 13a). When adding few closer outgroups (LHX, SIX,
ONECUT) choanoflagellate POU sequences clustered with orphan
sponge POU genes nested within the POU lineage (Supplementary
Fig. 13b). This confirms the allegiance of choanoflagellate POU to
metazoan POU yet does not place them within any of the families
present in the last common ancestor of animals (POUL, 6, and 3).

The POUS#™ and POUM™ show deep conservation at several key
positions in the POU-specific domain, in particular at helix three
involved in sequence-specific DNA recognition via the major groove
(i.e. Q44, T45, and R49 of the POUs) (Fig. 5b, Supplementary Fig. 12).
Oct4 and other members of the POU family bind the 8 base pair
ATGCAAAT octamer motif in a monomeric binding configuration
whereby the POU-specific domain bind the ATGC and the POU-
homeodomain the AAAT half-sites".

To test the DNA binding specificity of POUS™, we performed
EMSA titrations to the canonical Oct4 octamer motif with mouse Oct4
and POUS™., Interestingly, whereas Oct4 binds this DNA with a binding
constant of ~-17 nM and a distinct monomeric band, POUS" binds the
octamer with lower affinity and diffuse shifts (Fig. 5c). This observation
suggested that POUS™ prefers to bind different DNA motifs. Indeed,

Spec-seq and HT-SELEX analysis revealed that POU%" has no pre-
ference for the octamer (Fig. 5d-f). Rather, POUS binds TAAT-like
motifs characteristic of most other homeodomain factors®'. One of the
reasons for this binding mode could be the lack of C50 conserved
within and characteristic for the POUyp of animal POU factors that is
substituted by a Q50 in choanoflagellate POU (Fig. 5b). Q50 is directing
DNA base readout and is present in many ‘non-POU” homeodomains®*
Since the interaction of Oct4 and Sox requires the presence of the
composite SoxOct motif of which the octamer motif is an essential
component, these findings suggest that pre-animal POU may not yet
have evolved the capacity to engage with Sox proteins on enhancer
signatures of pluripotency genes. We, therefore, tested the ability of
POUS™ and POUM™ to induce stemness in mouse fibroblasts and, as
expected, found that both factors are incompetent for pluripotency
reprogramming (Fig. 5g, h). Collectively, the POU domain emerged
earlier than previously thought before the last common ancestor of
animals and choanoflagellates. Yet, unicellular POU factors, and pre-
sumably pre-animal POU factors, possess unique biochemical char-
acteristics distinct from their animal counterparts.

Discussion

In this study, we show that Sox and POU, two of the most important TF
families associated with mammalian pluripotency, emerged before the
origin of animals, pre-dating stem cells in their multicellular context
(Fig. 6). Sox and POU factors are therefore older than previously
thought. The somatic cell reprogramming of mouse fibroblasts into
iPSC requires Sox proteins to bind and open closed chromatin’»*".
Their molecular capacity to bind, deform, and open up closed chro-
matin as pioneer factors might have primed Sox proteins for being
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Fig. 5 | Salhel POU cannot induce pluripotency and is unable to bind

octamer DNA. a Phylogenetic tree of holozoan homeodomains with a focus on
POU branches. b Sequence logos of signature amino acids representing the
bipartite POU domain of mouse and unicellular POU sequences. Residues reported
to be relevant to DNA binding are boxed®’. ¢ Binding of the POU of mOct4 and
Salhel to consensus Octamer DNA (n = 3 independent experiments). d Energy logos
derived from Spec-seq using a set of sequences with one nucleotide difference to
the consensus Octamer motif (ATGCTAAT). e Correlation scatter plots of the
relative binding affinities of mOct4 versus Salhel POU for all 705 sequences tested.
R =Pearson’s correlation coefficient. The color indicates the residual score from the

correlation line. f Top enriched motifs from high throughput-SELEX (3rd Cycle) for
mOct4 and Salhel POU. g Whole well scan and representative microscopy images of
generated iPSCs with activated GFP expression on reprogramming day 14. Scale
bar, 80 pm. h Quantification of iPSC reprogramming efficiency of choanoflagellate
POU factors normalized to the colony numbers of mOct4 on day 14 (n=6, 3 bio-
logical replicates each with 2 technical replicates). The box displays the inter-
quartile range, with the left edge representing the lower quartile (25th percentile)
and the right edge indicating the upper quartile (75th percentile). The median value
is shown as a line splitting the box. Source data and statistics are provided as a
Source Data file.

deployed as regulators of diverse stem cells across animals*>?". It will
be of interest to test with direct data from early branching animal
lineages whether this pioneering activity is widespread across extant
lineages. Our data show that many of the biochemical features of
mammalian SoxB factors can be found in unicellular holozoans and the
reconstructed sequences predating the last common ancestor of ani-
mals. We propose that these features might have facilitated Sox

co-option into gene regulatory networks of stem cells. In unicellular
holozoans, a regulatory role of Sox factors in driving cell fate con-
versions might be less critical, which could explain the pattern of
rampant loss of bona fide Sox across the surveyed taxa (Fig. 6a). Yet,
with the appearance of animals, Sox factors are retained across all
extant lineages indicating functional essentiality. Since many uni-
cellular holozoan species we surveyed are transcriptomes or draft
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pluripotency regulatory network (Myc, Sox, POU, KIf4 and Nanog), with molecular
changes acquired along the evolutionary tree. On top, the proposed model for the
evolutionary innovation from pre-metazoans to vertebrates where POU factors
became binders for the new octameric POU DNA motif which made them capable
of the DNA-dependent heterodimer formation Sox.

genomes, higher-quality genomes from unicellular holozoans might
reveal Sox or POU sequences in more species. More broadly, our study
shows that no single extant species can be used as the only repre-
sentative outgroup of animals®. Frequent gene loss and millions of
years of independent adaptation resulted in a mosaic of ancestral and
derived traits in extant unicellular holozoans, beautifully exemplified
by the patchy distribution of these critical TFs. Even so, the remarkable
conservation of function and the striking capacity of a unicellular Sox
to direct iPSC induction in mammals shows how the complexity of
multicellular gene regulation has deep roots in our unicellular
ancestry.

