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25 Abstract

26  High-resolution molecular programs delineating the cellular foundations of
27  mammalian embryogenesis have emerged recently. Similar analysis of human
28 embryos is limited to pre-implantation stages, since early post-implantation embryos
29 are inaccessible. Notwithstanding, we previously suggested conserved principles of
30 pig and human early development. For further insight on pluripotent states and
31 lineage delineation, we analysed pig embryos at single cell resolution. Here we show
32  progressive segregation of inner cell mass and trophectoderm in early blastocysts,
33 and then of epiblast and hypoblast in late blastocysts. We detected distinct
34  pluripotent states, first as a short ‘naive’ state followed by a protracted primed state.
35 Dosage compensation with respect to the X-chromosome in females is attained via X-
36 inactivation in late epiblasts. Detailed human-pig comparison is a basis towards
37 comprehending early human development and a foundation for further studies of

38 human pluripotent stem cell differentiation in pig interspecies chimeras.
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40  Pre-gastrulation embryo development shows broad similarities between mammals, although
41  species-specific differences in early lineage segregation, the establishment of pluripotency,
42  and X chromosome inactivation have been reported'®. Mouse embryos, which are widely
43 used as a model for mammalian development, transit rapidly through early development
44  (E3.5-EbL.5, i.e. ~2 days), followed by development of the characteristic cup-shaped post-
45 implantation epiblast. In larger mammals, including humans, non-human primates (NHP) and
46  pigs, there is a protracted developmental period (~6 days) that ends with the formation of a
47  flat bilaminar embryonic disc. Since early post-implantation human embryos are largely
48 inaccessible, we are beginning to investigate relatively more accessible pig embryos.
49  Notably both human and pig embryos evidently form a flat embryonic disc before the onset
50 of gastrulation®. Thus, the pig embryo can broaden our understanding of the pre-gastrulation

51  development of large mammals with protracted development.

52  Segregation of trophectoderm (TE) and hypoblast, and the emergence of pluripotency are
53  well established in mice®®, but require detailed studies in other mammals at the resolution of
54 single cells, as recently reported for Cynomolgus monkeys®. Potential discrepancies in
55 lineage segregation have however emerged in reports between monkey and human,
56 attributed in part to embryo staging differences’. Further studies, including those in other

57 large mammalian species, are therefore highly desirable.

58 In mouse embryos a distinct transcriptional signature of naive pluripotency in the inner cell
59 mass (ICM) is replaced by a mature epiblast (EPI) identity, marking a transition through
60 different pluripotent states before gastrulation®. Whereas naive pluripotent stem cells (PSCs)
61 resemble ICM epiblast cells and primed PSCs resemble the post-implantation mouse
62  epiblast, establishment of similar cell lines from non-rodent mammalian species, including
63 humans, has been challenging, suggesting possible biological differences®. Indeed,
64  spatiotemporal differences in the expression of core pluripotency genes NANOG, OCT4
65 (POUS5F1) and SOX2 have been noted, while expression of KIf2, Prdm14, and Bmp4 in

66  mouse embryonic naive cells are not apparently detected in human embryos®*!. By contrast,
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67 KLF17 is expressed in the human but not mouse ICM****?, Also, while Jak-Stat3 and WNT
68  signalling are detected in the early mouse ICM'®, many TGFB signalling components are
69 present in marmoset, human and pig ICM"**'**indicating that the emergence and
70  establishment of pluripotency in mammals is controlled by different signalling pathways and
71  gene networks. Differences in the mechanisms of X-linked gene dosage compensation in
72 female embryos are also evident’. The gene dosage compensation with respect to the X
73 chromosomes in female embryos occurs in pre-gastrulation epiblasts in mouse and
74  rabbits®***®. Notably, human post-implantation and pig pre-gastrulation epiblasts have not

75  been studied'*.

76  Here we report lineage segregation, the establishment of pluripotency, and X-chromosome
77  inactivation during the entire peri-gastrulation period in the pig embryo using single cell RNA-
78 seq (scRNA-seq). This comprehensive analysis provides new understanding of the
79  developmental trajectories of early embryonic cells in the pig, which shares similarities with

80 the early human development, and other mammals with similar construction.

