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SUMMARY

Induced pluripotency provides a tool to explore mechanisms underlying estab-
lishment, maintenance, and differentiation of naive pluripotent stem cells
(nPSCs). Here, we report that self-renewal of nPSCs requires minimal Sox2
expression (Sox2-low). Sox2-low nPSCs do not show impaired neuroectoderm
specification and differentiate efficiently in vitro into all embryonic germ line-
ages. Strikingly, upon the removal of self-renewing cues Sox2-low nPSCs differ-
entiate into both embryonic and extraembryonic cell fates in vitro and in vivo.
This differs from previous studies which only identified conditions that allowed
cells to differentiate to one fate or the other. At the single-cell level self-renewing
Sox2-low nPSCs exhibit a naive molecular signature. However, they display a
nearer trophoblast identity than controls and decreased ability of Oct4 to bind
naive-associated regulatory sequences. In sum, this work defines wild-type levels
of Sox2 as a restrictor of developmental potential and suggests perturbation of
naive network as a mechanism to increase cell plasticity.

INTRODUCTION

The naive epiblast is pluripotent as it has the potential to differentiate into any cell type of the embryo
proper but cannot form extraembryonic lineages. Naive pluripotent stem cells (nPSCs) can be captured
in vitro from the epiblast in the form of embryonic stem cells (ESCs) (Evans and Kaufman, 1981; Martin,
1981) and through reprogramming of differentiated cells in the form of induced pluripotent stem cells
(iPSCs) (Takahashi and Yamanaka, 2006). ESCs and iPSCs are therefore excellent model systems to study
the molecular mechanisms underlying pluripotency. Recently it has been demonstrated that treatment
of ESCs with specific small molecules induces expanded differentiation potential (Yang et al., 20173,
2017b). These cells could contribute to both trophectoderm and inner cell mass (ICM) in blastocyst chi-
maeras. However, the mechanism underlying this has not been elucidated.

Sox2 is a member of the SRY-related HMG-box family of transcription factors (Wright et al., 1993) and is a
core pluripotency factor. Sox2 knockout in embryos results in peri-implantation lethality and its deletion in
ESCs results in loss of self-renewal with the cells becoming trophoblast-like stem cells (Avilion et al., 2003;
Masui et al., 2007). Sox2 was originally discovered as a putative DNA-binding partner of the central plurip-
otency factor Oct4 (Chew et al., 2005; Rodda et al., 2005; Yuan et al., 1995). However, self-renewing Sox2~/~
ESCs were generated in the presence of constitutive Oct4 expression, suggesting that the main role of
Sox2 is to maintain Oct4 expression (Masui et al., 2007). Additionally, overexpression of Sox2 results in dif-
ferentiation of ESCs (Kopp et al., 2008). It has been hypothesized that Sox2 acts as a neurectoderm spec-
ifier, which needs to be in balance with mesendoderm specifiers to result in pluripotency (Loh and Lim,
2011; Thomson et al., 2011). Despite these studies, the role and requirement of Sox2 in naive pluripotency
remains unclear.

Here we utilized the process of induced pluripotency to investigate the biological role of Sox2. This uncov-
ered the surprising role of Sox2 in restricting the potency of nPSCs to embryonic lineages only. Thisimpacts
on both the understanding of the role of core naive pluripotency factors and on the molecular basis gov-
erning the potency of nPSCs.
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Figure 1. Generation of self-renewing iPSCs expressing low levels of Sox2
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(A) Diagram of experimental design. rMKO and rMKOS indicate use of retroviral (r) vectors containing reprogramming cMyc (M), KIf4 (K), Oct4 (O), and Sox2
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(S) transgenes. + EV (empty vector) or + Sox2 represent use of a PiggyBac plasmid containing a CAG promoter driving constitutive expression of either an

empty or Sox2 transgene, respectively.

(B) Phase and GFP images of emerging Rex1-GFP + iPSC colonies (n = 3).

(C) Rex1-GFP + colony counts for indicated genotypes (n = 3).

(D) Phase and GFP images of Sox2~/~ rMKOS iPSCs in 2iLIF post-selection. Rex1-GFP ESCs are shown as control.
(E) gRT-PCR analysis for indicated pluripotency associated factors in iPSC and control ESC lines.

(

F) Western blot of Sox2 (=40kDa) and Tubulin (=50kDa) in iPSC and control ESC lines in 2iLIF with Sox2 quantification relative to ESCs, normalized to

tubulin. Gap in Western blot represents removal of a non-relevant lane and image corresponds to same film exposure.
(G) gRT-PCR of retroviral Sox2, Oct4, Klf4, and cMyc expression in Sox2~/~ rMKOS iPSCs relative to preiPSCs.

Scale bars = 200um.

Error bars indicate standard deviation of replicate gPCR reactions (n = 3).

RESULTS

Low Sox2 expression is compatible with nPSC self-renewal

To investigate the role of Sox2 in the process of induced pluripotency, we used neural stem cells (NSCs)
as a source of somatic donor material. To attempt the generation of Sox2™/~ iPSCs, we made initially
Sox2~/~ NSCs using CRISPR/Cas9 (Figures STA-S1D). Clonal lines were confirmed to have a frameshift
deletion in the Sox2 codon, resulting in loss of Sox2 protein (Figures S1A and S1B). The Sox2™/~
NSCs maintained NSC morphology, proliferative ability, and expression of NSC markers (Figures S1C
and $1D). The Sox2~/~ NSCs contained GFP and the blasticidin resistance genes under the endogenous
Rex1 regulatory sequences to allow identification and selection for nPSC identity (Wray et al., 2011).
Sox2~/~ NSCs were induced to reprogram by combining four or three of the classic Yamanaka retroviral
factors: cMyc, KIf4, Oct4 and Sox2 (rMKOS) or cMyc, Kif4, and Oct4 (rMKO) (Takahashi and Yamanaka,
2006) (Figure 1A). Retroviral promoters are active in somatic cells but become epigenetically silenced
in naive pluripotency (Hotta and Ellis, 2008). Therefore, we hypothesized that the retroviral Sox2 would
drive reprogramming but become silenced after stabilization of the network. We also used defined cul-
ture conditions containing inhibitors of Mek/Erk and Gsk3b signaling (2i) supplemented with Leukaemia
inhibitory factor (LIF) for optimal reprogramming efficiency (Silva et al., 2008). Sox2~’~ NSCs were able to
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Figure 2. Sox2-low iPSCs do not self-renew in serum plus LIF

(A) Phase and Rex1-GFP images of Sox2~/~ rIMKOS (—/— Sox2-low) iPSCs and ESCs at passage 0 after medium switch from
2i plus LIF into serum plus LIF.

