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Summary 14 

 15 

Controlling responsiveness to prevailing signals is critical for robust transitions 16 
between cell states during development. For example, FGF drives naïve pluripotent 17 
cells into extraembryonic lineages before implantation but sustains pluripotency in 18 
primed cells of the post-implantation epiblast. Nanog supports pluripotency in naïve 19 
cells while Nodal supports pluripotency in primed cells, but the handover from Nanog 20 
to Nodal does not proceed seamlessly, opening up the risk of aberrant differentiation 21 
if FGF is activated before Nodal. Here we report that Id1 acts as a sensor to detect 22 
delays in Nodal activation after downregulation of Nanog. Id1 then suppresses FGF 23 
activity to delay differentiation. Accordingly, Id1 is not required for naïve or primed 24 
pluripotency but rather stabilises epiblast identity during the transition between these 25 
states. These findings help explain how development proceeds robustly in the face of 26 
imprecise signals, and highlight the importance of mechanisms that stabilise cell 27 
identity during developmental transitions. 28 

 29 

 30 

  31 

Introduction 32 

Pluripotent cells in the early embryo choose their fate according to the signals they 33 
receive from their local environment (Arnold and Robertson, 2009). However 34 
pluripotent cells are unlikely to respond passively to prevailing signals. Rather, the 35 
ability to respond to or ignore particular signals must be tightly coordinated with 36 
changes in differentiation potential in order to ensure that cell fate decisions are not 37 
misdirected by premature fluctuations in pro-differentiation cues. 38 

Control over signal responsiveness becomes particularly important where the same 39 
signal is re-deployed to regulate successive cell fate restrictions. For example, FGF 40 
drives naïve pluripotent cells in the early embryo to differentiate into extraembryonic 41 
cell types (Chazaud et al., 2006; Hamilton and Brickman, 2014; Nichols et al., 2009; 42 
Yamanaka et al., 2010), whereas FGF helps to sustain pluripotency once pluripotent 43 
cells have transitioned into a 'primed' state (Arnold and Robertson, 2009; Brons et al., 44 
2007; Tesar et al., 2007). Therefore, for this transition to proceed successfully, the 45 
shift in FGF activity must somehow be timed to occur only after cells irreversibly 46 
commit to the primed epiblast state. 47 
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Nodal protects pluripotency in the primed epiblast of the post-implantation embryo 48 
(Camus et al., 2006; Mesnard et al., 2006) while Nanog protects pluripotency in the 49 
naïve epiblast of the preimplantation embryo (Mitsui et al., 2003). The handover 50 
between these two factors does not, however, appear to proceed seamlessly: some 51 
Nanog-negative epiblast cells lack Nodal activity in the late preimplantation embryo 52 
(Granier et al., 2011). With neither Nanog or Nodal available to sustain epiblast 53 
identity, these transiting epiblast cells would be in a precarious state, unless some 54 
other factor comes into play to protect them against the pro-endoderm effects of 55 
autocrine FGF (Chazaud et al., 2006; Hamilton and Brickman, 2014; Nichols et al., 56 
2009; Yamanaka et al., 2010). This putative factor should have three key properties:  57 
the ability to sense low levels of Nodal activity, the ability to dampen FGF 58 
responsiveness, and the ability to protect pluripotent cells from differentiation. 59 

A likely candidate is the BMP target gene Id1. Id1 is sensitive to Nodal activity 60 
(Galvin et al., 2010) and is able to prevent differentiation of pluripotent cells (Ying et 61 
al., 2003; Zhang et al., 2010), but the details of when and how it operates remain 62 
unclear. It has been proposed that Id1 supports naïve pluripotency by maintaining 63 
high levels of Nanog (Galvin-Burgess et al., 2013; Romero-Lanman et al., 2012; Ying 64 
et al., 2003). However, surprisingly, we report here that Id1 protein is absent from the 65 
E3.5 embryo and is only expressed in cells that have lost Nanog expression during 66 
peri-implantation development. This seems incompatible with the idea that BMP/Id1 67 
maintains naïve pluripotency, but is consistent with idea that Id1 comes into play to 68 
protect epiblast identity after downregulation of Nanog. 69 

Here we report that Id1 stabilises an epiblast identity specifically during the transition 70 
between naïve and primed states. Id1 acts as a 'sensor' to detect when cells have 71 
lost Nanog expression but have not yet acquired Nodal activity. Id1 then suppresses 72 
FGF in order to protect these cells from aberrant differentiation. Once a Nodal-73 
responsive post-implantation epiblast state has been achieved Nodal suppresses Id1 74 
expression and so permits FGF activity to rise to help sustain pluripotency in newly 75 
configured primed epiblast cells. 76 

We propose that this mechanism helps to coordinate changes in extrinsic and 77 
intrinsic information to ensure a robust transition through peri-implantation 78 
development. 79 

 80 

Results 81 
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Pluripotent cells remain resistant to BMP signalling until peri-implantation 82 
development 83 

We examined whether pluripotent cells modulate responsiveness to prevailing 84 
signals as they proceed towards differentiation. We focused on BMP signalling 85 
because BMP suppresses differentiation of pluripotent cells in culture (Ying et al., 86 
2003) and in vivo (Di-Gregorio et al., 2007). The BMP target gene Id1 (Hollnagel et 87 
al., 1999) recapitulates the effects of BMP on pluripotent cells (Malaguti et al., 2013; 88 
Ying et al., 2003; Zhang et al., 2010) and provides a biologically-relevant readout of 89 
BMP activity (Figure S1A-C). 90 

Bmp4/7 and pSmad1 are readily detectable in pre-implantation embryos at E3.5 91 
(Coucouvanis and Martin, 1999; Graham et al., 2014). However, to our surprise we 92 
were unable to detect the product of the direct BMP target gene Id1 in E3.5 embryos 93 
(Figure 1A) or in early E4.5 embryos (not shown). We then examined embryos after 94 
E4.5, at the latest stage obtainable before the embryo implants. These embryos 95 
contain a subpopulation of Id1+ cells scattered throughout the epiblast in a salt-and-96 
pepper distribution (Figure 1B). This suggests that patterning of Id1 is unlikely to be 97 
explained only by exposure to exogenous BMP ligands (because these ligands are 98 
diffusible so unlikely to adopt a salt-and-pepper distribution) and instead might reflect 99 
cell-cell variability in BMP-responsiveness. 100 

In order to test this, we examined pluripotent cells in culture, where we could 101 
stimulate cells with BMP4. We first examined cells in 2i+LIF culture, which supports a 102 
stage of pluripotency equivalent to that of the early E4.5 blastocyst (Boroviak et al., 103 
2015). We were unable to detect Id1 protein even after stimulating 2i+LIF cells with 104 
high doses (10 ng/ml) of BMP4 (Figure 1C). These findings were confirmed using 105 
cells in which an Id1-Venus fusion was expressed from the Id1 locus (Figure 1D and 106 
Figure S1D-G) (Malaguti et al., 2013; Nam and Benezra, 2009). 107 

We then examined ES cells in LIF+FCS, a culture condition that supports a mixture 108 
of naïve and primed cells (Nichols and Smith, 2009). We could detect Id1 protein in 109 
some cells, although a subpopulation remained Id1-negative even when stimulated 110 
with BMP4 (Figure 1E,F), in keeping with reports that naïve cells do not activate Id1 111 
in response to BMP (Gomes Fernandes et al., 2016). 112 

We then examined post-implantation embryos and epiblast stem cells (EpiSCs) 113 
(Brons et al., 2007; Tesar et al., 2007). As expected, the E5.5 epiblast expresses Id1 114 
in cells close to the extraembryonic ectoderm, a source of BMP signals (Arnold and 115 
Robertson, 2009) (Figure 1G and Figure S1H). EpiSC stimulated with BMP4 express 116 
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moderate levels of Id1 in a minor subset of cells (Figure 1H,I), indicating that BMP 117 
responsiveness decreases as pluripotent cells reach a primed state. This transient 118 
window of Id1 expression at the onset of the transition between naïve and primed 119 
pluripotency can be recapitulated in vitro in epiblast-like cell (EpiLC) differentiation 120 
(Figure S1J). 121 