81

82 Results

83 Progressive lineage segregation in pig embryos

84  First, we set out to generate a single-cell transcriptome profile of early in vivo pig embryo
85 development, from four pre-implantation stages: morula (M; embryonic day (E) ~4-5), early
86  blastocyst (EB, ~E5-6), late blastocyst (LB, ~E7-8), and spherical embryo (Sph, ~E10-11)*’
87  (Figure 1a), and obtained 220 single-cell transcriptomes from 28 embryos (Supplementary
88  Fig. 1, Supplementary Table 1). Unsupervised hierarchical clustering (UHC) (15,086 genes)
89 grouped the cells according to their developmental stage and specific lineages based on
90  known markers (Figure 1b).

91 Dimensionality reduction provided a clear visualization of lineage segregation during
92 development (Figure 1c). The morula group showed expression of OCT4 (POU5F1), SOX2,

93 and KLF4, but not NANOG, while early blastocyst (EB) cells segregated into two lineages:
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94 ICM cells expressing NANOG and SOX2, and TE cells with GATA2, GATA3, and DAB2.
95  Expression of CDX2 was seen in a few TE cells at this early stage™'®, but OCT4 expression
96 was seen in all cells, consistent with observations in human and monkey blastocysts®*°.
97 There was evident expression of pluripotency genes; SOX15, KLF4 and KLF17 in the ICM
98 and EPI, as in human epiblast cells. Expression of some of these genes was also seen in pig
99 TE and hypoblast (HYPO).

100 We identified 708 differentially expressed genes (DEG) between ICM and TE
101  (Supplementary Figure 2a and b, Supplementary Table 2). While GATA2 and GATA3 were
102  the two top-ranked genes in TE of early blastocysts, other TE markers reported in mouse
103  and human such as ANXA6 and TEAD1 were identified for the first time in the pig. Notably,
104  we found upregulation of both HYPO and EPI markers in the ICM (Supplementary Figure 2b,
105  Supplementary Table 2). Further interrogation of ICM cells by Principal Component Analysis
106 (PCA) of all genes and highly variable genes (Supplementary Figure 2c and d, respectively)
107  did not separate the cells into discrete populations. Analysis of highly variable genes (HVGS)
108 in a subset of cells separated along PC1 did not show a distinct EPI or HYPO expression
109  signature based on high-confidence markers’ (Supplementary Figure 2e). Mutually exclusive
110  segregation of EPl and HYPO became evident first in cells of LB and Sph embryos (TE was
111  excluded from these stages) (Supplementary Figure 2 ¢ and d). Expression of SOX2,
112 NANOG, PRDM14, and NODAL was observed in EPI, whereas expression of PDGFRa,
113 GATA4, GATA6, COL4Al, NID2 and HNF1B was detected in HYPO (Figure 1c).
114  Comparison between EPI and HYPO in LB and Sph identified 1810 and 1916 DEGs,
115  respectively. Known EPI genes up-regulated in both stages included SOX15, ZIC3, FGF19,
116  SALL2, and the HYPO genes PITX2, PECAM1, DAB2, FN1 (Supplementary Figure 2a and
117 b, Supplementary Table 2). These results show that TE and ICM in the pig embryo
118  segregate in the early blastocyst, whereas at this stage, HYPO and EPI genes are co-
119  expressed in the ICM; these cells resolve into discrete cell lineages in late blastocysts.

120

121 Signalling pathways controlling lineage segregation in the pig embryo
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122 Gene Ontology (GO) enrichment and Kyoto Encyclopaedia of Genes and Genomes (KEGG)
123  pathway analyses indicated that PI3K-Akt and Jak-STAT signalling pathways were over-
124  represented in ICM and TE of early blastocysts (EB), but the WNT signalling pathway was
125 enriched only in ICM cells. In later stages, PI3K-Akt was over-represented in HYPO and
126  MAPK signalling in EPI. Components of the TGFB pathways were expressed in both EPI
127 and HYPO (Supplementary Figure 2b, Supplementary Table 2).