(B and C) qRT-PCR analysis of pluripotency markers (B) and trophoblast markers (C) 3 days after switching into serum plus
LIF medium.

(D) Western blot of Sox2-low iPSCs in 2i plus LIF with and without rescue Sox2 transgene (+Sox2). Rex1-GFP WT iPSCs
were used as control for Sox2 protein levels.

(E) Phase and GFP images of —/— Sox2-low + Sox2 rescue iPSCs after 5 passages in serum plus LIF.

(F) gRT-PCR analysis, after 3 days in serum plus LIF, of pluripotency factors and PI-1 in —/— Sox2-low iPSCs with and
without a rescue Sox2 transgene. ESCs were provided as control in the gRT-PCR analysis of pluripotency factors.

Scale bars = 200um. Error bars indicate standard deviation of replicate gPCR reactions (n = 3).

reprogram upon addition of a constitutive exogenous Sox2 transgene (Figure 1B). In the absence of
retroviral Sox2, Sox2~/~ NSCs failed to upregulate the Rex1-GFP reporter (Figure 1B). Surprisingly, mul-
tiple Sox2~/~ Rex1-GFP + colony-like groups of cells emerged when using rMKOS (Figure 1B). Indepen-
dent experiments showed this to be 5 times less efficient compared to the reprogramming of WT NSCs
(Figure 1C). Reprogrammed Sox2 ™/~ rMKOS iPSCs were passagable in 2iLIF culture conditions and ex-
pressed naive pluripotency markers (Figures 1D and 1E). Surprisingly, they also expressed Sox2 protein
at very low levels (Figure 1F), which was due to a failure to fully silence retroviral Sox2 (Figure 1G). Impor-
tantly, this data indicates a strong selective pressure for cells expressing a minimal level of Sox2 protein
and suggests that low Sox2 expression is compatible with maintenance of a nPSC molecular identity.
Hereafter, we will refer to these Sox2™/~ rMKOS iPSCs as Sox2-low iPSCs for simplicity.

Sox2-low iPSCs differentiate in serum plus LIF self-renewing conditions

It has previously been reported that Sox2 repression in ESCs results in loss of pluripotency and differenti-
ation toward the trophoblast lineage in serum plus LIF (SLIF) conditions (Masui et al., 2007). Therefore, we
attempted to culture Sox2-low iPSCs in SLIF. Strikingly, Sox2-low iPSCs downregulated the Rex1-GFP re-
porter, and some cells gained a trophoblast-like morphology (Figure 2A). They also downregulated plurip-
otency marker expression and upregulated trophoblast markers (Figures 2B and 2C). In addition, cells were
not passageable, demonstrating loss of self-renewal. To ensure that the differentiation phenotype was due
to low Sox2 expression, we generated Sox2-low rescue iPSCs by transfecting these with a constitutive Sox2
transgene in 2iLIF (Figure 2D). Upon SLIF medium switch, and in contrast to Sox2-low iPSCs, rescue iPSCs
self-renewed, maintained naive pluripotent gene expression and did not upregulate trophoblast marker
expression (Figures 2E and 2F).
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Figure 3. Sox2-low and null nPSCs differentiate into extraembryonic and all embryonic lineages

(A) qRT-PCR analysis of embryoid body assay using Sox2~~ (—/—) Sox2-low iPSCs, control iPSCs (WT) and ESCs showing RNA expression of markers of
pluripotency (Nanog, Oct4), ectoderm (FGF5), mesoderm (T Brachyury and Zeb2), endoderm (FoxA1 and Gatat4) and trophoblast (PI-1 and EIf5).

(B) gRT-PCR analysis of embryoid body assay for retroviral Sox2 expression in —/— Sox2-low iPSCs.

(C) gRT-PCR analysis of embryoid body assays of —/— Sox2-low and rescue (+Sox2) iPSCs, for expression of pluripotency (Nanog), late epiblast (FGF5) and
trophectoderm (PL-1) markers.

(D) Western blot showing Sox2 protein post tamoxifen (4OHT) treatment in Sox2FHF/FLIP ESCs with or without a constitutive CreERT2 transgene. Carrier only
(ethanol, ETOH) and Sox2™* ESCs were used as additional controls.

(E) Experimental design of embryoid body assay and of Sox2 deletion in Sox2™/PFLP ESCs.

(F) gRT-PCR analysis of embryoid body assay using Sox2™'"FHP ESCs showing expression of pluripotency markers (Nanog), late epiblast (FGF5), mesoderm
(T Brachyury), endoderm (Gata4), trophoblast (PI-1 and EIf5). PI1 (*) chart omits Sox2FHF/FLIP CreERT2 ESC sample treated with 40OHT.

Error bars indicate standard deviation of replicate gPCR reactions (n = 3).

These results suggest that under weaker self-renewing culture conditions low levels of Sox2 are not suffi-
cient to sustain a naive pluripotent identity. It also showed that at least a proportion of the cells differentiate
toward the trophoblast lineage.

Reduced Sox2 expression is associated with increased plasticity in vitro

To functionally characterize the potency of Sox2-low iPSCs we investigated their differentiation capacity in
embryoid body (EB) assays. These efficiently downregulated pluripotency genes and upregulated both
endoderm and mesoderm differentiation markers. Importantly, retroviral Sox2 was not upregulated during
differentiation (Figure 3B). Because of the observed upregulation of trophoblast markers in Sox2-low iPSCs
in SLIF, we also explored the expression of these. In contrast to control lines, Sox2-low iPSCs upregulated
expression of trophoblast markers during EB differentiation (Figure 3A). Interestingly, and in contrast to
EIf5 and Cdx2, the trophoblast marker Krt7 was already expressed prior to cell differentiation. This pheno-
type was fully rescuable upon the restoration of Sox2 protein levels by the transfection of a constitutive
Sox2 transgene (Figures 2D and 3C). These results suggest that Sox2-low iPSCs have increased plasticity
as they can differentiate into both embryonic and extraembryonic lineages.