Some epiblast cells in the late E4.5 embryo downregulate the naïve determinant 122 
Nanog to prepare for the transition to a primed state (Xenopoulos et al., 2015). We 123 
detect Id1 exclusively within these Nanog-low cells (Figure 1B). Similarly, Id1 is 124 
expressed predominantly in Nanog-low cells in LIF+FCS (Figure 1J,K). 125 

We conclude that pluripotent cells modulate responsiveness to BMP4 over time. 126 
They become most responsive as they enter a transition phase between naïve and 127 
primed pluripotency, corresponding to a stage of peri-implantation development after 128 
downregulation of Nanog but before establishment of a primed pluripotent state 129 
(Figure 1L). 130 

Id1 predicts the probability of differentiating after downregulation of Nanog 131 

It is surprising that Id1, which maintains pluripotency of ES cells (Ying and Smith, 132 
2003; Zhang et al., 2010), is not expressed in Nanog-high cells in vivo or in culture 133 
(Figure 1B,J,K). Could it instead be protecting epiblast identity during the transition 134 
from naïve to primed states? 135 

The transition to a primed state is initiated by downregulation of Nanog in concert 136 
with other components of the naïve gene regulatory network (GRN) (Kalkan et al., 137 
2017). However, loss of Nanog does not commit cells to undergo this transition: 138 
some Nanog-low cells resist differentiation and revert back to a Nanog-high state 139 
(Chambers et al., 2007; Kalmar et al., 2009). We asked whether Id1 identifies those 140 
cells that resist differentiation after loss of Nanog. 141 

We generated a dual-reporter ES cell line which expresses an Id1-Venus fusion 142 
protein from the endogenous Id1 locus (Malaguti et al., 2013; Nam and Benezra, 143 
2009), and a Nanog-tagRFP fusion protein from the endogenous Nanog locus 144 
(Figure 2A and Figure S2A-E). We first confirmed that Nanog and Id1 tend to mark 145 
different subpopulations in LIF+FCS (Figure 2B). We then sorted three populations of 146 
cells from LIF+FCS: Nanog high (NR-HI IdV-LO), Id1-high Nanog-low (IdV-HI NR-147 
LO), and Id1-low Nanog-low cells (IdV-LO NR-LO) (Figure 2C and Figure S2F). 148 
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As expected (Festuccia et al., 2012), transcriptomes differed between Nanog-high 149 
cells and Nanog-low cells. In contrast, within the Nanog-low compartment, 150 
transcriptomes of Id1-high and Id1-low cells were almost indistinguishable (Figure 151 
2D,E and Table S1). 152 

Id1 is not a transcriptional regulator: it acts by controlling the activity of a range of 153 
proteins (Norton, 2000; Roberts et al., 2001; Yates et al., 1999), so it seemed 154 
plausible that Id1-high cells may be more resistant to differentiation than Id1-low cells, 155 
despite their similar transcriptomes. 156 

We tested the sorted subpopulations for resistance to differentiation. We challenged 157 
cells with differentiation medium (N2B27) for six hours and then returned them to 158 
self-renewal conditions at clonal density to assess how many cells remained 159 
undifferentiated. We also plated sorted cells directly into self-renewal conditions at 160 
clonal density to measure the number of undifferentiated cells in each starting 161 
population. We combined these data to establish the proportion of undifferentiated 162 
cells that resist differentiation during the six-hour challenge (Figure 2F). 163 

This reveals that Id1-high cells resist differentiation more effectively than Id1-low 164 
cells: the majority (62% ± 6%) of IdV-HI NR-LO cells resisted differentiation, as did 165 
the majority (69% ± 15%) of NR-HI IdV-LO cells. Only a minority (39% ± 5%) of IdV-166 
LO NR-LO cells were able to resist differentiation (Figure 2G). 167 

Although there is low residual expression of Nanog and other naïve pluripotency 168 
transcription factors within our "Nanog-low" sorted subpopulations (Figure S2F,G), 169 
this cannot explain our findings because there was no difference in expression of 170 
these factors between Id1-high and Id1-low cells (Figure S2G,H). Nor was there any 171 
difference in the number of colony-forming cells prior to the differentiation-challenge 172 
(Figure S2I), indicating that there are no functional differences in naïve transcription 173 
factor activity between the two populations. 174 

We conclude that Id1 identifies a subpopulation of Nanog-low cells that resist 175 
differentiation independently of the activity of the naïve pluripotency GRN. 176 

Id1 protects pluripotent cells from differentiation in the absence of Nanog 177 

Having seen that Id1 correlates with resistance to differentiation after downregulation 178 
of Nanog, we asked whether Id1 is capable of suppressing differentiation after 179 
downregulation of Nanog. We made use of an ES cell line containing a doxycycline-180 
inducible Id1 transgene (Malaguti et al., 2013). We placed these cells in N2B27 for 181 
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24h, a timeframe that is sufficient to downregulate members of the naïve GRN 182 
(Kalkan et al., 2017), in the presence or absence of doxycycline. We then replated 183 
the cells clonally in self-renewal conditions (Figure 2H). We find that forced 184 
expression of Id1 during this time window in which the naïve GRN is dismantled 185 
increases the number of cells that resist differentiation (Figure 2I). 186 

If Id1 protects pluripotent cells from differentiation in the absence of Nanog then it 187 
should be able to rescue the spontaneous differentiation phenotype of Nanog-null 188 
cells in LIF+FCS (Chambers et al., 2007). Forced expression of Id1 restores the 189 
colony-forming ability of Nanog-null cells to a similar extent to forced expression of 190 
Nanog itself (Figure 2J,K), and reduces the expression of markers of primitive 191 
endoderm (Gata4, Gata6, Sox17) and primed epiblast (Fgf5, Oct6/Pou3f1) (Figure 192 
2L,M). 193 

These data suggest that Id1 is responsible for protecting pluripotent cells from 194 
differentiation after downregulation of Nanog. 195 

A coordinated shift in BMP, FGF and Nodal responsiveness after 196 
downregulation of Nanog 197 

We looked for transcriptional changes that might explain why IdV-LO NR-LO cells are 198 
more susceptible to differentiation than IdV-HI NR-LO cells. 199 

Only six protein-coding genes were enriched in IdV-LO NR-LO cells compared with 200 
IdV-HI NR-LO cells (Figure 3A,B). Only two of these, Egr1 and Lefty1, were 201 
confirmed by qRT-PCR to be differentially expressed (Figure 3C and Figure S3A). 202 
Egr1 and Lefty1 are readouts of the FGF and Nodal signalling pathways respectively, 203 
and these are the two pathways that sustain pluripotency in primed pluripotent cells 204 
(Brons et al., 2007; Camus et al., 2006; Tesar et al., 2007). We confirmed that the 205 
related FGF target gene Egr2, although not the related Nodal target gene Lefty2, is 206 
also enriched in IdV-LO NR-LO cells (Figure 3C). Id1 rescue of Nanog-null cells also 207 
correlates with reduced expression of Egr1 (Figure S3B). 208 

The FGF target gene Egr1 (although not the Nodal targets genes Lefty1 or Lefty2) 209 
remained enriched in Id1-low cells after a 6h challenge with differentiation media, 210 
which is the time at which Id1-high cells display their relative resistance to 211 
differentiation (Figure 3D). Intriguingly, we do not observe differences in expression 212 
of naïve or primed pluripotency markers between IdV-LO NR-LO and IdV-HI NR-LO 213 
cells at this timepoint (Figure S3C,D), suggesting that differences in FGF sensitivity 214 
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and response can predict resistance to differentiation prior to overt changes in 215 
pluripotency marker expression. 216 

Having observed an increase in FGF target gene expression in IdV-LO NR-LO cells, 217 
we next asked whether these cells are more responsive to acute stimulation with 218 
exogenous Fgf2 than Id1-high cells (Figure 3E). We find that a higher proportion of 219 
IdV-LO NR-LO cells respond to Fgf2 stimulation by phosphorylating Erk1/2 (a direct 220 
readout of FGF activity) than Id1-high or Nanog-high cells (Figure 3F,G). 221 