128  For elucidating functional roles of these signalling pathways during lineage segregation, we
129  cultured ex vivo pig embryos in the presence of selective inhibitors and determined the
130 impact on lineage allocation by immunofluorescence (IF). In controls, NANOG was absent in
131  morulae, but detectable in most ICM cells from EB (n=9), which were also positive for SOX2
132 (Figure 2a). Expression of SOX17 was first observed in a subset of NANOG positive
133  (NANOGH+) cells (47.14%, n=4) in the ICM of EB, which became gradually restricted to a
134  small group of cells in the ICM of mid-blastocysts (MB, ~E6-7, 16.78%, n=6). By the late
135  Dblastocyst (LB) stage (~E7-8), two mutually exclusive groups of NANOG+ and SOX17+ cells
136  (n=5) were identified in the ICM (Figure 2a and b).

137  Having established the sequence of NANOG and SOX17 expression, we used these
138  markers to investigate specific signalling pathways. We first looked at Jak-STAT signalling,
139  since it was highly represented in all cells of the EB (Suppl. Figure 2b). Pig embryos cultured
140  from pre-morula (PM, 4- to 16-cells) to EB with a JAK1/2 inhibitor (AZD1480, n=8) had no
141  visible ICM, showed no NANOG expression and a significantly reduced cell number (Figure
142  2d). While a small number of scattered SOX2+ cells were observed, they were however not
143  organized into an ICM, unlike in control embryos (Figure 2a). In MB (n=4) and LB (n=8) the
144  number of NANOG+, SOX17+ and total cells were reduced, but the relative proportion of
145 NANOG and SOX17 cells in the ICM was unaffected (Figure 2c and d). Thus,
146  pharmacological inhibition of Jak-STAT inhibition affects all lineages at all stages and
147  prevents NANOG expression in the early ICM, but does not influence EPI/HYPO

148  segregation.
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149  We also looked at the role of the PI3K-Akt signalling pathway previously identified in mouse
150  pre-implantation embryos®, since we found it enriched in pig EB KEGG terms. Embryos
151  treated with the PI3K inhibitor LY294002 from PM to EB (n=7) and from M to MB (n=5)
152  developed small blastocysts with reduced numbers of NANOG+ cells compared to controls
153  (Figure 2c and e). The total cell number was also reduced, suggesting a role of this pathway
154  in TE development, consistent with our sScCRNA-Seq analysis (Supplementary Figure 2b).

155 Next, we investigated the TGFB pathway, which was previously reported during EPI

156  development in human and pig ***%

. Inhibition of TGFB signalling in human embryos
157  affects the number of NANOG+ and SOX17+ cells, but there is no effect on lineage
158  segregation®. The presence of SB431542 (20 or 40 uM) from PM to EB (n=3) and M to MB
159 (n=7) did not affect embryo development. In contrast, embryos treated from MB to LB (n=7)
160 showed a significant reduction in NANOG+ cells, but the number of cells expressing SOX17
161  was unaffected (Figure 2c and f). These results indicate that TGF is not required for the
162  activation of NANOG, but is necessary for maintaining its expression in the pig epiblast.

163 In human, pig and cattle, inhibition of FGF signalling with a MAPK/ERK kinase inhibitor
164 (PD0325901; 0.4-1 pM) does not abolish the expression of hypoblast markers®?°, in
165 contrast to mouse and rabbit embryos where it prevents hypoblast formation®?°. As our
166  scRNA-Seq data shows expression of MAPK pathway genes in LB EPI cells, we tested the
167  effect of the MEK inhibitor PD0325901 at high concentration (10 uM), based on previous
168  results with cattle blastocysts?’. MEK inhibition from M to MB (n=7) significantly reduced the
169  number of HYPO cells resulting in <3 SOX17+ cells/embryo, with an apparent shift towards
170 NANOG+ cells in the ICM (Figure 2c and g). This indicates that MAPK inhibition restricts the
171  expansion of the pig HYPO, but it does not prevent the activation of SOX17 in some cells.
172 Lastly, since regulation of the canonical WNT pathway was a significantly up-regulated GO
173  term in the ICM, we cultured pig embryos with the tested WNT inhibitor IWP2. No reduction
174 in hypoblast segregation nor the total cell number was observed following WNT inhibition
175  from M to MB (n=9) (Figure 2g, h); similar observations were reported for mouse embryos**.