Next we went on to test our findings in an independent nPSC system (Figures 3D-3F and S2A-52C). Sox2MHP/FLIP
ESCs have previously been generated, which delete endogenous Sox2 expression upon exposure to Cre (Fig-
ure S2A) (Andersson-Rolf et al., 2017). Notably, Sox2HP/FLIP EgCg express Sox2 protein at a reduced level
compared to WT ESCs (Figure 3D). This is likely the result of the inserted cassette sequences interfering with
the fine regulation of endogenous Sox2. To permit inducible Sox2 deletion, Sox2™ P ESCs were constitu-
tively transfected with creERT2. These were then subjected to a tamoxifen time course to establish the earliest
time point at which Sox2 protein is absent. By 36 hr Sox2 protein was undetectable, whereas Nanog and Oct4
were still expressed at high levels at 48 hr, suggesting that differentiation had not occurred (Figures S2B and
S2C). Therefore, to investigate the potency of Sox2-null ESCs, we treated CreERT2 Sox2MHP/FUP ESCs with
tamoxifen (4OHT) for 48 hr and then performed EB differentiation (Figures 3D-3F). The absence of Sox2 protein
did not affect the expected kinetics of downregulation of pluripotency markers or the upregulation of differen-
tiation markers of all 3 germ layers (Figure 3E). Importantly, absence of Sox2 expression was also associated with
astriking upregulation of trophoblast markers PI-1 and EIf5 (Figure 3F). Interestingly, parental Sox2™/"FtF ESCs,
which exhibit lower Sox2 protein expression compared to control ESCs, also exhibit significant upregulation of
the trophoblast marker PI-1 compared to control ESCs (Figure 3F).

Importantly, these results confirm that reduced Sox2 expression in nPSCs (iPSCs and ESCs) is associated
with a gain in cell plasticity, that s, an ability to differentiate toward the extraembryonic trophoblast lineage
in addition to the embryonic lineages.

Low Sox2 expression does not impair neurectoderm differentiation

Sox2 is thought to be required to drive ectoderm differentiation in pluripotent cells (Thomson et al., 2011).
To examine the neurectoderm differentiation potential of these cells, we performed a neural monolayer
differentiation (Ying et al., 2003). The Sox2-low iPSCs upregulated neural markers Sox1, Paxé, and Ascl1
to a similar level to WT iPSCs and Sox2-low rescue iPSCs and gained the characteristic neural rosette
morphology, demonstrating efficient neural differentiation (Figures 4A and 4C). This also occurred without
an increase of retroviral Sox2 expression (Figure 4B). These results suggest that reduced Sox2 expression
does not impair robust neural differentiation in vitro.
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Figure 4. Low Sox2 expression is compatible with robust neuroectoderm differentiation

(A) gRT-PCR analysis of Sox2~/~ (—/—) Sox2-low, —/— Sox2-low rescue (+Sox2) and WT iPSCs in a neurectoderm
monolayer differentiation assay for markers of pluripotency (Nanog) and neurectoderm (Paxé, Ascl1, and Sox1).
(B) gRT-PCR analysis of retroviral Sox2 in —/— Sox2-low iPSCs during neurectoderm monolayer differentiation.
(C) Phase images of —/— Sox2-low iPSCs and Sox2-low rescue iPSCs on day 7 of the neurectoderm monolayer
differentiation assay.

Error bars indicate standard deviation of replicate gPCR reactions (n = 3).

Reduced Sox2 expression is associated with increased plasticity in vivo

To investigate the effect of reduced Sox2 expression in differentiation in vivo, we performed morula aggre-
gations with Sox2-low iPSCs. To visualize embryo chimerism we constitutively transfected Sox2-low iPSCs
with MST-dsRed fluorescent protein. Contribution of Sox2-low iPS-derived cells could be seen in both
epiblast and presumptive extraembryonic compartments at E7.5 (Figure 5A). In order to determine extra-
embryonic chimerism, we also generated Sox2-low and control iPSCs expressing constitutive GFP. As
expected, WT iPSCs contributed exclusively to the E6.5 epiblast (Figures 5B-5D). In contrast, Sox2-low
iPS-derived cells were found in both the epiblast and trophoblast, as defined by the AP2y protein domain,
compartments of the embryos (Figures 5B, 5C, 5E, and S3A). Lineage marker staining showed that 83% of
Sox2-low chimaeras exhibit contribution to both the trophoblast and epiblast compartments (Figure 5D). In
fact, 90% of all Sox2-low chimeras showed trophoblast contribution. Interestingly, some Sox2-low iPS-
derived cells exhibited co-expression of trophoblast marker AP-2y and epiblast marker Oct4 (filled
arrowheads, Figure 5C) and this occurred in both the epiblast and trophoblast embryo compartments sug-
gesting that this is an intermediate stage of cells changing from a pluripotent epiblast into a trophoblast
identity.

To define when Sox2-low iPS-derived cells start contributing to the trophoblast lineage, we injected these
at the morula stage and assessed chimerism at the blastocyst stage. Interestingly, almost all of the chi-
maeras showed contribution to the epiblast only (Figures S3B and S3C). This data support in vitro assays
showing that Sox2-low iPSCs only acquire trophoblast lineage differentiation potential when in an environ-
ment no longer supportive of naive pluripotent cell identity.

Overall, these data demonstrate that Sox2-low iPSCs are competent to contribute to both embryonic and
extraembryonic embryo development.
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Figure 5. Sox2-low iPSCs exhibit increased plasticity in vivo

(A) Phase and red fluorescence images of E7.5 chimaeras of Sox2™~ (—/—) Sox2-low iPSCs expressing constitutively MST-
dsRed (red fluorescence). Arrow indicates presumptive contribution to extraembryonic lineage(s). A non-chimeric embryo
is included above the chimeric embryo with the yellow arrow (toward the left) to act as a negative control. Scale bars =
200pum.

(B) Phase and GFP images of E6.5 chimeric embryos generated with either —/— Sox2-low or WT iPSCs constitutively
expressing a GFP transgene. Please note that apparent difference in size is due to —/—Sox2 chimeric embryos having
been imaged with some maternal tissue still attached. Scale bars = 200pm.

(C) Single confocal microscopy sections of indicated genotype chimeric E6.5 embryos stained with trophoblast (AP-2y)
and epiblast (Oct4) markers. Filled arrowheads indicate examples of chimeric cells co-expressing Oct4 and AP-2y
markers. Non-filled arrowheads indicate examples of chimeric cells expressing AP-2y only. Epiblast (EPI) and
Trophoblast/trophectoderm (TE) embryo domains are separated by dashed line. Scale bars = 100um.