These data suggest that there is a coordinated shift in signal-responsiveness within 222 
the Nanog-low compartment, with cells becoming more responsive to FGF and Nodal 223 
signalling as they lose Id1 expression. It is the increase in FGF responsiveness that 224 
best correlates with a higher probability of differentiating (model shown in Figure 3H). 225 

Id1 is responsible for suppressing differentiation within the Nanog-low 226 
compartment 227 

We next asked how differentiation is suppressed within Id1-high cells. Eight genes 228 
are enriched in Id1-high cells (Figure S4), including Id1 itself. Id1 has previously been 229 
reported to block differentiation of naïve and primed pluripotent cells (Aloia et al., 230 
2014; Malaguti et al., 2013; Romero-Lanman et al., 2012; Ying et al., 2003; Zhang et 231 
al., 2010), but a role during the transition between these two states has not been 232 
explored. 233 

Id1-null ES cells have impaired clonogenic potential, display reduced levels of Nanog 234 
and increased levels of the primed pluripotency marker Oct6 (Figure 4A-C). These 235 
phenotypes can be rescued by placing cells into 2i+LIF culture conditions in order to 236 
maintain uniform high levels of Nanog (Figure 4D-F) or by addition of a Mek inhibitor 237 
(PD0325901) to LIF+FCS cultures in order to suppress FGF activity (Figure 4G-I). 238 

These data suggest that Id1 is dispensable within naïve (Nanog-high) pluripotent 239 
cells, but that it protects cells from differentiating after downregulation of Nanog. 240 

Id1 dampens FGF responsiveness 241 

We next asked whether Id1 is responsible for suppressing FGF activity. 242 
Id1-null cells display increased expression of the FGF target gene Egr1, and this can 243 
be reversed by restoring Id1 expression (Figure 5A-C). Nodal activity is also 244 
dampened in Id1-high cells (Figure 3B,C) but Id1-null cells do not have increased 245 
expression of the Nodal target gene Lefty1 (Figure 5D), suggesting that Nodal 246 
signalling may regulate, rather than be regulated by, Id1 expression. 247 



Malaguti et al. Id1 stablises epiblast identity 
 

 9 

Egr1 is not only a passive readout of FGF activity, it mediates the effects of FGF on 248 
pluripotent cells (Galonska et al., 2015). Egr1 is correlated with and controlled by Id1 249 
in our experiments (Figure 3B-D, 5A-C, S3B), so we asked how Id1 regulates Egr1. 250 

E2A homodimers directly regulate Egr1 in pro-B cells (Lin et al., 2010) and E2A 251 
activity is repressed by Id1 (Massari and Murre, 2000). We therefore first considered 252 
E2A as a likely candidate for mediating the effects of Id1 on Egr1. However, this does 253 
not seem to be the case: Egr1 does not respond to experimental activation of E2A 254 
homodimers in ES cells (Figure S5A-B). 255 

We have previously identified Tcf15 as an Id-regulated pro-differentiation factor in ES 256 
cells (Davies et al., 2013). Transcriptome analysis of Tcf15-responsive genes 257 
indicates that Tcf15 upregulates Egr1 (Davies et al., 2013). Using Tcf15-null cells, we 258 
find that Tcf15 is required for maximal Egr1 expression after downregulation of 259 
Nanog (Figure 5E,F). These data are consistent with the idea that Id1 suppresses 260 
Egr1 activity through suppression of Tcf15 activity. 261 

Taken together, our data suggest that Id1 orchestrates a coordinated shift in growth 262 
factor responsiveness and differentiation. 263 

Id1 acts as a 'sensor' of Nodal activity 264 

We report above that there is a transient peak of Id1 protein expression during the 265 
transition from naïve to primed epiblast states resulting from changes in 266 
responsiveness to BMP rather than changes in exposure to BMP (Figure 1C-F,H,I). 267 
We asked what is responsible for suppressing Id1 in naïve cells. 268 

Nanog is able to repress Id1 expression (Figure S6A,B and (Festuccia et al., 2012; 269 
Suzuki et al., 2006)), and Id1 is derepressed in Nanog-null cells (Figure 6A,B). We 270 
examined Nanog-null ES cells in which the naïve subpopulation can be identified via 271 
a fluorescent reporter targeted to the Nanog locus (Chambers et al., 2007). This 272 
confirmed that there is an overall increase in Id1 expression, although Id1 remains 273 
repressed in a subset of Nanog-null cells (Figure 6C,D). We conclude that Nanog 274 
contributes to, but is not solely responsible for, repression of Id1. 275 

Nodal signalling is also able to repress Id1 expression (Galvin et al., 2010; Galvin-276 
Burgess et al., 2013). The Nodal target gene Lefty1 is enriched in Id1-low cells in 277 
LIF+FCS (Figure 3B,C) yet is not affected in Id1-null cells (Figure 5D), supporting the 278 
idea that Nodal signalling acts upstream rather than downstream of Id1. 279 
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In 2i+LIF, BMP4 is usually unable to upregulate Id1 (Figure 1C,D), but after addition 280 
of the Nodal inhibitor SB431542 almost all cells switch on Id1 in response to BMP4 281 
(Figure 6E-G). Similarly, in LIF+FCS cultures SB431542 derepresses Id1, with the 282 
strongest increase observed within the Nanog-low subpopulation (Figure 6H-J). 283 
SB431542 also permits BMP4-induced Id1 expression in EpiSCs (Figure 6K-M). In 284 
keeping with these observations, treatment of 2i+LIF and LIF+FCS cultures with the 285 
Nodal agonist Activin A inhibits Id1 induction by BMP4 (Figure S6C,D). These data 286 
suggest that Nodal is the primary factor responsible for dampening Id1 expression in 287 
primed cells. 288 

We conclude that Nanog and Nodal repress Id1 within naïve cells, and that Nodal 289 
also dampens Id1 expression within primed cells. This explains how Id1 can act as a 290 
'sensor' of Nodal activity after downregulation of Nanog (Figure 6N). 291 

Id1 is required for a robust transition from a naïve to a primed epiblast state in 292 
vivo 293 

Our findings suggest that Id1 protects epiblast cells from pro-differentiation cues from 294 
the time they lose Nanog expression through to the time that Nodal signalling begins 295 
to sustain them in a primed state. 296 

In keeping with this model, Id1 is dispensable under optimised differentiation 297 
conditions in vitro, where inappropriate pro-differentiation signals are eliminated 298 
(Figure S7A). We predict that Id1 should become important under sup-optimal 299 
signalling conditions such as those in the peri-implantation embryo where, for 300 
example, Nodal becomes activated in only a subset of Nanog-low cells (Granier et al., 301 
2011). We devised an in-vitro assay to mimic these conditions. We cultured 302 
pluripotent cells in basal media (N2B27) in order to allow cells to initiate exit from 303 
naïve pluripotency in the absence of exogenous cues. After 48h we provided cells 304 
with low levels (1ng/ml) of the Nodal agonist Activin A to approximate the incomplete 305 
activation of Nodal in vivo (Figure 7A). We used Oct4 (Pou5f1) to indicate the ability 306 
of these cells to retain an epiblast identity. 307 

When this assay is carried out in the absence of BMP, only around half of cells 308 
retained Oct4 expression (Figure 7B-D and Figure S7B: note bimodal distribution of 309 
Oct4 in Figure 7C and Figure S7B). Exposing cells to BMP in order to activate Id1 310 
during the first 48h increased the robustness with which cells progress through this 311 
transition, with the majority of cells maintaining Oct4 expression (Figure 7B-D and 312 
Figure S7B: note unimodal distribution of Oct4 in Figure 7C and Figure S7B). 313 



Malaguti et al. Id1 stablises epiblast identity 
 

 11 

These results go some way towards supporting the hypothesis that BMP/Id1 helps to 314 
protect pluripotent cells from suboptimal signalling conditions. However our in vitro 315 
assay falls far short of capturing the complexities of the dynamic signalling 316 
environment of the peri-implantation embryo. We therefore turned to an in vivo assay 317 
system. 318 

We examined the efficiency with which Id1-null cells can persist throughout 319 
implantation and contribute to the post-implantation epiblast in aggregation chimeras 320 
(Fig 7E). Cells which differentiate aberrantly or activate FGF prematurely during this 321 
process are eliminated by cell competition (Clavería et al., 2013; Díaz-Díaz et al., 322 
2017; Sancho et al., 2013). 323 