The Sox family underwent several rounds of duplications in
animals”. Some newly emerging families might have lost some of their
ancestral characteristics exemplified by the appearance of plur-
ipotency incompetent ancestral sequences of SoxC/E/F classes
(Fig. 4a, b). We propose that the introduction of E57 was a critical step
for the gene family expansion of animal Sox as it allowed SoxC/E/F
members to diversify their partners and DNA targets, allowing non-
overlapping regulatory networks. SoxB factors retain K57 across ani-
mals, which we speculate might be critical for SoxB to function in stem
cells in cnidarians, sponges, ctenophores, placozoans and bilaterians,
including planarian neoblasts'®?°"*>¢*, Whilst the conservation of a key
roles of SoxB across animals stem cells remain to be further examined,
there is cumulating evidence for a widespread use of this factors as
stem cell regulators in non-bilaterian animals. Two demosponge spe-
cies express SoxB in the assumed pluripotent stem cell in this lineage,
the archeocytes"®“®, The cnidarian Hydractinia symbiolongicarpus
expresses a SoxB paralogue in the i-cells, the adult pluripotent stem
cells in hydrozoans. However, not all SoxB expressing cnidarian stem

cells are pluripotent, for example in the hydrozoan Hydractinia and the
anthozoan Nematostella vectensis, SoxB factors are crucial in the spe-
cification of neural progenitors®’. Still, in Nematostella, a SoxC factor
is upstream to a SoxB (SoxB2a) in the cascade of differentiation that
leads to neural progenitors, highlighting that SoxB-characteristics
might be useful but not indispensable for stem cell maintenance®.
Another Nematostella SoxB (SoxB(2)) is a marker of adult stem cells®.
In placozoans, the peptidergic progenitor cells also express a combi-
nation of SoxB and SoxC?. In the future, the link between Sox and stem
cells in non-bilaterian animals will require mechanistic approaches to
determine the contribution of these TFs to stem cell maintenance. A
systematic analysis of the biochemical properties of SoxB factors
across extant animals and the evaluation of their capacities to act as
reprogramming factors would clarify if there is a continuity and con-
servation of the activities we observed for Choanoflagellate Sox and
ancestrally reconstructed Sox factors.

Since the emergence of Sox pre-dates the origin of stem cells, the
remaining question is when and how a Sox-driven stem cell gene
regulatory network evolved in animals. Our data shows that choa-
nozoan Sox interacts with Oct4 in vitro, making POU an attractive
candidate whose evolution could have aided the emergence of stem
cell networks. Unicellular POUs seem to behave quite differently from
their animal counterparts, as they bind different DNA motifs and
consequently cannot induce mouse pluripotent stem cells, even in the
presence of Sox2. Choanoflagellate POU binds to a typical Home-
odomain motif, a motif shared by many other homeodomains
including PRD, ANTP or LIM classes not belonging to the POU class®.
Animal POU factors gained a new binding motif: the ATGCAAAT
octamer. However, the association of POU with animal stem cells is less
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clear-cut than for Sox. Specifically, Oct4 (POUS) evolved as a
vertebrate-specific paralogue of POU3*** (Fig. 6b). Thus Oct4 is not a
general animal pluripotency marker. Oct4’s ability to regulate plur-
ipotency in vertebrates is tied to its capacity to dimerize and cooperate
with Sox2. In fish, dimers of Sox2 and Oct4 orthologues drive the
zygotic genome activation indicating the conservation of this part-
nership across vertebrates®’. Sox2 can also interact with other POU
members including more deeply conserved POU3****, POU3 are
already present in sponges - the earliest branching animal (Supple-
mentary Fig. 13). Insect SoxB functionally interacts with POU factors
suggesting a deep conservation of this partnership’®’". Thus, given the
capacity of a choanoflagellate Sox to interact with the POU3 factor
Brn2 (Fig. 3e, g), analogous partnerships between Sox and octamer
binding POU members might have been important for the evolution of
stem cell regulatory networks (Fig. 6b). Potentially supporting this
claim, a member of the POU family plays an important role in estab-
lishing adult pluripotent stem cells in the cnidarian Hydractinia
symbiolongicarpus’™. But data from other non-bilaterians would be
needed to determine if POU factors are frequently involved in stem
cells across various lineages or if this represents a convergent
deployment of POU to stem cells in this specific cnidarian clade. In the
future, comprehensive analysis of POU and Sox interactions in extant
non-bilaterians will be necessary to further test this hypothesis. This
potential gain of complexity of TF interactions would be consistent
with evolutionary trends described for other structurally distinct TF
families such as bZIP. TF heterodimerization networks increase in the
advent of animal multicellularity increasing regulatory complexity
through cooperative binding to composite DNA motifs’. Alternatively,
Sox and POU factors might have been convergently deployed in stem
cells across divergent lineages, sometimes as dimers, and sometimes
just Sox members.