176
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177  Emerging naive pluripotent cells and their transition to a primed pluripotent state

178  during epiblast maturation

179  We next sought to determine how the emergent pluripotent cells (ICM) of EB compare to
180 early (LB) and late EPI (Sph). In a three-dimensional PCA plot, cells grouped as two main
181  clusters: M/ICM and LB/Sph EPI cells (Figure 3a). We detected a biphasic profile of
182  pluripotent gene expression, with high expression of naive pluripotency genes in M/ICM, and
183  gradual down-regulation of these markers in EPI cells (LB/Sph). Concomitantly with the
184 decrease in naive markers, there was an up-regulation of primed pluripotency genes in
185 LB/Sph EPI (Figure 3b). Essential differences in gene expression were noted in the pig
186 compared to observations in the mouse®; while OCT4 and SOX2 expression were
187 maintained along all pluripotent stages, expression of NANOG was first observed in the ICM
188 and remained high in LB and Sph EPI. The naive pluripotency markers KLF4, KLF5, KLF17,
189 TFCP2L1, ESRRB and TBX3, were detected in M and ICM and decreased, or even ceased
190 in LB and Sph EPI. The exception was PRDM14, which followed the opposite trend. By
191  contrast, primed pluripotency markers NODAL, DNMT3B, SALL2 and SFRP2 were up-
192  regulated in LB and Sph EPI. Continued expression of pluripotency markers and absence of
193 lineage commitment gene expression (MIXL1, FOXA2, and T) in Sph EPI indicated a
194  protracted exit from pluripotency (about six days) in the pig.

195 We used K-means clustering to group genes with similar expression profiles (Supplementary
196  Figure 3a). Genes highly expressed in morulae and ICM cells (cluster 5, 15, 20, 24, 25)
197 include naive pluripotency markers, members of the Jak-STAT pathway, TET2, and
198 components of the Polycomb Repressive Complex 2 (PRC2) EZH2 and EED. Genes up-
199 regulated in LB and Sph EPI (cluster 6, 11, 16, 22) include primed pluripotency markers,
200 DNA methyltransferases, genes indicative of glycolytic metabolism and TGF signalling. The
201 transition from naive to primed pluripotency was further evidenced by the 3138 DEGs
202  between ICM and Sph EPI (Figure 3c, d, Supplementary Table 3). GO enrichment and

203 KEGG pathways analyses between these stages showed that PI3K-Akt, Jak-STAT and
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204 Interleukin-6-mediated signalling pathways were upregulated in ICM cells (Figure 3e,
205  Supplementary Figure 3b).

206  Mouse ICM cells express LIF receptor (LIFR)*® and glycoprotein 130 (also known as IL6st)*
207  which bind LIF secreted by the neighbouring TE®'. However, LIF expression was not

208 detected in the pig dataset, consistent with a previous report®2 instead, IL-6 was detected in M and EB
209 TE cells. Similarly, IL6ST and IL-6 receptor (IL6R) expression were mainly detected in ICM cells (Supplementary Figure 3c).

210 These pathways are down-regulated in LB EPI, and instead, MAPK and TGFB signalling
211  pathways components become highly expressed. Interestingly, no significant changes in
212 signalling pathways affecting pluripotency were observed between early (LB) and late (Sph)
213 EPI, indicating that the primed EPI stably maintains its properties over ~6 days (Figure 3c,
214  Supplementary Figure 3b).

215

216  Expression of specific surface markers in different pluripotent stages

217  We sought to identify novel pluripotency markers in the pig, by comparing our dataset with
218  the cell surface protein atlas®*. Naive and primed pluripotency surface markers in human**,
219  such as CD130 (IL6ST) and CD24, were not lineage-specific in the pig embryo (Suppl. Fig.
220  4a). Instead, we found CD247 primarily marking the ICM and LB EPI, while CD90 (THY1)
221 was present mainly in LB and Sph EPI (Supplementary Figure 4a). Notably, CD200, CD79B
222 and CD83 were specifically expressed in late epiblast cells and could constitute primed
223 pluripotency cell surface markers in the pig. Candidates for new naive markers were
224  CD200R1, expressed only in M and ICM cells, and CD244, expressed exclusively in ICM.
225 We confirmed the expression of CD244 by IF, which unexpectedly showed nuclear
226  localization within a subpopulation of SOX2+ cells in the ICM (n=12) of EB. Some of these
227  cells also showed SOX17 co-expression. By the MB stage, CD244 was almost undetectable
228 (n=5), consistent with scRNA-seq data showing down-regulation of this marker in late
229  blastocysts (Supplementary Figure 4b).