Id1-null cells are able to contribute to the post-implantation epiblast: 57% of embryos 324 
contained at least some Id1-null ES cells, which is comparable to results from wild-325 
type cells (67% of embryos) and Id1-rescue cells (54% of embryos) (Figure 7F,G). 326 
However the degree of contribution was lower for Id1-null cells (30% high 327 
contribution) compared with wild-type (74% high contribution) or Id1-rescue cells 328 
(53% high contribution) (Figure 7F,G). Quantifying the number of ES cells that 329 
contribute to the post-implantation epiblast confirmed that Id1-null cells contribute to 330 
the epiblast less robustly than wild-type or Id1-rescue cells (Figure 7F,H). 331 

In contrast, Id1-null ES cells contribute efficiently to the pre-implantation pluripotent 332 
epiblast, displaying no sign of premature differentiation or cell death (Figure S7C-E). 333 
This confirms that Id1 is not required in naïve pluripotent cells, but becomes 334 
important during peri-implantation development. 335 

We conclude that Id1 is required for a robust transition from the pre-implantation to 336 
the post-implantation epiblast in vivo.  337 

 338 

Discussion 339 

Coordinating signalling with differentiation during transitions between cell 340 
states 341 

There has been much progress in understanding the signals and transcription factors 342 
that maintain naïve and primed pluripotent cell states (Betschinger et al., 2013; 343 
Buecker et al., 2014; Galonska et al., 2015; Leeb et al., 2014; Yang et al., 2012).  344 
Much less is known about how pluripotency is protected during the transition 345 
between these states. We propose that cells regulate changes in signal 346 
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responsiveness in order to protect pluripotency during this transition, and that Id1 347 
coordinates this process. In the absence of Id1, cells fail to transit robustly from pre-348 
implantation to post-implantation stages of development. 349 

Cells modulate signal responsiveness as they exit pluripotency (Kalkan et al., 2017; 350 
Zhou et al., 2013), and it has been proposed that prior to differentiation pluripotent 351 
cells enter a 'transition state', or 'formative' state in which they become more 352 
responsive to prevailing cues (Rué and Martinez Arias, 2015; Smith, 2017), an idea 353 
that is supported by our findings. 354 

How are cells protected from differentiation after the collapse of the naïve 355 
GRN? 356 

In culture, ES cells do not commit to a primed state immediately after downregulating 357 
Nanog, but rather can reassemble a naïve GRN and revert to naïve pluripotency 358 
(Chambers et al., 2007; MacArthur et al., 2012). A proportion of Nanog-low cells are 359 
nevertheless spontaneously lost to differentiation (Chambers et al., 2007). Several 360 
lines of evidence suggest that the decision of Nanog-low cells to regain Nanog or to 361 
differentiate is stochastic (Abranches et al., 2014; Kalmar et al., 2009; MacArthur et 362 
al., 2012). This might prompt the assumption that no particular factor is brought into 363 
play to determine the ability of cells to retain pluripotency and return to a Nanog-high 364 
state.  365 

However, the following observations from peri-implantation embryos call this 366 
assumption into question: In peri-implantation embryos, in contrast to the situation in 367 
culture, cells that lose Nanog after E4.5 neither return to a Nanog-high naïve state 368 
(Xenopoulos et al., 2015) nor differentiate into extraembryonic endoderm (Grabarek 369 
et al., 2012). Rather, they are efficiently captured into a post-implantation epiblast 370 
state that is dependent on Nodal (Camus et al., 2006; Mesnard et al., 2006). The 371 
existence of cells in the embryo that lack both Nanog and Nodal activity points to the 372 
existence of another factor that protects these cells from differentiation.  We propose 373 
that this factor is Id1. 374 

Recent findings indicate that extraembryonic endoderm potency is not irreversibly 375 
lost but rather remains latent in epiblast cells during implantation (Nowotschin et al., 376 
2019). This implies the existence of mechanisms that protect the epiblast from 377 
differentiating into extraembryonic endoderm throughout the course of 378 
pregastrulation development. Nanog performs this role in the E3.5 embryo ((Mitsui et 379 
al., 2003), and we now propose that Id1 takes over this role immediately after 380 
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downregulation of Nanog. In support of this idea, we find that Id1 can protect Nanog-381 
null cells from differentiating into primitive endoderm. 382 

BMP maintains epiblast identity specifically during the transition between 383 
naïve and primed states 384 

Id1 is a target of BMP signalling (Hollnagel et al., 1999) that contributes to 385 
maintenance of pluripotency in ES cells cultured in LIF+BMP4 or LIF+FCS (Ying et 386 
al., 2003; Ying and Smith, 2003). It has been proposed that Id1 maintains Nanog 387 
expression (Galvin-Burgess et al., 2013; Romero-Lanman et al., 2012), but this 388 
seems inconsistent with the observation that Id1 is not co-expressed with Nanog in 389 
vitro or in vivo. We reconcile our findings with these reports by proposing that Id1 390 
does not directly maintain Nanog expression, but rather increases the probability that 391 
Nanog-low cells will return to a Nanog high state. 392 

Our findings also explain the previously puzzling observation that BMP is required for 393 
maintaining pluripotency in ES cells cultured as a mixture of naïve and primed states 394 
in LIF+FCS (Malaguti et al., 2013; Ying et al., 2003; Zhang et al., 2010), yet is not 395 
required for maintaining pluripotency in homogenous populations of naïve cells 396 
(Graham et al., 2014; Morikawa et al., 2016; Zhao, 2003) nor primed cells (Brons et 397 
al., 2007; Tesar et al., 2007). Our model is also consistent with the observation that 398 
BMP is not required for pre-implantation development (Graham et al., 2014; Zhao, 399 
2003) but is required to maintain pluripotency subsequently (Di-Gregorio et al., 2007). 400 

Much is known about the transcriptional regulators required to escape naïve 401 
pluripotency and establish a primed state (Betschinger et al., 2013; Buecker et al., 402 
2014; Galonska et al., 2015; Leeb et al., 2014; Yang et al., 2012). For instance, the 403 
FGF target gene Egr1 drives reorganisation of enhancer binding as cells proceed to 404 
a primed state (Galonska et al., 2015; Kumar and Ivanova, 2015). Our data place Id1 405 
upstream of these factors, operating to suppress Egr1 and thus help to transiently 406 
stabilise the naïve state in the absence of Nanog. We cannot however exclude the 407 
possibility that factors other than Egr1 also act downstream of Id1. 408 

Id1 confers robustness to early development 409 

Id1-null embryos progress through early development (Lyden et al., 1999), and Id1-410 
null cells can differentiate in vitro (Romero-Lanman et al., 2012), so it is clear that Id1 411 
is not absolutely required for early developmental transitions. Rather we propose that 412 
Id1 makes early development more robust by shielding epiblast cells from pro-413 
differentiation cues, and ensuring that cells exit naïve pluripotency only once signals 414 
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to sustain the primed state are present. We confirm that Id1-null cells can proceed 415 
through early development in chimeric embryos but do so less robustly than their 416 
wild-type neighbours. 417 

In summary, we propose that Id1 protects epiblast identity specifically during the 418 
transition from naïve to primed states. As embryos progress through implantation, a 419 
build-up of Nodal simultaneously provides the environment that supports a primed 420 
epiblast state and suppresses expression of Id1 to permit the transition to this state. 421 

Our findings support the idea that in order for changes in cell fate to occur at the 422 
correct time and place, mechanisms must exist to ensure that differentiation is 423 
coordinated with changes in responsiveness to extrinsic cues. Such mechanisms 424 
ensure canalisation during early development (Waddington, 1959), and also help to 425 
explain why it is not straightforward to control differentiation of pluripotent cells in 426 
vitro simply by controlling exposure to extrinsic signals. 427 
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Main Figure Titles and Legends 444 