This is reminiscent to the case of Myc, a bHLH TF also important
for mammalian pluripotency (c-Myc). Myc and its heterodimer part-
ners, including Max, originate in unicellular holozoans, where they are
suggested to be involved in ribosome biogenesis””’* (Fig. 6b). Thus, it is
likely that Myc regulates an ancestral gene module important for cell
proliferation (e.g. ribosome and protein production), that either was
important in early stem cells or was regularly co-opted into pro-
liferative stem cells. However, it is noteworthy that Myc has gained new
functions across animal evolution, such as apoptosis regulation in
vertebrates”. In vertebrates, through the innovation of Oct4 and
Nanog, alongside the potentially ‘ancient’ Sox2 a conserved plur-
ipotency regulatory network was established*’. A precise under-
standing of how these ancestral regulatory networks evolved, from the
hierarchy of these TFs in building stem cells to the batteries of
potentially conserved downstream targets, will allow to disentangle
cell type and TF factor evolution. Yet, our data clearly shows that two
of the main gene families involved in vertebrate pluripotency and key
developmental genes across animals were already present before the
origins of multicellularity. Eventually, their biochemical capabilities
were exapted to build one of the defining cell types of a complex
multicellular entity.

Methods

Ethical approvals

The animal study protocols were approved by and conducted in
compliance with the Committee on the Use of Live Animals in Teaching
and Research (CULTAR Ref. No.: 22-276) at the University of Hong
Kong and the Animals (Control of Experiments) Ordinance of
Hong Kong.

Generation of chimeric mouse from choanoflagellate Sox iPSCs
OG2MEF cells were derived from day 13.5 embryos of OG2 mice
(Jackson Laboratory, no. 004654), following the preparation protocol
described previously in ref. 53. Clonal iPSCs derived from OG2MEF

(derived from C57BL/6] strain with black coat color) reprogrammed
by full-length Salhel-Sox-1 were cultured in 2i/LIF medium on gelatin-
coated plates for 7-10days before harvesting for injection, with
medium change every other day. CD-1 (ICR strain, white coat color)
female mice were euthanized for isolating morula or blastocysts using
a 27 G blunt end needle. These blastocysts were then collected and
incubated in KSOM medium (Sigma-Aldrich, #MR-101-D) until the
injection of iPSCs was performed. On the day of injection, 1 million
cells were prepared to be selected for microinjection into blastocysts.
The injection process took place on a 6 cm plate. Using a laser objec-
tive (XYRCOS, Hamilton Throne), a slit was created on the zona pel-
lucida, following which 8 to 10 selected iPSCs were transferred into
each blastocyst using a microneedle. Following the microinjection
procedure, approximately 25 blastocysts containing the integrated
clonal iPSCs were implanted into pseudopregnant CD-1 mice, where
they would be nurtured and allowed to develop in a conducive envir-
onment. This fostering and breeding stage is critical for the estab-
lishment of chimeric mice derived from the clonal iPSCs, ensuring the
generation of genetically homogenous and robust model organisms
for further experimental investigations.

Sequence search, phylogenetics and ancestral sequence
reconstruction
We used the human Sox2 protein as query for a BLASTP search against
the predicted proteomes of unicellular holozoans, including 22 choa-
noflagellates (20 transcriptomes and 2 genomes), 4 filastereans, 7
ichthyosporeans and Corallochytrium limacisporum, as well as 130 non-
holozoan eukaryotes. Top blast hits had e-values below 1e-19, and bit
scores above 90, which were stronger hits than the best putative hits
previously identified in Monosiga brevicollis (e-value le-11, bitscore
70.9)”. To establish the phylogenetic framework of HMG evolution
and minimize distant outgroups (e.g. non-sequence specific HMG
boxes), we performed a HMMER3 search with the HMG-box domain
(PFO0505, e-value<0.0001) on a select group of species (Homo
sapiens, Drosophila melanogaster, Nematostella vectensis, Amphime-
don queenslandica, Mnemiopsis leydi, Trichoplax adhaerens, Sal-
pingoeca rosetta, Capsaspora owczarzaki) using the --cut_ga threshold
(HMMER3 and PFAM database). We used MAFFT LINS-I for multi-
sequence alignment’®, trimAl with -gappyout parameter for alignment
trimming’®, and then used IQTREE to build a maximum likelihood
phylogeny allowing for model fitting®®. We selected the TCF/LEF,
Maelstrom, Capicua (CIC), BobbySox (BBX) and HBPI clades as closer
outgroups of Sox, discarding more distantly related HMG-box families.
Then, using BLASTP we searched human Sox2 against the pro-
teomes of all the unicellular holozoans, and selected all the hits with an
e-value below e-10. We also included Sox hits from additional sponge
genomes (Oopsacas minuta, Tethya wilhelma, Oscarella carmela, Sycon
ciliatum) and an extra placozoan (Hoilungia hongkongensis) to max-
imize the resolution of early metazoan branching events. The sub-
stitution model selected by ModelFinder®, implemented in IQTREE,
was LG+ G4, with amino acid frequencies taken from the model,
according to the corrected Akaike information criterion. We con-
structed a phylogenetic tree as described above, performing 1000
replicates to obtain SH-like approximate likelihood ratio test (SH-
aLRT)*? and ultrafast bootstrap®® nodal supports. The perturbation
strength (-pers option) was set to 0.2 and the number of unsuccessful
iterations to stop (-nstop option) was set to 500. The tree search was
repeated 10 times with different seeds, and the tree with the highest
likelihood is shown in Supplementary Fig. 1. Transfer bootstrap values
were computed with the Booster®* software using 500 bootstrap trees
computed with RAXML-NG®. For constrained tree search, we gener-
ated a guide tree with the Sox/Sox-like genes following the holozoan
species topology: (Filasteria, (Choanoflagellata, Metazoa)). Polytomies
were applied to all internal branches and to those of the outgroup
sequences. All branch lengths were set to 1.0. The constrained tree
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search was repeated 10 times using same guide tree for all tree sear-
ches and the same parameters as for the ML tree search. The ML and
the five constrained trees with the highest log likelihood values were
subjected to an AU-test’” (implemented into IQ-TREE) using the ori-
ginal multiple-sequence alignment, the substitution model LG+ G4
and 10,000 replicates. Trees with p-AU values > 0.05 were included in
the confidence set of plausible trees that cannot be rejected by the
data, which was the case for all five tested constrained trees.