(D) Table showing compartmental contribution of WT or —/— Sox2-low iPSCs constitutively expressing a GFP transgene.
Values in tables represent number of embryos. Fisher’s exact test statistical analysis was used to calculate the significance
of the difference in the proportion of embryos exhibiting trophectoderm contribution in the two groups. This was
performed using GraphPad Prism software.

Sox2-low iPSCs have weaker epiblast identity
To ascertain the identity of Sox2-low iPSCs we performed single-cell RNA-seq on these and control WT and
Sox2-low + Sox2 rescue iPSCs. Principle component analysis showed that Sox2-low iPSCs can be separated
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Figure 6. Sox2-low iPSCs have weaker epiblast identity

(A) Dendrogram computed with the top variable genes among the selected cell types (FPKM >1, logCV2 > 0.5, n = 1,446).
Trophectoderm/trophoblast (TE) E3.5 and E4.0 Single-cell RNA-sequencing (scRNA-seq) data is from (Deng et al., 2014),
E4.5 Epiblast (Epi) scRNA-seq data is from (Mohammed et al., 2017), scRNA-seq ESC data is from (Sousa et al., 2018).
(B) Scatterplot of fraction of identity between WT, —/— Sox2-low, —/— Sox2-low rescue iPSC line samples and embryo
lineages (Epi and TE). Boxplot of the distribution of the fraction of identity between each population. Student’s t-test was
applied to calculate the significance of the differences in similarity to TE identity between —/—Sox2-low, WT and
—/—Sox2-low rescue iPSCs.

(C) Cumulative sum for genes upregulated in TE or ICM (Blakeley et al., 2015), computed with gene expression value for
WT, —/— Sox2-low, —/— Sox2-low rescue iPSC line samples.
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Figure 6. Continued

(D) Oct4 chromatin immunoprecipitation in Rex1-GFP ESCs and iPSCs in 2iLIF. IP = immunoprecipitation; IgG = negative
control. Error bars represent the standard deviation of three technical gPCR replicates. IP1 and IP2 represent
independent Oct4 immunoprecipitations. IgG represents negative control normal IgG immunoprecipitation.

from control lines (Figure S4A). Importantly, the rescue line clustered together with the parental line clearly
indicating that the Sox2 expression level is the reason for grouping cells.

Gene ontology enrichment for genes differentially expressed between Sox2-low iPSCs and control iPSCs
revealed only 325 differentially expressed genes between the different genotypes with no strongly en-
riched GO terms (Figures S4B and Data S1). In addition, no Sox family member gene was found upregu-
lated in Sox2-low iPSCs, eliminating that way possible functional redundancy (Corsinotti et al., 2017). In
agreement with Sox2-low iPSCs having a naive identity they clustered closely with control iPSCs, ESCs
and E4.5 naive epiblast cells and separate from embryo trophoblast/trophectoderm (TE) cells (Figure 6A).
However, when looking at the identity of single iPSCs on a continuum from an embryonic TE or naive
epiblast perspective Sox2-low iPSCs were generally found in the fractions further away from the epiblast
and nearer to the TE molecular identities relative to control iPSCs (Figure 6B). We also looked at accumu-
lative gene expression for genes known to be associated with either the TE or with the ICM of embryos (Bla-
keley et al., 2015) (Figure 6C). Again, this revealed that Sox2-low iPSCs can be distinguished from WT and
rescue lines as they display lower ICM and higher TE gene expression accumulation relative to control
iPSCs.

ScRNA-seq analysis suggest that observed increased plasticity of Sox2-low cells is a functional property
present at the single-cell level, as opposed to cell population heterogeneity.

Reduced Sox2 expression impairs Oct4 DNA binding

Sox2 is thought to be a DNA-binding partner to Oct4, and Oct4 inhibits extraembryonic differentiation
(Niwa et al., 2000; Reményi et al., 2003). Therefore, we hypothesized that reduced Sox2 protein level
may impact directly or indirectly on Oct4 DNA-binding ability in nPSC. Consistent with this notion, Oct4
chromatin immunoprecipitation showed reduced Oct4 genomic occupancy in Sox2-low iPSCs at key naive
pluripotent regulatory sequences (Figure 6D).

These results suggest that reduced Oct4 occupancy at naive associated regulatory sequences combined
with closer TE molecular identity relative to controls are likely underlying causes rendering Sox2-low iPSCs
competent to also contribute to the trophoblast lineage.

DISCUSSION

Here we show that reduced levels of Sox2 are compatible with self-renewal of nPSCs in 2iL conditions, mak-
ing these a good model to study the role of Sox2 in early development.

These cells differentiate in SLIF demonstrating fragility in their pluripotent network. This fragility is likely
due to the basal TE molecular identity and to the reduced Oct4 DNA-binding at naive-associated regula-
tory sequences. Importantly, not only these cells can contribute toward the neural fate but also show
increased cell plasticity, that is, they can differentiate into both embryonic and extraembryonic cell fates.
This highlights a mechanism, modulation of Sox2 expression to lower than 30% of WT levels, by which a
nPSC is competent, upon differentiation signals, to contribute toward both embryonic and extraembryonic
cell fates; previous studies only identified conditions that allowed cells to differentiate to one fate or the
other (Masui et al., 2007; Nichols et al., 1998).

Sox2 and Oct4 have been hypothesized to bind together at Oct/Sox elements to drive the pluripotency
network (Chew et al., 2005; Rodda et al., 2005). It has been shown that Sox2 binds to the DNA target
sequence first and that it recruits Oct4 (Chen et al., 2014). However, Oct4 and Sox2 were also reported
to operate in a largely independent manner and their impact on each others ability to bind to regulatory
sequences may be indirect and regulated by chromatin accessibility (Friman et al., 2019). Independent
of the Oct4-Sox2 relationship these studies are consistent with our findings that reduced Sox2 expression
disrupts optimal Oct4 DNA-binding.
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We found that reduced or complete depletion of Sox2 is associated with differentiation into extraembry-
onic lineages, as well as the 3 germ layers. This indicates that Sox2 plays a role in reducing the potency of
nPSCs such that they cannot differentiate into extraembryonic lineages. The mechanism by which reduced
Sox2 expression levels releases an inhibition on extraembryonic differentiation is likely linked to the
impaired Oct4 genomic occupancy. Similar to Sox2 deletion, Oct4 deletion in ESCs causes differentiation
into trophoblast-like cells (Niwa et al., 2000). However, unlike Sox2-low nPSCs, which can contribute to both
embryonic and extraembryonic tissues, Oct4-low nPSCs lose the ability to differentiate into embryonic lin-
eages (Radzisheuskaya et al., 2013). This suggests that in contrast to Oct4, Sox2 is not a key factor regu-
lating differentiation toward embryonic lineages.