 445 
Figure 1. Pluripotent cells remain resistant to BMP signalling until peri- 446 
implantation stages of development. 447 
(A) Immunofluorescent staining of E3.5 blastocyst for Nanog and the BMP target Id1. 448 
(B) Immunofluorescent staining of late E4.5 blastocyst for Id1 and Nanog. 449 
(C) Immunofluorescent Id1 staining of ES cells cultured in 2i+LIF, unstimulated or 450 
stimulated with 10ng/ml BMP4 for 48h.  451 
(D) Flow cytometry analysis of Id1-Venus reporter ES cells cultured in 2i+LIF, 452 
unstimulated or stimulated with 10ng/ml of BMP4 for 48h. 453 
(E) Immunofluorescent Id1 staining of ES cells cultured in LIF+FCS, unstimulated or 454 
stimulated with 10ng/ml of BMP4 for 48h. 455 
(F) Flow cytometry analysis of Id1-Venus reporter ES cells cultured in LIF+FCS, 456 
unstimulated or stimulated with 10ng/ml of BMP4 for 48h. 457 
(G) Immunofluorescent staining of E5.5 embryo for Id1 and Nanog. 458 
(H) Immunofluorescent Id1 staining of EpiSCs, unstimulated or stimulated with 459 
10ng/ml of BMP4 for 48h. 460 
(I) Flow cytometry analysis of Id1-Venus reporter EpiSCs, unstimulated or stimulated 461 
with 10ng/ml of BMP4 for 48h. 462 
(J) Immunofluorescent staining of ES cells cultured in LIF+FCS for Id1 and Nanog. 463 
(K) Quantification of Id1 and Nanog immunofluorescent signal in single ES cells 464 
cultured in LIF+FCS. 465 
(L) Diagram illustrating how BMP sensitivity increases around the time of 466 
implantation, as Nanog is being lost, and decreases following implantation. 467 
Scale bars: 30µm. 468 
See also Figure S1. 469 
 470 
Figure 2. Id1 protects pluripotent cells from differentiation in the absence of 471 
Nanog 472 
(A) Diagrammatic structure of Id1-Venus Nanog-tagRFP double reporter ES cells.  473 
(B) Flow cytometry of Id1-Venus Nanog-tagRFP cells cultured in LIF+FCS confirm 474 
that high levels of Id1 expression are observed predominantly in Nanog-low cells. 475 
Gates used for sorting experiments are displayed. 476 
(C) Sorting strategy for downstream transcriptome analysis of LIF+FCS cultures. 477 
(D) PCA of the sorted subpopulations, 2i and 2i+LIF cultures. 478 
(E) Pairwise transcriptomic comparisons of the three sorted subpopulations. 479 
(F) Experimental strategy. Id1-Venus Nanog-tagRFP ES cells cultured in LIF+FCS 480 
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were sorted into three subpopulations then assayed for their ability to form AP+ 481 
colonies when plated at clonal density immediately after sorting and after 6h N2B27 482 
culture. 483 
(G) Proportion of cells capable of resisting differentiation after 6h N2B27 culture. 484 
Number of AP+ colonies obtained after replating 6h N2B27 cultures in LIF+FCS, 485 
divided by number of AP+ colonies obtained after replating cells in LIF+FCS 486 
immediately after sorting. Plating density: 1000 cells/9cm dish. Data are represented 487 
as mean ± SEM of three independent experiments. 488 
(H) Experimental strategy for Id1 gain-of-function experiment. ES cells carrying a 489 
doxycycline-inducible Id1 transgene were transferred from LIF+FCS culture to N2B27 490 
for 24h, in the presence or absence of 1µg/ml doxycycline. The cells were assayed 491 
for their ability to form AP+ colonies when replated at clonal density in LIF+FCS. 492 
(I) Number of AP+ colonies obtained after replating cells as described in (H). Plating 493 
density: 100 cells/well of a 6-well plate. Data are represented as mean ± SEM of five 494 
independent experiments. 495 
(J) Diagram of rescue of Nanog-/- cells. Clonal cell lines were generated to stably 496 
express Nanog (positive control), Id1 or GFP (negative control). 497 
(K) Number of undifferentiated AP+ colonies obtained upon plating Nanog-rescue 498 
cells in LIF+FCS. Each shape represents a different clonal line. Plating density: 100 499 
cells/well of a 6-well plate. 500 
(L) Immunofluorescent staining of Nanog-rescue cells cultured in LIF+FCS for Gata6 501 
and LaminB1. Scale bar: 30µm. 502 
(M) qRT-PCR analysis of Nanog-rescue cells cultured in LIF+FCS. Each shape 503 
represents a different clonal line. 504 
Statistical analyses: for comparison of two samples: two-tailed unpaired Student’s t-505 
test; for comparison of three samples: one-way ANOVA followed by Tukey’s multiple 506 
comparison test. *p<0.05, **p<0.01, ***p<0.001. 507 
NR: Nanog-tagRFP, IdV: Id1-Venus, HI: High, LO: Low. AP: alkaline phosphatase, 508 
dox: doxycycline, Tg: transgene. 509 
See also Figure S2 and Table S1. 510 
 511 
Figure 3. A coordinated shift in BMP, FGF and Nodal responsiveness after 512 
downregulation of Nanog. 513 
(A) Experimental strategy. ES cells cultured in LIF+FCS were sorted into three 514 
subpopulations based on Id1-Venus and Nanog-tagRFP. Samples were taken for 515 
gene expression analysis immediately after sorting and after 6h culture in N2B27 516 
differentiation medium. 517 
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(B) Heatmap of transcripts significantly enriched in NR-LO IdV-LO relative to NR-LO 518 
IdV-HI subpopulations. Significance was defined as log2(fold-change)>0.5, p-value 519 
adjusted for multiple testing correction<0.5. 520 
(C) qRT-PCR analysis of sorted subpopulations before the 6h N2B27 differentiation 521 
challenge. Data are represented as mean ± SEM of seven independent experiments. 522 
(D) qRT-PCR analysis of sorted subpopulations after the 6h N2B27 differentiation 523 
challenge. Data are represented as mean ± SEM of three independent experiments. 524 
(E) Experimental strategy for acute Fgf stimulation of sorted subpopulations. 525 
Following sorting, cells were cultured in N2B27+10ng/ml Fgf2 in suspension, then 526 
cytospun and stained for pErk1/2 expression. 527 
(F) Immunofluorescent staining of sorted subpopulations for pErk1/2. Scale bar: 528 
30µm. 529 
(G) Percentage of pErk1/2-positive cells following 1h Fgf2 stimulation of sorted 530 
subpopulations, calculated by quantitative immunofluorescence of cells shown in (F). 531 
Samples from the same sort are indicated with the same shape. 532 
(H) Model: once Nanog is lost from pluripotent cells, Id1 expression is associated 533 
with resistance to differentiation and lower expression of Fgf and Nodal signalling 534 
targets. 535 
Statistical analyses of qRT-PCR and QIF data were performed using a one-way 536 
ANOVA followed by Tukey’s multiple comparison test. *p<0.05, **p<0.01, ***p<0.001. 537 
Methods for statistical analysis of transcriptomic data are described in the STAR 538 
Methods section. 539 
NR: Nanog-tagRFP, IdV: Id1-Venus, HI: High, LO: Low, Meki: Mek inhibitor (1 µM 540 
PD0325901), QIF: quantitative immunofluorescence, +ve: positive. 541 
See also Figure S3 and Table S1. 542 
 543 
Figure 4. Id1 is responsible for suppressing differentiation within the Nanog-544 
low compartment. 545 
(A) Clonal self-renewal assays of wild-type, Id1-null and Id1-rescue (Id1-null cells 546 
stably expressing an Id1 transgene) ES cells cultured in LIF+FCS. 547 
(B) Immunofluorescent staining of wild-type, Id1-null and Id1-rescue ES cells cultured 548 
in LIF+FCS for Nanog, Oct4 and Oct6.  549 
(C) Quantification of the IF data in (B). 550 
(D) Clonal self-renewal assays of wild-type, Id1-null and Id1-rescue ES cells cultured 551 
in 2i+LIF. 552 
(E) Immunofluorescent staining of wild-type, Id1-null and Id1-rescue ES cells cultured 553 
in 2i+LIF for Nanog, Oct4 and Oct6. 554 
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(F) Quantification of the IF data in (E). 555 
(G) Clonal self-renewal assays of wild-type, Id1-null and Id1-rescue ES cells cultured 556 
in LIF+FCS+1µM PD0325901 (a Mek inhibitor). 557 
(H) Immunofluorescent staining of wild-type, Id1-null and Id1-rescue ES cells cultured 558 
in LIF+FCS+1µM PD0325901 for Nanog, Oct4 and Oct6. 559 
(I) Quantification of the IF data in (H). 560 
All data are represented as mean ± standard deviation of three independent 561 
experiments. Statistical analyses were performed using a one-way ANOVA followed 562 
by Tukey’s multiple comparison test. **p<0.01. Plating density was 100 cells/well of a 563 
6-well plate for clonal assays. Note that the height of the y axes differs between (A), 564 
(D) and (G). Immunofluorescence scale bars: 30µm. 565 
See also Figure S4. 566 
 567 
Figure 5. Id1 dampens FGF responsiveness by modulating the activity of Tcf15. 568 
(A) Immunofluorescent staining for Egr1 and LaminB1 in wild-type, Id1-null, Id1-569 
rescue ES cells cultured in LIF+FCS. Wild-type cells cultured in LIF+FCS+1µM 570 
PD0325901 (+Meki) are included as a negative control. 571 
(B) Quantification of the IF data in (A).  572 
(C) qRT-PCR for the Fgf target Egr1 in wild-type, Id1-null and Id1-rescue ES cells 573 
cultured in LIF+FCS. 574 
(D) qRT-PCR for the Nodal target Lefty1 in wild-type, Id1-null and Id1-rescue ES 575 
cells cultured in LIF+FCS.(E) qRT-PCR for Tcf15 in wild-type and two Tcf15-null 576 
clonal cell lines during 2i+LIF to EpiLC differentiation. 577 
(F) qRT-PCR for Egr1 in the samples described in (E). 578 
Data are presented as mean ± standard deviation of three independent experiments. 579 
Statistical analyses were performed using a one-way ANOVA followed by Tukey’s 580 
multiple comparison test. *p<0.05, **p<0.01, ***p<0.001. 581 
See also Figure S5. 582 
 583 
Figure 6. Dynamic regulation of Id1 expression during the transition from naïve 584 
to primed states. 585 
(A) qRT-PCR for Id1 in wild-type and Nanog-null ES cells cultured in LIF+FCS. Data 586 
are represented as mean ± standard deviation of three independent experiments. 587 
(B) Median Id1 protein expression following immunofluorescence quantification of Id1 588 
staining in wild-type and Nanog-null ES cells cultured in LIF+FCS. Data are 589 
represented as mean ± standard deviation of three independent experiments. 590 
(C) Immunofluorescence for Id1 and Nanog or GFP in wild-type ES cells, and in 591 
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Nanog-null ES cells harbouring a GFP transgene under the control of the Nanog 592 
promoter. 593 
(D) Quantification of Id1 and Nanog/GFP immunofluorescent signal in single wild-594 
type or Nanog-null ES cells cultured in LIF+FCS. 595 
(E) Flow cytometry analysis of Id1-Venus ES cells cultured in 2i+LIF with or without 596 
stimulation with 10ng/ml BMP4 and/or 10µM of the Nodal inhibitor SB431542 for 48h.  597 
(F) Immunofluorescence for Id1 and Nanog in wild-type ES cells cultured in 2i+LIF 598 
with or without 48h stimulation with 10ng/ml BMP4 and 10µM SB431542. 599 
(G) Quantification of immunofluorescence signal for the cells in (F). 600 
(H) Flow cytometry analysis of Id1-Venus ES cells cultured in LIF+FCS with or 601 
without 48h stimulation with 10ng/ml BMP4 and/or 10µM SB431542. 602 
(I) Immunofluorescence for Id1 and Nanog in wild-type ES cells cultured in LIF+FCS 603 
with or without 48h stimulation with 10ng/ml BMP4 and 10µM SB431542. 604 
(J) Quantification of immunofluorescence signal for the cells in (I). Id1 is enriched in 605 
Nanog-low cells. 606 
(K) Flow cytometry analysis of Id1-Venus EpiSCs with or without 48h stimulation with 607 
10ng/ml BMP4 and/or 10µM SB431542. 608 
(L) Immunofluorescence for Id1 and Nanog in wild-type EpiSCs with or without 48h 609 
stimulation with 10ng/ml BMP4 and 10µM SB431542. 610 
(M) Quantification of immunofluorescence signal for the cells in (L).  611 
(N) Diagram illustrating the negative inputs of Nanog and Nodal on the expression of 612 
Id1. This results in Id1 being expressed only after Nanog is downregulated and 613 
before Nodal become active. 614 
Scale bars: 30µm. Statistical analyses were performed using a two-tailed unpaired 615 
Student’s t-test. *p<0.05, **p<0.01, ***p<0.001. 616 
See also Figure S6. 617 