POU was searched using a similar strategy, human POUSF1

sequence was searched against the BLASTP database including uni-
cellular holozoans and other eukaryotes, only identifying a reliable hit in
Mpylnosiga fluctuans (e-value 1.14e-07). Subsequent reassembly of Sal-
pingoeca helianthica transcriptome (see below) identified another
POUSF1 hit in that species. Protein domain composition containing a
Homeobox (PF00046) and POU (PF00157) domains was validated using
Pfam database®. To place the choanoflagellate POU within the
homeobox phylogeny, we used HMMER3 (e-value < 0.0001) search to
extract all homeobox domain containing proteins present in Homo
sapiens, Drosophila melanogaster, Nematostella vectensis, Amphimedon
queenslandica, Trichoplax adhaerens and Mnemiopsis leidyi, as well as all
holozoan sequences described above. The resulting 756 sequences
were aligned using MAFFT, trimmed uing trimAl, and IQTREE to build
the phylogeny. Another tree was built using the same procedure, but
only focusing on POU members, and using the trimAl -automatedl
parameter, including new sequences from sponges, placozoans and
ctenophores. This tree spanned both the homeobox and POU specific
domains. Additionally, the same alignment including homeobox out-
groups was tested to evaluate the topology of the focused POU phy-
logeny, and using ONECUT, LHX and SIX homeodomains as outgroups,
following previous reports suggesting their relative proximity to POU
and the presence of a structurally analogous domain N-terminal of the
homeodomain.

For ancestral sequence reconstruction of Sox HMG domains,
ancestral gaps were assigned using PastML®” and ancestral sequences
were inferred via IQTREE using the LG + G4 substitution model and
amino acid frequencies taken from the model and contain the states
with the highest posterior probabilities per site.

Sequence re-annotation

Before cloning the HMG-box and POU domains, we validated the
annotations using two strategies. For Pigoraptor chileana sequence, we
extracted the genomic Sox locus, and used Augustus with various
species models to ab initio predict the gene to validate the published
genome annotation®®. For choanoflagellate sequences, we down-
loaded the raw reads in NCBI for Salpingoeca helianthica
(SRR6344974) and Mylnosiga fluctuans (SRR6344975)*, did adapter
trimming using fastp®’, and assembled the transcriptome using Trinity
v2.8.5%°. TBLASTN was used to search for the transcripts encoding the
POU and Sox identified above, and Open Reading Frame curation was
performed using ORFfinder in NCBI.

Sequence feature analysis and visualization

The fasta files of the DNA binding domains of each protein were
obtained from https://www.uniprot.org/ and combined with sequen-
ces of the unicellular Sox or POU. The M-Coffee option of the T-Coffee
Multiple Sequence Alignment server (https:/tcoffee.crg.eu/)” was
used to align all sequences. Then, Jalview (https://www.jalview.org/)"*
was used to color using clustal colors and annotate conservation,
sequence logos. The structure of Sox17 (PDB:3F27) was used to
annotate the Sox alignment while the POU was annotated manually

following®®.

Recombinant DNA
For protein purification, pET28a-mOct4 POU, pETG20a-Sox2 and
pETG20a-Sox17 from®” were used. The Salhel Sox-1 HMG, Pchi Sox

HMG, Salro HMG, Monbr HMG and Cic HMG domains were cloned
into the plasmid pETG20a with a N-terminal His¢-thioredoxin tag and
tobacco etch virus (TEV) cleavage site. The Salhel POU was cloned
into pET28a vector with an N-terminal Hisg tag and thrombin clea-
vage site. For reprogramming tests, pHAGE2-TetO-Oct4 (Addgene,
#136611), pHAGE2-TetO-Sox2 (Addgene, #136612), pHAGE2-TetO-
KIf4 (Addgene, #136613), pHAGE2-TetO-cMyc (Addgene, #136614),
pHAGE2-TetO-mSox17 (Addgene, #206367) and pHAGE2-TetO-
mCherry (Addgene, #136615) were used. All sequences of other fac-
tors were synthesized by Guangzhou IGE Biotechnology and cloned
into the pHAGE2-TetO vector. For EMSAs with full-length proteins,
the sequences were cloned into the pLVTHM-3xflag vector. The
detailed sequences were all included in the Supplementary Data 2. All
plasmid reagents will be made via Addgene or by request upon
publication.