The importance of Sox2 in inhibiting extraembryonic differentiation is counter to the evidence suggesting
Sox2 has a key role in extraembryonic development. Sox2 is required to derive trophoblast stem cells and is
expressed in extraembryonic tissues post-implantation (Avilion et al., 2003). However, this is likely to be an
in vitro only requirement as Sox2~/~ extraembryonic tissues are sufficient for development at least up to
E12.5 (Avilion et al., 2003).

Morula aggregations using the Sox2-low iPSCs showed that only one out of 28 chimeric embryos exhibited
trophectoderm contribution by the blastocyst stage. This is in stark contrast to E6.5 at which point 90% of all
chimeric embryos display trophectoderm contribution. Interestingly, we observed cells within the epiblast
upregulating the extraembryonic marker AP-2y despite being also Oct4 positive. This is in agreement with
Sox2-low iPSCs having initially a pluripotent identity, but upon differentiation showing additional compe-
tency to upregulate TE lineage markers and to contribute toward this lineage. Thus, their ability to undergo
an extraembryonic lineage fate occurs after naive pluripotent cell identity exit and simultaneously with the
embryonic lineage fate. The already reduced Oct4 genomic occupancy combined with the onset of the
downregulation of naive factors upon initiation of cell differentiation may somehow create a window of op-
portunity for differentiating pluripotent cells to also acquire a TE fate.

Recently, expanded potential stem cells (EPSCs) that can contribute to both embryonic and extraembry-
onic lineages have been generated by two independent laboratories, by culturing ESCs in the presence
of small molecules (Yang et al., 2017a, 2017b). The two laboratories used different chemical cocktails to
generate the EPSCs but both resulted in cells with similar properties, suggesting a possible common mech-
anism. Among the added chemicals are minocycline hydrochloride (Yang et al., 2017b), a Parp1 inhibitor,
and XAV939 (Yang et al., 2017a), a tankyrase inhibitor. The contributory mechanism of XAV939 to the exten-
sion of pluripotency is unclear, but it likely inhibits Parp family members TNKS1/2 and/or stabilizes AXIN
(Yang et al., 2017a). Furthermore, Parp1~/~ ESCs have a propensity to differentiate into trophoblast (Hem-
berger et al., 2003). Parp1 is thought to aid Sox2 binding in ESCs (Liu and Kraus, 2017). Therefore, the
previously published EPSC culture condition may reduce PARP activity and consequently reduce Sox2
DNA-binding, thus resulting in a similar phenotype to our Sox2-low nPSCs.

In conclusion, our study identifies an unexpected role of a naive pluripotency factor as a restrictor of devel-
opmental potency and provides a conciliatory mechanistic explanation for EPSCs, which also exhibit both
embryonic and extraembryonic differentiation capacity. It will now be also interesting to investigate if a
similar mechanism underlies recently described derivation of trophoblast cell derivatives directly from hu-
man nPSCs (Dong et al., 2020).

Limitations of the study

A caveat of our study concerns the lack of demonstration that generated trophoblast-like cells give rise to
mature and functional trophoblast cell derivatives. We find the genotype of our cells not suitable to address
this question as our cells express reduced levels of Sox2. This may cause multiple embryo phenotypes, as
Sox2 is normally expressed in multiple tissues, including extraembryonic ones, which are likely to preclude
long-term embryo survival. In addition, our work did not intend to create cells with extra potency but rather
provide an explanation on how this may arise within a naive pluripotent stem identity.

Resource availability
Lead contact

Further information and requests should be directed to and will be fulfilled by the corresponding author,
José C. R. Silva (jose_silva@grmh-gdl.cn).
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Materials availability
Please contact us if you would like to request any materials.

Data and code availability

The single-cell RNA-sequencing data generated during this study is available in the ArrayExpress reposi-
tory under accession E-MTAB-9931.

METHODS

All methods can be found in the accompanying Transparent methods supplemental file.

SUPPLEMENTAL INFORMATION
Supplemental information can be found online at https://doi.org/10.1016/].isci.2021.102153.
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Transparent methods

Plasmids

pMXs c-Myc, pMXs Oct4, pMXs Sox2, pMXs Klf4 and pSpCas9(BB)-2A-GFP (Addgene). pPyCAG-
MST-IRES-Puro, pPyCAG-eGFP-IRES-Zeo (Austin Smith). pPB-CAG-DEST-hygro, pCAG-
CreERT2NLS-IRES-bsd (Joerg Betschinger). PB-CAG-Sox2-hygro was used for reprogramming and
for the rescue of Sox2-low iPSCs.

Cell culture

PLAT-E cells and (where stated) iPSCs were cultured in GMEM basal medium (GMEM (Sigma-Aldrich),
IXNEAA (Gibco), 1xpenicillin-streptomycin (Sigma-Aldrich), 1mM sodium pyruvate (Sigma-Aldrich),
0.1mM 2-mercaptoethanol (ThermoFisher Scientific) and 2mM L-glutamine (ThermoFisher Scientific))
with 10% FCS (Labtech) and 20ng/ml mouse LIF (University of Cambridge). NSCs were cultured in
DMEM/F12 (ThermoFisher Scientific), IXNEAA, 0.1mM 2-mercaptoethanol, 1xpenicillin-streptomycin,
1:100 v/iv B27 supplement (ThermoFisher Scientific), 1:200 v/v N2 supplement (University of
Cambridge), 4.5uM HEPES (ThermoFisher Scientific), 0.03M glucose and 120ug/ml BSA
(ThermoFisher Scientific) supplemented with 10ng/ml EGF (Peprotech) and 20ng/ml FGF2 (University
of Cambridge). iPSCs were cultured in KSR basal medium (GMEM basal medium with 10% KSR, 1%
FCS) or N2B27 basal medium (DMEM/F12 and Neurobasal (ThermoFisher Scientific) in a 1:1 ratio,
1xpenicillin-streptomycin, 0.1mM 2-mercaptoethanol, 2mM L-glutamine, 1:200 v/v N2 and 1:100 v/v
B27 supplement) with additional 20ng/ml mouse LIF, CHIR99021 3uM and PD0325901 1uM (both
Biotechnology Center TU Dresden, Stewart lab). Additional chemicals used: hygromycin B 200 pg/ml
(ThermoFisher Scientific), blasticidin 40 pg/ml (ThermoFisher Scientific), puromycin 1ug/mi
(ThermoFisher Scientific), zeocin 100pg/ml (ThermoFisher Scientific), 4-hydroxytamoxifen 500 nM.