 618 
Figure 7. Id1 enables a robust transition from a naïve to a primed pluripotent 619 
state. 620 
(A) BMP4 enables a robust transition from naïve to primed pluripotency in vitro. 621 
Experimental strategy: 2i+LIF cells were cultured in N2B27 in the presence or 622 
absence of 10ng/ml BMP4 for 48h. The cells were then exposed to low levels 623 
(1ng/ml) of Activin A (ActA) for a further 48h in the absence of BMP4, and assayed 624 
for their ability to retain Oct4 expression. Cells cultured in N2B27 throughout the 625 
experiment were used as a control for Oct4 downregulation. 626 
(B) Representative images of the samples described in (A). Act1: 1ng/ml Activin A. 627 
Scale bar: 30µm. 628 
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(C) Distribution of Oct4 expression in the samples imaged in (B), calculated by 629 
immunofluorescence quantification. A.F.U.: Arbitrary fluorescence units. 630 
(D) Percentage of Oct4-positive cells observed in the samples imaged in (B), over 5 631 
independent experiments (colour coded dots). Horizontal bars represent the mean of 632 
the 5 experiments. Statistical analysis was performed using a one-way ANOVA 633 
followed by Tukey’s multiple comparison test. *p<0.05, **p<0.01, ***p<0.001. 634 
(E) Id1 enables a robust transition from naïve to primed pluripotency in vivo. 635 
Experimental strategy: labelled wild-type, Id1-null and Id1-rescue ES cells were 636 
aggregated to wild-type morulae, then transferred to pseudopregnant females. The 637 
embryos were recovered at E6.5 and assessed for chimaerism. 638 
(F) Representative images of Id1+/+, Id1-/- and Id1-/- rescue chimaeras, stained for 639 
GFP, Oct4 and DAPI. Scale bar: 30µm. 640 
(G) Quantification of ES cell contribution to recovered embryos, and percentage of 641 
chimaeras with high ES cell contribution to the epiblast. Analysis performed by 642 
microscopy prior to fixation. 643 
(H) Quantification of ES cell contribution to the Oct4-positive epiblast of recovered 644 
embryos. Analysis performed by nuclear segmentation and quantitative image 645 
analysis following immunofluorescence. Statistical analysis was performed using a 646 
Kruskal-Wallis test followed by Dunn’s multiple comparison test. *p<0.05, ***p<0.001. 647 
See also Figure S7. 648 
  649 
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 650 