Protein expression

Proteins encoded on pETG20a-Salhel-HMG,-Pchi-HMG -Salro-HMG,
-Monbr-HMG and -Cic-HMG and pET28a-Salhel POU were expressed
and purified as previously described for Oct4, Sox2 and Sox17°**.
Constructs were transformed into Rosetta 2(DE3) chemically compe-
tent cells (Sigma, #71397) and grown overnight (O/N) at 37 °C in 20 mL
Fisher BioReagents™ Miller’s LB Broth (Fisher Scientific, #BP97235),
30 pg/mL chloramphenicol and 100 pg/ml ampicillin (Amp - proteins
in pETG20a) or kanamycin (Kan- proteins in pET28a). The next day, a
10 mL subculture was grown in 1L of LB supplemented with 0.1% glu-
cose with 100 pg/ml of Amp or Kan for pETG20a or pET28a proteins,
respectively. When the OD600 reached 0.6-0.8 (2.5-4 h), then protein
expression was induced with 0.25-0.5 mM isopropyl-b-thiogalactoside
(IPTG) at 18 °C for 18-20 h.

Sox protein purification

pETG20a-Salhel-HMG, -Pchi-HMG -Salro-HMG, -Monbr-HMG and -Cic-
HMG were purified in a similar manner. Cells were harvested, resus-
pended in cold His buffer A (20 mM Tris-HCI pH 8.0, 500 mM Nacl,
30 mM imidazole) and disrupted by ultrasonication on ice (4s on/8s
off) for 5-8 min on. The lysate was cleared by centrifugation and
passed through a 0.22 pm filter. The following steps were all done at
4 °C. The His¢-Thx fusion proteins were captured from the supernatant
using a HisTrap HP 5mL (Cytiva, #17524801) pre-equilibrated with
buffer A and eluted using His buffer B (20 mM Tris-HCI pH 8.0,
500 mM NaCl, 300 mM imidazole). The buffer was changed to SP
buffer A (20 mM Tris-HCI pH 8.0, 100 mM NaCl) using HiPrep 26/10
Desalting column (Cytiva, #17508701). The fusion tag and Sox-HMG
were separated by TEV digestion using a substrate: enzyme ratio of 15:1
(w:w) at 4 °C O/N. The Sox-HMG was purified by ion-exchange chro-
matography using a 1mL HiTrap SP FF (Cytiva, #17505401) pre-
equilibrated with SP buffer A and eluted with a salt gradient (up to 1M
NaCl). Finally, size-exclusion chromatography was performed using a
HiLoad Superdex-75 16/600 column (Cytiva, #28989333) in storage
buffer (20 mM Tris-HCI pH 8.0, 250 mM NacCl). Fractions with desired
protein were pooled, aliquoted, flash frozen and stored at —80 °C.

Salhel POU protein purification

Cells were harvested, resuspended in lysis buffer (100 mM HEPES pH
7.0; 500 mM NaCl; 10 mM Imidazole, 10% Glycerol +[0.5mM TCEP,
0.4 mM PMSF, 50 U/mL Benzonase® Nuclease added fresh from stock])
and incubated for 30 min on ice. The sample was disrupted by ultra-
sonication on ice (4 s on/8 s off) for 5-8 min on. The lysate was cleared
by centrifugation and the supernatant was discarded. The cell pellet
was resuspended in denaturing His Buffer A [20 mM HEPES; 500 mM
NaCl; 10 mM Imidazole; 10% Glycerol; 6 M Urea; pH 7.0] and incubated
at RT with spinning O/N. All steps with 6 M Urea were done at RT. The
mixture was centrifuged, and the supernatant was collected. The His-
tagged proteins in the supernatant were captured using HisTrap HP
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5mL (Cytiva, #17524801) pre-equilibrated with denaturing His Buffer A
and eluted using denaturing His buffer B [20 mM HEPES; 500 mM
NaCl; 300 mM Imidazole; 10% Glycerol; 6 M Urea; pH7.0]. The protein
was then refolded via stepwise dialysis. The elute was concentrated to
10 mL and dialyzed with Slide-A-Lyzer Dialysis Cassette (7 K MWCO,
Thermo Scientific, #66710) in 1L of storage buffer [10 mM HEPES;
100 mM NaCl,10% glycerol, 0.5 mM TCEP; pH =7.0] with 4 M Urea at
RT for 2 h. The sample was then dialyzed at 4 °C to storage buffer with
2 M Urea and twice using storage buffer with without Urea (2 h first and
then O/N). The final protein was concentrated using the centrifugal
units, flash-frozen, and stored at -80 °C.

Electrophoretic mobility shift assay

For purified DNA binding domains. DNA probes (Supplementary
Data 1) with 5-Cy5 or 5’- FAM dyes at the forward strand and unlabeled
reverse strand were mixed, heating to 95 °C followed by gradual cooling
in a thermocycler in annealing buffer (20 mM Tris/HCI, 50 mM MgCl,,
50 mM KClI, pH 8.0) to make stocks of double-stranded DNA probes.
Protein samples and fluorescently labeled DNA were mixed in EMSA
buffer containing (10 mM Tris/HCI pH 8.0, 0.1 mg/mL BSA, 50 uM ZnCl,,
100mM KCI, 10% glycerol, 0.10% Igepal CA630, 2mM b-mercap-
toethanol) and incubated for 1-2 h on ice in the dark. 10 pL of binding
reactions were electrophoresed using the Mini-PROTEAN Tetra cell
(BioRad) for 30-40 min at 200V in the cold room (4 °C) using 12%
native PAGE mini-gels pre-run at 200V for 30 min and 1x TG buffer
(25 mM Tris, 192 mM glycine, pH 8.0). Images were captured using an
Amersham Typhoon 5 Biomolecular Imager and quantified using Ima-
geQuantTL 7.0. Apparent dissociation constants (Kd) were calculated as
described in ref. 31. Cooperativity calculations were performed using
established procedures***>” (Supplementary Fig. 6a, b). Binding affinity
was plotted as Gibbs Free Energy and calculated through
AG°=RTIn(apparent Kd) were R=0.008314 kJ and T =277.15K. Statis-
tics to compare the cooperativity of Sox proteins tested were calculated
with R. First, Bartlett Test of Homogeneity of Variances to evaluate
whether to use parametric or non-parametric test (bartlett.test). Since
there were significant differences in variances found between samples.,
non-parametric tests were used. Kruskal-Wallis test (kruskal.test) and
Games-Howell test (games_howell_test) to calculate adjusted p-values.
The functions are from stats and rstatix R packages.