Reprogramming

Separate PLAT-E cultures were transfected with 9ug of each pMX plasmid using FUGENE 6 (Roche)
for retroviral production. 48 hours later the supernatants were collected, combined, and mixed with
4ug/ml Polybrene (Sigma-Aldrich) and filtered through a 0.45 ym cellulose acetate filter. This was
applied to NS cells for 24 hours, after which they were returned to NS medium for 2 days, before being
placed in serum/LIF to form reprogramming intermediates (preiPSCs). These were then placed in
KSR2ILIF to form iPSCs.

Cell differentiation
For embryoid body assays, 1.5x108 cells were plated in suspension into serum basal media without LIF
in 90mm low-attachment dishes for 7 days with media changed every other day.

Neural differentiation

1x10° cells were plated directly into 6-well plates, previously coated with laminin for 2 hrs at 37 degrees,
containing N2B27 plus 1uM Alk inhibitor (A83-01) differentiation medium and then cultured in a low
oxygen incubator. Medium was changed every day.

Western blotting

The primary antibodies used were: rat monoclonal against Sox2 (1:2000, eBioscience, 149811); mouse
monoclonal against a-tubulin (1:10000, Abcam, ab7291). The secondary antibodies were HRP-linked
antibodies against rat or mouse IgG (GE Healthcare).

Embryo staining

Embryos were fixed with 4% paraformaldehyde and mounted in vectashield antifade mounting medium
(Vector Laboratories). Blastocysts were permeabilised using 100% methanol and blocked using 2%
donkey serum, 0.1% BSA and 0.2% Triton X-100. Post-implantation embryos were permeabilised in
0.25% Triton X-100/PBS and blocked using 0.01% Triton X-100/PBS and 3% donkey serum. Primary
antibodies used were goat polyclonal against Sox17 (1:500, R and D systems, AF1924), mouse
monoclonal against Cdx2 (1:500, Biogenex, MU392A-UC), AP-2y (1:100, Cell Signalling Technology,
2320), rat monoclonal against GFP (1:200, Nacalai, 04404-26), mouse monoclonal against Oct4 (1:100,
Santa Cruz, sc-5279). Secondary antibodies were Alexa Fluor antibodies (ThermoFisher Scientific) and
were used at a concentration of 1:500.

Morula aggregation



E2.5 CD1 embryos were combined with iPSCs and transferred to recipient mice to assess the
contribution in post-implantation development or were cultured in vitro for 2 days to assess blastocyst
contribution.

Cell transfection

Nucleofection (NSCs) was performed using the AMAXA Nucleofection Technology (Lonza, VCA-1003).
Lipofection (ESCs, iPSCs) was performed using Lipofectamine 2000 Transfection Reagent
(ThermoFisher Scientific).

Western Blot Quantification

Quantification was performed using the ‘Gels’ tool in ImageJ Fiji. Background-subtracted relative
intensity (BSRI) was calculated for each band of interest. Protein of interest (Sox2) BSRI values were
then normalized to the corresponding loading control (tubulin) BSRI values and ESCs.

Derivation of Rex1-GFP Neural Stem cells

Rex]YCFPIRES.bsd/dGFP.IRES.bsd homozygous 129 studs (Kalkan et al., 2017) were crossed with wild-type
129 females and heterozygous Rex1*/4CFPIRES.bsd Neyral Stem cells (referred to as Rex1-GFP reporter)
were derived from resultant E13.5 embryos as previously described (Pollard et al., 2006). Rex1-GFP
Neural Stem cells have a 129 strain genetic background.

Generation of CRISPR/Cas9 cell lines

Sox2”7 NSCs were generated by nucleofecting NSCs with 4ug CRISPR/gRNA plasmid and single-cell
sorting 48 hours later to generate clonal cell lines. The generation of Sox2 FLIP/FLIP ESCs has been
previously described (Andersson-Rolf et al., 2017). Sox2 FLIP/FLIP ESCs have a 129 strain genetic
background.

Chromatin Immunoprecipitation (ChlIP)

ChIP was performed as previously described (Radzisheuskaya et al., 2013) with minor changes. Briefly,
1x107 cells were fixed for 10 min in 0.4% formaldehyde then washed with ice-cold PBS. Cells were
incubated in lysis buffer 1 (50 mM HEPES pH 7.5, 140 mM NacCl, 1 mM EDTA, 10% Glycerol, 0.5%
NP40, 0.25% Tx100) then in lysis buffer 2 (10 mM Tris pH 8.0, 200 mM NaCl, 1 mM EDTA, 0.5 mM
EGTA) for 10 min each. Nuclei were resuspended in shearing buffer (1% SDS, 10 mM EDTA, 50 mM
Tris pH 8.0) and sonicated to an average fragment size of 300-500 bp. Chromatin was diluted 1:10 in
dilution buffer (50 mM Tris pH 8.0, 167 mM NaCl, 1.1% Tx100, 0.11% Na-deoxycholate) and cleared
with isotype IgG coated protein G Dynabeads (ThermoFisher Scientific). A portion of chromatin was
taken as input control. Chromatin was then incubated overnight at 4°C with 1.5ug Rabbit anti-Oct4
antibody (Abcam; ab19857) antibody or 2ug Rabbit normal IgG (Santa Cruz Biotechnology; sc-2027).
Chromatin-antibody mix was incubated with pre-blocked protein G dynabeads for 1 hour at 4°C. These
were then washed twice in low salt wash buffer (50 mM Tris pH 8.0, 0.1% SDS, 0.1% Na-deoxycholate,
1% Tx100, 150 mM NaCl, 1 mM EDTA, 0.5 mM EGTA), once in high salt wash buffer (50 mM Tris pH
8.0, 0.1% SDS, 0.1% Na-deoxycholate, 1% Tx100, 500 mM NaCl, 1 mM EDTA, 0.5 mM EGTA), once
in LiCl wash buffer (50 mM Tris pH 8.0, 250 mM LiCl, 0.5% Na-deoxycholate, 0.5% NP40, 1 mM EDTA,
0.5 mM EGTA) and twice in TE wash buffer (50 mM Tris pH 8.0, 10 mM EDTA, 5 mM EGTA). Bound
chromatin was then eluted at 65°C in elution buffer (1% SDS, 0.1 M NaHCOs). Crosslinking was
reversed through overnight incubation at 65°C for samples and inputs. DNA was purified using the
QIlAquick PCR Purification Kit (Qiagen) according to the manufacturer’s protocol. DNA was quantitated
by SYBR Green (ThermoFisher Scientific) gPCR, with a standard curve to ensure linear amplification.
Immunoprecipitation efficiency was calculated relative to input = 1.