STAR★Methods 651 

Contact for reagent and resource sharing 652 
Further information and requests for resources and reagents should be directed to 653 
and will be fulfilled by the Lead Contact, Sally Lowell (sally.lowell@ed.ac.uk). 654 
 655 
Experimental model and subject details 656 
 657 
Animal care and use 658 
Mice were housed and bred in the Animal Unit of the Centre for Regenerative 659 
Medicine, in accordance to the provisions of the Animals (Scientific Procedures) Act 660 
1986 and the 2010/63/EU Directive. 661 
 662 
Cell lines 663 
E14Ju09 ES cells are a male wild-type clonal cell line derived in-house from E14tg2a 664 
ES cells, with a 129/Ola genetic background (Hamilton and Brickman; 2014, Hooper 665 
et al., 1987). 666 
Id1V ES cells (male) were generated by targeting E14Ju09 ES cells with an Id1-667 
Venus targeting construct (Malaguti et al., 2013; Nam and Benezra, 2009). 668 
IVNR ES cells (male) were generated by targeting Id1V ES cells with a Nanog-669 
tagRFP targeting construct, which was obtained from Dr. Nicola Festuccia in Dr. Ian 670 
Chambers’ laboratory. 671 
Id1-null ES cells and controlwild-type cells (129sv genetic background, sex unknown) 672 
were obtained from Dr. Robert Benezra (Romero-Lanman et al., 2012). Nuclear 673 
envelope GFP-labelled Id1-null and control wild-type clonal ES cell lines were 674 
obtained by random integration of a pPyCAG-NLS-GFP-EmdTM-IRES-Pac construct. 675 
“Id1-rescue” clonal ES cell lines were generated by random integration of a pPyCAG-676 
3xFlag-Id1-IRES-Pac into unlabelled Id1-null ES cells, and of a pPyCAG-3xFlag-Id1-677 
IRES-HygroR into labelled Id1-null ES cells. 678 
Nanog-null ES cells (TβC44cre6, male) were derived from E14tg2a ES cells and 679 
were obtained from Dr. Ian Chambers (Chambers et al., 2007). “Nanog-rescue” 680 
clonal ES cell lines were generated by random integration of pPyCAG-3xFlag-Nanog-681 
IRES-Pac, pPyCAG-3xFlag-Id1-IRES-Pac or pPyCAG-3xFlag-GFP-IRES-Pac 682 
constructs into Nanog-null ES cells. 683 
Tcf15-null ES cells (male) were derived from E14Ju09 ES cells by replacing Tcf15 684 
Exon 1 with a Venus-polyA transgene (CYL, SL in preparation). 685 
Inducible 3xFlag-Id1 ES cells (male) were generated by random integration of a 686 
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CAG-rtTA-IRES-Bls construct and of a tetO-3xFlag-Id1-Pgk-HygroR construct into 687 
E14Ju09 ES cells (Malaguti et al., 2013). 688 
Inducible 3xFlag-E47-E47 ES cells (male) were generated making use of the A2lox 689 
inducible cassette exchange cell line (Iacovino et al., 2014). 690 
 691 
Cell culture 692 
Mouse embryonic stem cells were routinely maintained on gelatinised culture vessels 693 
in Glasgow Minimum Essential Medium (GMEM, Sigma) supplemented with 10% 694 
foetal calf serum (FCS, APS), 100U/ml LIF (produced in-house), 100nM 2-695 
mercaptoethanol (Gibco), 1X non-essential amino acids (Gibco), 2mM L-Glutamine 696 
(Gibco), 1mM Sodium Pyruvate (Gibco) (“LIF+FCS culture”). 697 
2i+LIF culture was performed as previously described (Ying et al., 2008): cells were 698 
cultured in N2B27 medium supplemented with 1µM PD0325901 (Axon Medchem), 699 
3µM CHIR99021 (Axon Medchem) and 100U/ml LIF (produced in-house) on culture 700 
vessels coated sequentially with poly-L-ornithine (Sigma) and 5µg/ml laminin (Sigma). 701 
N2B27 medium was prepared as previously described (Pollard et al., 2006). Its 702 
composition is a 1:1 mixture of DMEM/F12 (Gibco) and Neurobasal Medium (Gibco), 703 
supplemented with 0.5X N2 Supplement (Gibco), 0.5X B27 Supplement (Gibco), 704 
2mM L-Glutamine (Gibco) and 100nM 2-mercaptoethanol (Gibco). 705 
Epiblast stem cells were derived from embryonic stem cells in vitro as previously 706 
described (Guo et al., 2009), by transferring ES cells to EpiSC culture medium on cell 707 
culture vessels coated with 7.5µg/ml fibronectin (Sigma), and passaging them every 708 
1-2 days. EpiSCs were used for experimentation between passages 10 and 20. 709 
EpiSC culture medium composition is as previously described (Osorno et al., 2012): 710 
N2B27 medium supplemented with 10ng/ml Fgf2 (R&D) and 20ng/ml Activin A (R&D). 711 
EpiLC differentiation was performed as previously described (Hayashi et al., 2011). 712 
Briefly, 2i+LIF cells were plated on cell culture vessels coated with 7.5µg/ml 713 
fibronectin (Sigma) in EpiLC medium at a density of 2.5x104 cells/cm2. EpiLC 714 
medium consists of N2B27 medium supplemented with 10ng/ml Fgf2 (R&D), 20ng/ml 715 
Activin A (R&D) and 1% KSR (Gibco). Medium was changed 24h after plating. 716 
Cells were cultured at 37°C in 5% CO2. 717 
 718 
Methods details 719 
 720 
Plasmid preparation 721 
pPyCAG overexpression plasmids and p2lox cassette exchange plasmids were 722 
generated through conventional restriction enzyme-mediated ligation of DNA 723 
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fragments flanked by convenient restriction sites. The DNA sequences of genes of 724 
interest were amplified from mouse ES cell cDNA. The nuclear envelope GFP 725 
overexpression construct encodes a fusion protein comprising an N-terminal NLS, 726 
followed by GFP, and a C-terminal sequence consisting of the transmembrane 727 
domain of the inner nuclear membrane protein emerin (structure: pPyCAG-NLS-728 
GFP-EmdTM-IRES-Pac). 729 
 730 
Transfection 731 
Overexpression plasmids were lipofected into cells using Lipofectamine 3000 reagent 732 
(Invitrogen), following the manufacturer’s instructions. 733 
p2lox cassette exchange were nucleofected into A2loxCre parental cells as 734 
previously described (Iacovino et al., 2014). 735 
 736 
Embryo collection 737 
Pre- and peri-implantation embryos were obtained by flushing uteri with a large-bore 738 
blunted needle in M2 medium (Sigma). Post-implantation embryos were dissected at 739 
5.5 and 6.5 d.p.c. in M2 medium. The sex of embryos used in this study was not 740 
determined. 741 
 742 
Chimaera generation  743 
F1 female mice were superovulated (100 IU/ml PMSG, ProSpec, and 100 IU/ml HCG, 744 
Intervet, intraperitoneal injections 48h apart) and crossed with wild-type stud male 745 
mice. Pregnant mice were culled at 2.5 d.p.c. by cervical dislocation, ovaries with 746 
oviducts were dissected and collected in pre-warmed M2 medium. Oviducts were 747 
flushed using PBS and a 20-gauge needle attached to a 1ml syringe and filled with 748 
PB1. 2.5 d.p.c. embryos were collected and washed in PB1, the zona pellucida was 749 
removed using acidic Tyrode’s solution (Sigma), and transferred to a plate with 750 
incisions where one clump of 8-15 cells were added to each embryo. Embryos were 751 
then incubated at 37°C in 5% CO2 for 24h prior to transfer to pseudopregnant 752 
recipients, or for up to 72h for assessment of pre-implantation chimaerism. 753 
Blastocysts were selected and collected to be transferred into the uterus of a 754 
pseudopregnant CD-1 female. Embryos were dissected at 6.5 d.p.c. in M2 medium 755 
and observed for chimeric ES cell contribution under an Olympus IX51 microscope, 756 
prior to fixation and immunostaining. 757 
 758 
Embryo immunofluorescence and confocal microscopy 759 
Embryos were fixed with 4% formaldehyde/PBS/0.1% Triton X-100 (Sigma) for 10 760 
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(pre-implantation), 20 (peri-implantation) or 30 (post-implantation) minutes, and 761 
quenched with 50mM ammonium chloride. Cellular permeabilization was carried out 762 
for 10 min in PBS/0.1% Triton X-100. The embryos were incubated in primary 763 
antibody in 3% donkey serum/PBS/0.1% Triton X-100 overnight, and subjected to 3 764 
washes in PBS/0.1% Triton X-100. Secondary antibodies were applied subsequently 765 
for 2h to overnight, followed by 3 washes in PBS/0.1% Triton X-100. Embryos were 766 
then stained with DAPI (Biotium), mounted in PBS droplets covered with mineral oil 767 
in “microscope rings”, and imaged on a Leica SP8 confocal microscope. 768 