For full length proteins from mammalian cell extracts. Cell extract
EMSAs were performed as described in refs. 31,53. In brief,
HEK293T cells were used to overexpress the full length proteins of
interest from a pLVTHM-3xflag plasmid. Cells were dissociated with
0.05% trypsin-EDTA and washed twice with DPBS after 72 h of over-
expression. Cell pellets were lysed in lysis buffer (20 mM Hepes-KOH
pH 7.8, 150 mM NaCl, 0.2mM EDTA pH 8.0, 25% glycerol, freshly
added 1mM DTT, cOmplete™ protease inhibitor cocktail (Roche,
#11836145001) using 4x freeze-thaw cycles with liquid nitrogen). The
lysate was centrifuged at 14,000xg at 4°C for 10 min, and the
supernatant which contains the protein of interest was kept. 10 pg of
total protein was subjected to SDS-PAGE and Western blot analysis
using anti-Flag antibody. Protein levels were adjusted based on the
quantification of bands in the blot using cell lysates without exogenous
protein. Reactions with the DNA probe and protein were incubated on
ice in binding buffer (25 mM Hepes-KOH pH 8.0, 50 mM NacCl, 0.5 mM
EDTA, 0.07% Triton X-100, 4 mg/ml BSA, 7mM DTT,10% glycerol).
10 pL of binding reactions were electrophoresed using the PROTEAN®
Il xi cell (BioRad) for 2.5h at 300V in the cold room (4 °C) using 6%
18.5 x 20 cm native PAGE gel pre-run at 300V for 1.5 h in 1 x TG buffer.
Images are acquired with a GE Typhoon 5 Biomolecular Imager.

Specificity by sequencing (Spec-seq)
The experiment was performed essentially as described in refs. 45,93.
DNA libraries (44bp) were designed by flanking the degenerate

sequences of the Octamer motif (ATGCNNNN, ATNNNNAT,
NNNNTAAT) or the Sox motif (CATNNNN and NNNNGTT) with 5
flanking sequence of GAGTCGTCTCGTCAGCAC and 3 flanking
sequence of CCGTAGAGCACTCAGGTC for downstream processing.
The resulting libraries were then made into double-stranded DNA
(dsDNA) using DreamTaq Green PCR Master Mix (Thermo Scientific:
K1081) with the reverse complement primer (GACCTGAGTGCTC-
TACGG). To get rid of single-stranded DNA (ssDNA), 1uL of Exonu-
clease I (New England Biolabs:M0293S) was added to the reaction mix
for 30 min. The dsDNA products were then purified using homemade
Qiagen PNI binding buffer, PCR purification columns (Tiangen), and
eluted in ultrapure water. The respective three Octamer and the two
Sox libraries were combined in equimolar amounts. Binding reactions
were prepared using different concentrations of protein and 250 nM
dsDNA library, in 1x NEB Cutsmart buffer supplemented with 10%
glycerol. The reactions were incubated for 1 h at 4 °C, and then EMSA
was performed. After the EMSA, the gels were stained with 3x GelRed®
stain (Biotium: 41003) for 15 min and visualized. Each band was excised
and the DNA in the gel was extracted in 150 uL PAGE diffusion
buffer 500 mM Ammonium acetate; 10 mM magnesium acetate; 1 mM
EDTA; 0.1 % sodium dodecyl sulfate (SDS), pH 8.0] and purified simi-
larly to the dsDNA libraries. 6 cycles of PCR were performed using
primers containing a unique molecular identifier (UMI) to account
for PCR bias. A second round of PCR (28 cycles) was performed
using primers compatible with Illumina adapter and containing dif-
ferent indexing barcodes (Primers are in Supplementary Data 1).
The resulting PCR products were combined and gel purified twice and
then sent to sequencing using a lllumina NovaSeq 6000 PE150
(Novogene).

Spec-seq data analysis

R packages (QuasR, Biostrings, tidyr, data.table, stringi) were used to
process the paired-end sequencing data. The reads were trimmed for
adapter sequences using the preprocessReads function. A library file
(pseudogenome) with all the theoretically possible sequences in each
experiment was created. This file was used as an alignment template
for the sequences from the Spec-seq libraries with the qAlign function
(Rhisat2 as aligner) resulting in a count matrix where rows are the
sequence elements and columns are samples. The relative binding
energy of each sequence was calculated as described in refs. 45,93 and
plotted as a scatter plot using ggpubr: ggscatter in R, where #Si is the
number of reads per sequence, using the formula:

n #Si_bound In
#Si_unbound

n 7##;;9_::21;25 a of Concensus motif

To plot energy logos, a subset of the sequence space was used
corresponding to the consensus sequences (CATTGTT or ATGCTAAT)
with all possible single base mutations (N*3 + 1 where N is the length of
the sequence and ‘3’ are the three possible mutations at each of the N
positions). The binding energies (In#i-unbound) of this subset of
sequences was used to generate an energy matrix using the
motif mlr.pl script available from the Gary Stormo Lab and the logo
plotted using plotEnergyLogo from TFcookbook® (https:/github.
com/zeropin/TFCookbook).