230

231  Distinct metabolic and epigenetic programs govern the transition of pluripotent states
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232 A shift towards glycolytic metabolism and reduced mitochondrial activity is associated with
233 the development from naive to primed pluripotency in mouse and human PSC*?%; this
234  metabolic switch has also been described in the mouse epiblast®®. DEG and GO term
235  analysis between ICM and Sph EPI cells suggested a metabolic switch during the transition
236  of pluripotent states in the pig embryo (Figure 3d, e). Notably, ESRRB and STATS3, which
237 stimulate oxidative phosphorylation (OXPHOS) during maintenance of naive
238  pluripotency®’*, were up-regulated in M and ICM, but were later down-regulated in LB and
239  Sph EPI. Enzymes involved in the tricarboxylic acid (TCA) cycle and OXPHQOS, such as
240 IDH1, ACO2 and UQCRC?2 followed the same trend, as well as EGLN1, which prevents
241  HIFla stabilization and is down-regulated in primed pluripotent cells* (Figure 4a; Suppl. Fig.
242 5). LIN28A and LIN28B maintain low mitochondrial function in primed pluripotent cells®*“°,
243 and MYC binds to the LIN28B locus and potentiates glycolysis*'. These genes were up-
244 regulated in pig EPI. A similar expression pattern was noted for HIF1a, a hypoxia-inducible
245  factor up-regulated during the transition from naive to primed state®*, concomitantly with the
246  up-regulation of downstream enzymes HK1, GBE1, PGM1, and PYGL, required to convert
247  glucose to glycogen. Finally, the glycolytic enzymes LDHA®***? and metabolite trasnporter
248  UCP2, which limit pyruvate oxidation and facilitate glycolysis*’, were also up-regulated in
249  EPI cells (Figure 4a; Suppl. Fig. 5). We also detected a reduction in expression of electron
250 transfer complex IV (cytochrome ¢ oxidase) genes (11/20 genes) during the maturation of
251 the epiblast (Figure 4b), suggesting a reduction in mitochondrial metabolism®.

252  We observed down-regulation of the fatty acid transporter to the mitochondria CPT1A and a
253  concomitant increase of critical fatty acid synthesis genes SLC25A1 and ACLY in EPI cells
254  compared to ICM,; this is in agreement with previous reports indicating accumulation of long-
255  carbon-chain lipids during the conversion from naive to primed pluripotency in mouse and
256  human® (Figure 4a).

257  Epigenetic modifications are highly responsive to metabolites derived from pathways such
258 as the TCA cycle or glycolysis, in particular, DNA methyltransferases (DNMT), histone
259  acetyltransferases and histone methyltransferases **. GO terms related to de novo DNA

10
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260  methylation were up-regulated in EPI cells (Figure 3e, Suppl. Fig. 3b). Accordingly, the
261  expression of DNMT3A, DNMT3B and HELLS, required for de novo DNA methylation45,
262  significantly increased in LB and Sph EPI. Concomitantly, TET2 was down-regulated in the
263 late EPI (Figure 4c).

264  The core components of PRC2 complex EZH2, EED and SUZ12 repress developmental
265  regulators through establishing trimethylation of lysine 27 in histone 3 (H3K27me3)
266  modification®®, preventing differentiation of PSCs*’. These genes were expressed at all
267  stages harbouring pluripotent cells in the pig embryo, while expression of EZH2 and EED
268 was down-regulated in primed pluripotent stages (Figure 4c), similar to previous
269  observations in pig epiblasts*® and human PSCs*. Hence, two populations of pluripotent
270  cells with distinct metabolic and epigenetic profiles exist in the early pig embryo.