Primers for ChlP

Primer Sequence

Nanog proximal enhancer forward GCAGCCGTGGTTAAAAGATG
Nanog proximal enhancer reverse GAAGCTGTAAGGTGACCCAGA
Oct4 distal enhancer forward GCATAACAAAGGTGCATGATAGCT
Oct4 distal enhancer reverse AAATAAAGGCAGCGACTTGGAA
KIf2 proximal enhancer forward CTGCACAAAGGGCTTAGAGG

KIf2 proximal enhancer reverse CCTCATTTGCACCACACCTA

RNA extraction, cDNA synthesis and qPCR



Total RNA was isolated using the RNeasy Mini kit (QIAGEN). 1ug RNA was reverse-transcribed using
SuperScript Il First-Strand Synthesis SuperMix for qRT-PCR (ThermoFisher Scientific). The resultant
cDNA was analysed by quantitative PCR using TagMan Fast Universal PCR Master Mix (ThermoFisher
Scientific) with TagMan Gene Expression Assays and/or KiCqStart assays, or with Fast SYBR Green
Master Mix (ThermoFisher Scientific) using primers. gqRT-PCR experiments were performed in triplicate
on a StepOnePlus Real-Time PCR System (Applied Biosystems). Delta Ct values were normalised to
GAPDH and raised to the power of -2. Standard deviations refer to technical replicates.

Primers used with SYBR Green

GAPDH FP CCCACTAACATCAAATGGGG
GAPDH RP CCTTCCACAATGCCAAAGTT

Olig2 FP CTGCTGGCGCGAAACTACAT

Olig2 RP CGCTCACCAGTCGCTTCAT

BLBP FP AGACCCGAGTTCCTCCAGTT

BLBP RP ATCACCACTTTGCCACCTTC

FoxAl FP ATGAGAGCAACGACTGGAACA
FoxAl RP TCATGGAGTTCATAGAGCCCA

Pl-1 FP ATTTTGACTACCCTGCTTGGTCT
Pl-1 RP TCTACATAACTGAGGAGGGGAAAG
Handl FP CCCCTCTTCCGTCCTCTTAC

Handl RP CTGCGAGTGGTCACACTGAT
Eomes FP CCTGGTGGTGTTTTGTTGTG

Eomes RP TTTAATAGCACCGGGCACTC
ThermoFisher custom Tagman probes

Endogenous Oct4 FP TTCCACCAGGCCCCC

Endogenous Oct4 RP GGTGAGAAGGCGAAGTCTGAAG
Endogenous Oct4 probe FAM-CCCACCTTCCCCATGGCT-MGB
Retroviral Sox2 FP TGGTACGGGAAATCACAAGTTTGTA
Retroviral Sox2 RP GCCCGGCGGCTTCA

Retroviral Sox2 probe FAM-CTCCGTCTCCATCATGTTAT-MGB
Retroviral cMyc FP TGGTACGGGAAATCACAAGTTTGTA
Retroviral cMyc RP GGTCATAGTTCCTGTTGGTGAAGTT
Retroviral cMyc probe FAM-CCCTTCACCATGCCCC-MGB
Retroviral KIf4 FP TGGTACGGGAAATCACAAGTTTGTA
Retroviral KIf4 RP GAGCAGAGCGTCGCTGA

Retroviral KIf4 probe FAM-CCCCTTCACCATGGCTG-MGB
Retroviral Oct4 FP TGGTACGGGAAATCACAAGTTTGTA
Retroviral Oct4 RP GGTGAGAAGGCGAAGTCTGAAG
Retroviral Oct4 probe FAM-CACCTTCCCCATGGCTG-MGB
Sigma-Aldrich KiCqgStart Probes

Krt7 MMUS_NM_033073_1

ThermoFisher Tagman Probes

Total Oct4 MmO00658129 gH

GAPDH 4352339E

Nanog MmO02384862 gl

Esrrb MmO00442411 ml

FGF5 MmO00438918 m1l

T Brachyury Mm01318252 mil

Gata4 MmO00484689 m1l

KIf2 MmO01244979 g1

Sox1 MmO00486299_s1




Ascll MmO03058063_m1

Pax6 MmO00443081 m1l
Zeb2 Mm00497193 m1l
EIf5 MmO00468732_m1

ScRNA-seq library preparation

Single cells were index-sorted individually by FACS (BD Influx 5) into wells of a 96-well PCR plate
containing lysis buffer. SCRNA-seq was performed as previously described (Nestorowa et al., 2016;
Picelli et al., 2014; Wilson et al., 2015). The Illumina Nextera XT DNA kit was used to prepare libraries.
Pooled libraries were sequenced on the lllumina HiSeq 4000 (single-end 125bp reads).

RNA-seq data analysis

Sequencing reads were aligned to mouse genome reference GRCm38/mm10 with STAR (Dobin et al.,
2013) using the two-pass method for novel splice detection (Engstréom et al., 2013). GENCODE M12
mouse gene annotation from Ensembl release 87 (Yates et al., 2016) was used for read alignment and
splice junction donor/acceptor overlap settings were tailored to the read length of each dataset.
Alignments to gene loci were quantified with HTSeq-count (Anders et al., 2015) based on annotation
from Ensembl release 87. Quality control was performed according to (Stirparo et al., 2018). Briefly,
sequencing libraries with fewer than 500,000 mapped reads were excluded from subsequent analyses.
Read distribution bias across gene bodies was computed as the ratio between the total reads spanning
the 50th to the 100th percentile of gene length, and those between the first and 49th. Samples with ratio
>2 were not considered further. Stage-specific outliers were screened by principal component analysis.