Alternatively, following staining, chimaeric embryos requiring immunostaining 769 
quantification were dehydrated in methanol series in PBS/0.1% Triton X-100, clarified 770 
in 50% methanol/50% BABB (benzyl alcohol:benzyl benzoate 1:2 ratio, Alfa Aesar 771 
and Sigma), transferred into 100% BABB in glass capillaries and imaged on a Leica 772 
SP8 confocal microscope. 773 
 774 
Cell immunofluorescence and confocal microscopy 775 
Cells for immunofluorescence were cultured on flamed glass coverslips coated with 776 
7.5µg/ml fibronectin (for adherent culture), or cytospun onto polysine adhesion slides 777 
(Thermo Fisher) using a Shandon Cytospin 3 centrifuge (for sorted samples in 778 
suspension). They were fixed in 4% formaldehyde/PBS, quenched with 50mM 779 
ammonium chloride, blocked in 3% donkey serum and 0.1% Triton X-100. Cells were 780 
then incubated with primary antibody for 3 hours at room temperature, washed 3 781 
times with PBS, incubated with secondary antibody and/or 100ng/ml DAPI for 1h at 782 
room temperature, washed 3 times with PBS, mounted in ProLong Gold Antifade 783 
Mountant (Molecular Probes), and imaged on a Leica SP8 confocal microscope. 784 
Where recommended by antibody manufacturers, a methanol permeabilisation step 785 
was included prior to blocking. 786 
 787 
Immunofluorescence quantification 788 
Nuclear immunofluorescence signal was quantified using nuclear segmentation 789 
based on nuclear envelope staining or DAPI, as well as manual editing of 790 
segmentation results, making use of the NesSys software described in (Blin et al., 791 
2018). 792 
 793 
Gene expression analysis 794 
Total RNA was extracted from cells making use of the Absolutely RNA Miniprep Kit 795 
(Stratagene). 300ng total RNA were reverse transcribed into cDNA making use of M-796 
MLV Reverse Transcriptase (Invitrogen). qRT-PCR was performed using the 797 
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Universal ProbeLibrary system with a Lightcycler 480 II instrument. Expression data 798 
are presented relative to the geometric mean of the housekeeping genes Sdha, Tbp 799 
and Ywhaz. The sequences of the primers used in this study are listed in Table S2. 800 
 801 
Flow cytometry 802 
Cells were dissociated into single cell suspensions in ice-cold PBS+10% FCS, in the 803 
presence of either 100ng/ml DAPI or 1µg/ml propidium iodide to stain dead cells. 804 
Analysis of fluorescence was performed on a BD FACSCalibur. Cell sorting was 805 
performed on a BD FACSAria.  806 
 807 
Clonal self-renewal assays and alkaline phosphatase staining 808 
Cells were plated 10-30 cells/cm2 in media as indicated in figure legends, and media 809 
were changed every other day. After 7 days, alkaline phosphatase staining was 810 
performed using the Leukocyte Alkaline Phosphatase Kit (Sigma). 811 
 812 
Transcriptome (microarray) analyses 813 
Sample preparation for microarrays was performed as previously described (Davies 814 
et al. 2013). 100 ng of total RNA were reverse transcribed into double-stranded 815 
cDNA and transcribed/amplified into biotin labelled cRNA using an Illumina TotalPrep 816 
RNA Amplification Kit (Ambion). Labelled RNA was submitted to the WTCRF MRC 817 
Human Genetics Unit (University of Edinburgh) for further processing. cRNA quality 818 
was checked using an Agilent 2100 Bioanalyser and hybridisation performed on an 819 
MouseWG-6 v2 BeadChip (Illumina). Raw data was processed in R using the 820 
beadarray (Dunning et al., 2007) and limma (Wettenhall and Smyth, 2004) packages 821 
from the Bioconductor suite (Gentleman et al., 2004). Briefly, expression data was 822 
quantile-normalised and log2-transformed before assessing differential expression 823 
with the limma algorithms. Principal component analysis was performed using the 824 
prcomp() function in the core R stats package. Quantile-normalised microarray data 825 
is available in Table S1. 826 
 827 
Western blotting 828 
Cells were lysed in RIPA buffer + 1X PMSF (Alpha Diagnostics). 20µg protein lysates 829 
were run on 4-12% NuPage Bis-Tris Gel (Novex) and transferred onto Amersham 830 
Hybond ECL Nitrocellulose Membrane (GE Healthcare). Membranes were blocked in 831 
5% Amersham ECL Prime Blocking Agent (GE Healthcare) + 0.1% Tween 20 832 
(Sigma) in PBS. Membranes were incubated in primary antibody overnight at 4°C, 833 
washed 3 times in PBS + 0.1% Tween 20, incubated in HRP-conjugated secondary 834 
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antibody for 1 hour at room temperature and washed 3 times in PBS + 0.1% Tween 835 
20. The membrane was incubated in Amersham ECL Western Blotting Detection 836 
Reagent (GE Healthcare) or Amersham ECL Prime Western Blotting Detection 837 
Reagent (GE Healthcare), depending on the expected strength of signal. The 838 
membranes were used to expose Amersham Hyperfilm ECL (GE Healthcare), and 839 
films were developed using a Konica SRX-101A Medical Film Processor. 840 
 841 
Southern blotting 842 
Genomic DNA was extracted from mouse ES cells using the DNeasy Blood and 843 
Tissue kit (Qiagen). Southern blotting was performed as previously described 844 
(Southern, 1975). Briefly, 5µg genomic DNA was digested with 100U BamHI-HF 845 
(NEB) overnight at 37°C, in the presence of 2.5mM spermidine (Sigma). The DNA 846 
was ethanol-precipitated, resuspended in 20µl dH2O, and run on a 0.8% w/v 847 
agarose/TAE gel. λ DNA-HindIII digest was loaded as a size marker. The gel was 848 
placed in denaturing solution (aqueous solution of 86.77g/l sodium chloride + 20g/l 849 
sodium hydroxide) for 40 minutes at room temperature, and neutralising solution 850 
(aqueous solution of 116.8g/l sodium chloride, 121.1g/l Tris base, pH8.0) for 40 851 
minutes at room temperature. DNA was transferred onto a positively charged nylon 852 
membrane (Roche) by capillary transfer of 20X SSC buffer (aqueous solution of 853 
175.2g/l sodium chloride + 88.2g/l Tris base, pH7.4) for 48 hours at room 854 
temperature. The membrane was then baked for 1 hour at 120°C, rinsed in 2X SSC, 855 
and placed in a glass hybridisation bottle with PerfectHyb Plus (Sigma) hybridisation 856 
buffer at 65°C for 1 hour. Probes were generated by PCR amplification of sequences 857 
of interest (Table S2), and labelled with [α-32P]dCTP using the Amersham Rediprime 858 
II DNA Labelling System (GE Healthcare), alongside the control λ HindIII DNA to 859 
detect the size marker. 500µl sonicated herring sperm DNA (Sigma) and the probes 860 
were added to the hybridisation bottle overnight at 65°C. The hybridisation solution 861 
was removed, and the membrane was washed twice for 15 minutes in 2X SSC+0.1% 862 
SDS, and once for 30 minutes in 0.5X SSC+0.1% SDS. The membrane was used to 863 
expose Amersham Hyperfilm ECL (GE Healthcare), and films were developed using 864 
a Konica SRX-101A Medical Film Processor. 865 
 866 
Quantification and Statistical Analysis 867 
Definition of statistical significance and size of n is indicated in Figure Legends. 868 
Statistical analysis methods include two-tailed Student’s t-test for comparison of two 869 
samples, one-way ANOVA followed by Tukey’s multiple comparison test for 870 
comparison of more than two samples with normal distributions, Kruskal-Wallis test 871 
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followed by Dunn’s multiple comparison test for comparison of more than two 872 
samples with non-normal distributions, and empirical Bayes moderated t-statistics for 873 
linear model fit contrasts for microarray data, with p-values adjusted for multiple 874 
testing correction using the Benjamini & Hochberg method. 875 
 876 
Data and Software Availability 877 
Raw and normalised microarray data have been deposited on GEO (accession code: 878 
GSE108226). 879 
 880 

Table S1. Quantile-normalised microarray data, Related to Figures 2 and 3. 881 
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