High throughput systematic evolution of ligands by exponential
enrichment (HT-SELEX)

The HT-SELEX experiment followed the protocol outlined in ref. 61.
Selection ligands were designed with an 8 bp barcode flanking a 40 bp
randomized region. In summary, 50-100 ng of barcoded DNA frag-
ments were introduced into wells containing the target proteins along
with 25 L of binding buffer supplemented with 5pg/ml poly-didC-
oligonucleotide (Sigma P4929-25UN) as a competitor. The plate was
gently rotated at room temperature for 30 min. Following incubation,
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150 pL of binding buffer, along with 10 pL of Ni Sepharose® beads
previously equilibrated with poly-dldC, were introduced into the
reaction mixture. This mixture was then incubated on a rotor at room
temperature for 60 min. Unbound oligomers were subsequently
removed from the bound beads using a Biotek 405TS washer. Post
washing, the bound DNA was eluted in 50 pL of ddH,O. For PCR
amplification, 10 pL of bead suspension was utilized. The resulting PCR
products served as input oligomers for the subsequent cycle or were
purified for sequencing with the NovaSeq 6000 S4 PEI150. This
experiment involved a total of four cycles.

Data obtained were sorted based on barcodes for each sample.
After discarding low-quality reads, the remaining sequences under-
went trimming to eliminate adapter sequences. The resultant 40-nt
region was subjected to further analysis. PWM models were generated
using initial seeds identified through Autoseed, which were subse-
quently refined through expert analysis, in accordance with the
approach outlined in ref. 61. All motif seqlogos were generated using
the R package ggseqlogo”.

Modeling of Oct4-unicellular Sox complexes

Oct4 complexed with Salhel and Pchi HMG were homology-modeled
bound to the canonical and compressed SoxOct DNA motifs using
MODELLER 10.4°%%°. The structural template for the Canonical
motif is a model of ternary complex Oct4 and Sox2 on the Nanog
locus (5CAGGGTCCACCATGGACATTGTAATGCAAAAGAAGCTGTAAGGTG
Accc3)*. For the compressed motif, a model of the Oct4-Sox17
complex on an idealized sequence (5 CGGCATTGTATG-
CAAATCGGCGGC3’) was used’. Motifs are in bold, and the additional
base of the canonical motif is in red.

We aligned individual sequences of Salhel HMG and Pchi HMG
with Sox2 or Sox17, respectively. Similarly, Salhel POU was modeled
using the Sox2-Oct4-Nanog locus ternary complex as a template. Sal-
hel POU was aligned with Oct4. For all models, the automodel function
was used to generate 500 models with the DNA set as a rigid body and
the model refinement level set at fast. The model with the lowest dis-
crete optimized protein energy (DOPE) score'® was selected. Chi-
meraX was used to analyze and visualize clashes/contacts of the
complexes modeled'**1%,

Cell culture

Mouse embryonic fibroblasts (MEFs) were obtained from E13.5
embryos of OG2 mice carrying transgenic Oct4-GFP (Jackson Labora-
tory, no. 004654) and Sox2-GFP mice (Mutant Mouse Resource &
Research Centers, no. 037525-UNC) with a GFP reported driven by
endogenous Sox2, maintained at the Centre for Comparative Medicine
Research (CCMR) at The University of Hong Kong (CULATR no. 4855-
18). MEFs were cultured in MEF medium [DMEM (Gibco, #12100046)
supplemented with 10% fetal bovine serum (FBS, Gibco, #10270106),
1x Glutamax (Gibco, #35050061), 1x nonessential amino acids
(NEAA, Gibco, #11140050) and 1x penicillin/streptomycin (Gibco,
#10378016)]. HEK293T cells for lentivirus packaging were cultured in
DMEM supplemented with 10% FBS. Mouse ESC medium (mES med-
ium) is composed of: DMEM with 15% FBS, 1x GlutaMax, 1x NEAA, 1 mM
sodium pyruvate (Gibco, #11360070), 0.005 mM [-mercaptoethanol
(Gibco, #31350010), 50 pg/mL Vitamin C (Sigma-Aldrich, #49752), 0.5x
penicillin/streptomycin and 10 ng/mL leukemia inhibitory factor (LIF,
produced in house). 2i/LIF medium is mES medium supplemented with
3 UM CHIR99021 (Selleck, #52924-25mg), 1 uM PD0325901 (Selleck,
#51036-25 mg)'®. Pluripotent stem cells were maintained on either
feeder layers (ICR MEFs mitotically inactivated with mitomycin-C) or
on 0.2% gelatin-coated plates (Sigma-Aldrich, #G1393) and cultured in
mES medium or 2i/LIF medium. Medium was replaced with fresh
medium every other day, and passaged at 1:10 split ratio when reaching
around 70% confluency. All cells were cultured in incubators at 37 °C
with 0.5% CO, and normoxic conditions.