Published scRNA-seq datasets

Sequencing data corresponding to single-cell mouse embryo profiling studies SRP110669 (Mohammed
et al., 2017) (E3.5, E4.5), SRP020490 (Deng et al., 2014) (trophectoderm cells) and E-MTAB-7901
(Stuart et al., 2019) (ESCs) were obtained from the European Nucleotide Archive (Toribio et al., 2017)
and from ArrayExpress repository and processed as above.

Transcriptome analysis

Principal component and cluster analyses were performed based on log2 FPKM values and were
computed with FactoMineR (Lé et al., 2008) in addition to custom scripts. Default parameters were
used unless otherwise indicated. For global analyses, genes that registered zero counts in all single-
cell samples were omitted. Euclidean distance and complete linkage were used for cluster analyses
unless otherwise indicated. Differential expression analysis was performed with scda (Kharchenko et
al., 2014), that fits individual error models for assessment of differential expression between groups of
cells. DAVID Bioinformatics Resources 6.7 (Huang et al., 2009) was used for computing the enriched
biological processes, using as input list the modulated genes (with padj value < 0.05 ) between mutant
cells and wt/rescue cells. Genes exhibiting the greatest expression variability (and thus contributing
substantial discriminatory power) were identified by fitting a non-linear regression curve between
average log2 FPKM and the square of coefficient of variation. Indicated specific thresholds were applied
along the x-axis (average log2 FPKM) and y-axis (CV2) to identify the most variable genes. Cumulative
sum was computed by performing the sequential sums of log2 expression values for genes expressed
in TE or ICM stage.

Data and Code Availability

The single-cell RNA sequencing data generated during this study is available in the ArrayExpress
repository under accession E-MTAB-9931
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A Sox2 DNA sequencing
WT ATGTATAACATGATGGAGACGGAGCTGAAGCCGCCGGGCCCGCAGCAAGCTTCGGGGGGCGGCG.........
Sox27/~ Cl1 3 ATGTATAACATGATGGAGACGGAGCTGAAGCCGCCGG CCCGCAGCAAGCTTCGGGGGGCGGCE........

Sox2 Predicted Protein Sequence
WT MYNMME TELKPPGPQQASGGGGGGGNATAAATGGNQKNS PDRVKRPM.........

lob VRl S NG IRV AN VIR 4427 R SKTLRGAAAEEATPRRRRPAATRRTARTASRGP ¥
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Figure S1- Generation of Sox2/- NSCs. Related to Figure 1.

A) Sequence of start of coding region of Sox2 amplified by genomic PCR for Sox2/ neural stem cell (NSC) clone
3 with Cas9 targeting gRNA binding site underlined aligned with the WT Sox2 coding region to show the mutation
(deletion of 1 guanine). The predicted protein sequence from the Sox2- NSC clone 3 is shown aligned with WT
sequence, with the sequence diversion highlighted. * = stop codon.

B) Western blot for Sox2 (=40kDa) and Tubulin (=50kDa) protein expression in WT and clonal NSC lines after
transfection with Sox2 gRNA/Cas9.

C) Phase images of WT and Sox2” clone (ClI) 3 NSCs.

D) gqRT-PCR analysis of neural markers (Olig2 and BLBP) in WT and Sox27- CI3 NSCs and ESCs. Error bars
indicate standard deviation of replicate qPCR reactions (n=3).
Scale bars = 200um.
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Figure S2- Sox2rLIP/FLIP ESCs experimental optimisation. Related to Figure 3.

A) Schematic of Sox2FLIPFLIP ESCs. Please note that after Cre mediated recombination Sox2 protein becomes
truncated. SD indicates splice donor site. BP1 and SA1, and BP2 and SA2 indicate pairs of branch points and
splice acceptor sites that are used before and after Cre recombination respectively. Pink and purple triangles
indicate LoxP variants (Lox5171 and LoxP1 respectively). Dashed line indicates splice site usage.

B) Western blot of 48 hour timecourse of tamoxifen (4OHT) treatment of Sox2FLPFFLIP CreERT2 ESCs.

C) gRT-PCR of pluripotency factor expression during tamoxifen timecourse. Error bars indicate standard
deviation of replicate qPCR reactions (n=3).
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Figure S3 - Sox2-low iPSCs exhibit increased plasticity in vivo. Related to Figure 5.
A) Single confocal microscopy section of Sox2+- (-/-) Sox2-low iPSCs (GFP) E6.5 chimeric embryos stained with

trophoblast (AP-2y) and epiblast (Oct4) markers. Epiblast (EPI) and Trophoblast/trophectoderm (TE) embryo
domains are indicated. Scale bars = 100um.

B) Immunofluorescence staining with Cdx2 (trophectoderm) and Sox17 (hypoblast) of cultured embryos after

morula injection with Sox2 (-/-) Sox2-low iPSCs expressing constitutively a GFP transgene. Scale bar = 20um.
C) Table showing compartmental contribution of -/- Sox2-low iPSCs.
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Figure S4- Sox2-low iPSCs do not display gene ontology differences to control cell lines. Related to Figure 6
A) PCA plot computed with the top variable genes for Sox27 (-/-) Sox2-low and control iPSCs, which include WT
and -/- Sox2-low rescued with a constitutive Sox2 transgene (-/- Sox2-low rescue) (FPKM > 1, logCV2 >0.5,
n=1951). The cells are of same genetic background, even the same cell line (parental, knock-out and rescue). They
have also been done on same plate for library prep and sequenced in the same lane meaning that the variance is
not technical batch effect of the sequencing.

B) Volcano plot and gene ontology enrichment for genes differentially expressed between -/~-Sox2-low and control
iPSCs (combined WT and -/- Sox2-low rescue iPSCs). log FC indicates comparison between -/- Sox2-low and
control iPSCs. Negative value means gene is down regulated in WT and -/- Sox2-low rescue, while positive value
indicates gene is upregulated in WT and -/- Sox2-low rescue compared to -/-Sox2-low iPSCs. Significance threshold
was defined at -logsopadj=1.3.
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