271

272 Dosage compensation of X chromosome during pig embryo development

273 To establish the gender of each cell/lembryo, the cumulative level of Y chromosome gene
274  expression was established (Supplementary Figure 6a-c). The female-to-male ratio of X-
275 chromosome (XC) gene expression was higher in females from morula to LB in all
276  embryonic lineages, suggesting lack of dosage compensation. However, in Sph EPI, XC
277 gene expression was comparable to that of autosomes in all embryos, indicating the
278  occurrence of dosage compensation (Figure 5a). Analysis of XC gene expression relative to
279  autosomes at the single-cell level showed uniformity between male and female cells and
280 confirmed dosage compensation in Sph EPI (Figure 5b). A chromosome-wide analysis of
281 female-to-male ratio showed a progressive reduction in gene expression along the whole
282  chromosome with some areas maintaining high ratios of expression at the spherical stage
283  (Figure 5c¢). In agreement with the dynamics of dosage compensation, XIST expression was
284  detected in most (81.8%) female cells in the EPI of Sph embryos, with only sporadic
285  expression of XIST in some male cells (Figure 5d).

286  To investigate the mechanism of dosage compensation, we analysed XC expression at an
287  allelic resolution, quantifying the expression of single nucleotide variants (SNV) within each

11
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288 cell for a reference or an alternative allele. As expected, SNVs were not found in male cells,
289  consistent with the presence of a single XC (Supplementary Figure 6d). Notably, there was a
290  sharp decline in the number of biallelically-expressed genes in spherical EPI. The lowest
291 level was detected in female mesoderm cells from E14 embryos, where we detected an
292  inactive XC (Fig. 5e; Suppl. Fig. 6e), which served as a somatic cell control. This result
293 indicates that dosage compensation at the spherical stage is attained by inactivation of one
294  XC. To gain a better understanding of the X-inactivation process, we analysed the median
295  expression of biallelically-expressed genes. No median reduction in biallelic gene expression
296  was detected en route to dosage compensation (Sph EPI) (Figure 5f). The female/male ratio
297  of biallelically-expressed genes was close to 2 in the stages, which showed dosage
298 compensation (Figure 5g). This result suggests that “dampening” of X-linked gene
299  expression does not precede dosage compensation. To confirm the inactivation of one X
300 chromosome in the epiblast of female spherical embryos, we analysed Histone H3 lysine 27
301 trimethylation (H3K27me3), which accumulates in the inactive X***°. A clear single focal
302 enrichment of H3K27me3 was detected in the nuclei of epiblast cells in female spherical
303 embryos (Figure 5h), similar to what is observed in mesodermal cells (Supplementary Figure
304 6e). In contrast, no H3K27me3 foci were found in female LB cells, consistent with the lack of

305 XCI (Supplementary Figure 6e).

306

307 Discussion

308 We revealed the molecular features of early lineage segregation, pluripotency and X
309 inactivation during development of early pig embryos. Our study provides the basis for
310 comparisons with human and mouse development, and for insights in conservation and
311  divergence of early mammalian development.

312  Segregation of the first three lineages occurs progressively during preimplantation
313  development, starting with the TE and the ICM in early blastocysts. High levels of GATA2

314 and GATA3 expression detected in early pig TE cells conform to the observations in early
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315  human and Cynomolgus monkey TE**°. By contrast, Cdx2 expression is among the earliest
316  markers in the mouse TE*"*2, ICM cells of early pig blastocysts co-express EPI (NANOG,
317 SOX2) and HYPO (PDGFRa, SOX17 and GATA6) markers, but during the mid-/late
318  blastocyst stage EPI and HYPO lineages become definitively segregated. Our analysis
319  shows that hypoblast cells segregate from a population of NANOG/SOX17+ cells, indicating
320 that ICM cells are bi-potent, able to give rise to mature EPl and HYPO, as shown in mouse®,
321 human”? and monkey”.