Lentivirus production and reprogramming

HEK 293 T cells were seeded at 8 millions of cells per 10 cm plate. On
the next day, 10pug lentiviral vector and 40pg linear poly-
ethyleneimine (Polysciences, #23966) dissolved in 1 mL DMEM were
added. The medium was replaced after 10 - 15 h and virus-containing
supernatants were collected at 48 h, 72 h, and 96 h post-transfection
and filtered through a 0.45 um filter (Millipore). The virus medium was
supplemented with 8 pg/mL polybrene (Sigma-Aldrich, #40804ES76)
before transduction. MEFs were seeded at a density of 7 x 10 cells per
well of a 24-well plate one-day before transduction. The virus-
containing medium was replaced after 24 h with mES medium. This
day was defined as reprogramming day O and the medium was
replaced daily on subsequent days. Whole well scans were taken using
the GE Amersham Typhoon™ 5 Biomolecular Imager. To establish
clonal iPSC lines, iPSC colonies were picked at day 14 using a syringe,
dissociated into single-cell suspension by pipetting up and down in
30 pL of 0.05% Trypsin-EDTA (Thermo Fisher Scientific, #25300062)
and incubating at 37 °C for 5min and seeded into 48-well plate pre-
coated with ICR feeders. The cells were cultured for 5~7 days until
sizeable iPSC colonies developed and two more rounds of picking were
conducted to obtain pure clonal lines.

Genotyping of iPSC lines

To genotype the iPSCs reprogrammed with unicellular Sox, 500,000
cells of the clonal iPSC lines were harvested for genomic DNA isolation
using Quick-DNA Microprep Kit (Zymo, #D3021). The isolated genomic
DNA was used to examine the integrated transgene by PCR with dif-
ferent specific primers (Supplementary Data 1) and verified by Sanger
sequencing.

Quantitative RT-PCR analysis

Total RNA was extracted using TRIzol (Thermo Fisher Scientific,
#15596026) and 2 pg was used to synthesize cDNA with ReverTra Ace®
gPCR RT Master Mix (Toyobo, FSQ-201S). Quantitative PCR was per-
formed using iTaq universal SYBR Green Supermix (Bio-Rad, #1725124)
with primers listed in Supplementary Data 1. B-actin was used for
normalization to calculate the relative gene expression. The R package
ggplot2 was used to plot the results (https://ggplot2.tidyverse.org).

Immunocytochemistry

Cells were washed three times with PBS and fixed in 4% paraf-
ormaldehyde in PBS at room temperature for 20 min, followed by
permeabilization with 0.1% Triton X-100 and blocking with 5% BSA in
PBS at room temperature for 1 h. Fixed cells were washed three times
with PBS, and incubated with primary antibodies Nanog (Novus Bio-
logicals, #NB100-58842, 1:500 dilution), and Sox2 (Santa Cruz Bio-
technology, #sc-365823, 1:400 dilution) at 4 °C overnight. The cells
were then washed three times for 5min with PBST (PBS with 0.1%
Tween-20) and incubated with fluorescent-dye conjugated secondary
antibodies (Invitrogen, Alexa Fluor 488 dye: #A21203/A21207, 1:1000
dilution) at room temperature for 1~2 h. The cells were then washed
with PBST three times for 5 min. For nuclei counterstaining, NucBlue™
Fixed Cell ReadyProbes™ Reagent (DAPI) (#R37606) was used, fol-
lowing the instruction from the kit. Images were captured with the
inverted fluorescent microscope (Olympus CKX53).

Spontaneous differentiation of iPSCs into endoderm, meso-
derm, and ectoderm

Clonal iPSCs were dissociated using 0.05% Trypsin-EDTA and seeded
to 96-well low attachment plates (1-10° cells/well) in mES medium
without LIF for 7 days to generate embryoid bodies (EBs). EBs were
then seeded on gelatin-coated 12-well plates (20 EBs per well) and
cultured in the differentiation medium (DMEM/F12+20%FBS+1%
Glutamax) for another 10days. The differentiation medium was
exchanged every other day. After 10 day differentiation in gelatin-
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coated plates, spontaneously differentiated EBs were further analysed
by immunocytochemistry. To evaluate tri-lineage differentiation
potential, cells were stained with primary antibody against three germ
layer markers respectively (FoxA2, #8186 T Cell Signaling, 1:500 dilu-
tion; TUJ1, #PA5-85639 Invitrogen, 1:500 dilution; «-SMA, #A2547
Sigma-Aldrich, 1:500 dilution) at 4 °C overnight, followed by incuba-
tion with corresponding fluorescent-dye conjugated secondary anti-
bodies (Invitrogen, Alexa Fluor 594 dye: #A11055/A1100/A21202,
1:1000 dilution) at room temperature for 1~ 2 h. The steps of fixation,
permeabilization, blocking, washing, DAPI staining, and imaging are
the same as described above for immunocytochemistry.

Statistics & reproducibility

No statistical method was used to predetermine sample size. To ensure
accurate cooperative calculations from heterodimer EMSA, lanes with
a band with a fractional contribution below 0.03 were excluded. This
ensures that only lanes representing all four microstates at equilibrium
are included. The experiments were not randomized. For the experi-
mental setup of reprogramming tests, technical replicates involve
using the same batch of reagents and cells within an experiment, while
biological replicates involve using distinct batches of MEF cells
sourced from different mouse embryos. No data was excluded for
quantification. All the key reagents and equipment used in the study
were listed in Supplementary Data 3.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The raw images of gels, reassembled sequences from publicly available
datasets, alignments and phylogenetic trees can be found in the public
repository figshare (https://doi.org/10.6084/m9.figshare.26538691).
The raw data for quantification generated in this study are provided in
the Source Data file. Spec-seq and HT-SELEX sequencing data are
available from the gene expression omnibus (GEO) under accession
number GSE253888. Source data are provided with this paper.
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