322  Pathway analysis revealed Jak-STAT and PI3K-Akt signalling enrichment in TE and ICM of
323  early embryos, and in HYPO of late blastocysts. Jak-STAT signalling is important for the
324  proliferation of appropriate numbers of cells in each of the compartments of the blastocyst,
325  while PI3K-Akt signalling affects total cell numbers and EPI expansion, without affecting
326  segregation of HYPO. The Jak-STAT pathway is an effector of multiple ligand/receptor
327 interactions including members of the IL-6 family, such as LIF, GCSF, and IL-6. Previous
328  studies showed LIFR expression in the TE of late pig blastocysts®, which is essential for the
329  development of this lineage?. Although there is expression of LIFR in some ICM and TE of
330 early blastocysts, there is no expression of LIF; either in any of the cells of the blastocyst, or
331 in the maternal endometrial cells at this stage®*, suggesting that LIF signalling does not have
332  a significant role in early pig embryos. Instead, expression of IL-6 in morulae and TE cells,
333 and IL-6R and the co-receptor IL6ST (also known as GP130) in ICM cells, suggests that IL-6
334  likely activates the Jak-STAT pathway by binding to its cognate receptor. Consistent with
335 this, supplementation of IL-6 during derivation of pig ESC promotes proliferation of
336 blastocyst outgrowths®’, and could potentially support the derivation of naive pig ESCs.

337  Notably, IL-6/IL6ST can support derivation of germline competent mouse ESC>>*°

, indicating
338 that this pathway may be conserved in mammals, whereas the role of the LIF/LIFR in
339  pluripotency may be evolutionarily divergent in mice and rats.

340  Signalling via MEK is important for hypoblast formation in mouse® and rabbit?®; though this
341 does not seem to be the case in human®, marmoset*, pig?, and cattle”. Only when using

342  high concentrations of MEK inhibition we detected a drastic decrease in SOX17 expression,
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343 as reported in cattle®, suggesting that alternative pathways may be supporting HYPO
344  segregation in large mammals.

345 Our study reveals that TGFB signalling is critical during the expansion of the epiblast
346  between MB-LB transition, but not in EPI/HYPO segregation, consistent with previous
347 reports ?*?°, TGFB signalling is needed for hESC self-renewal®’, and inhibition of this
348 pathway affects NANOG expression in human and marmoset blastocysts'***. Similarly,
349 NANOG expression in pig embryos is also affected by inhibition with SB431542.
350  Furthermore, we show high expression of TGF@ components in EPI cells compared to ICM,
351  suggesting that this pathway becomes active in advanced embryos, pointing to a critical role
352  of TGFB during the expansion of the epiblast.

353  Analysis of pluripotent embryonic cells revealed a state consistent with naive pluripotency in
354 morula and ICM cells (made of ~10-15 cells) of EB (E~5-6), and a state of primed
355  pluripotency in the EPI of LB (~E7/8) and Sph (~E10/11) embryos, which coincides with an
356  expansion of the epiblast from ~25 cells in LB to more than ~180 in Sph. The rapid transition
357 (about 1 day) from naive to primed states suggests that naive cells are unlikely to self-
358 renew. However, the protracted period of primed pluripotent state in the pig embryo offers
359  opportunities for their isolation and expansion as self-renewing cells in vitro. Indeed, pig
360  pluripotent cell lines with primed characteristics have been reported®***°, but not of those
361  with characteristics of naive pluripotency; the latter may require different culture conditions
362 capable of stimulating their proliferation. Differences in naive pluripotency properties
363  between mouse and other mammals may underlie the difficulties in establishing equivalent
364  cells from the latter in vitro. Pig naive pluripotency markers include KLF4/5/17, TBX3 and
365 TCFPL21, and are consistent with those reported in human®* and monkeys®**, which differ
366 from mouse naive pluripotency, which is characterized by the expression of Klf2, Prdm14
367 and Bmp4. These genes participate in regulating gene expression, epigenetic
368 reprogramming, and cellular signalling, respectively, which highlight potential functional

369 differences in naiveté between mice and larger mammals.
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370  The transition from naive to primed pluripotent states in the pig embryo is accompanied by a
371  metabolic shift from OXPHOS towards glycolysis, consistent with an increased proliferation
372 rate®. This metabolic switch likely provides critical metabolites to promote epiblast
373  expansion, as well as epigenetic remodelling through epigenetic modifications of DNA and
374  histone®, a crucial step in preparation for the next major developmental event that is the
375  onset of gastrulation.

376  Diverse mechanisms exist in mammals for dosage compensation with respect to the XC in
377  females®. In mice, imprinted XClI results in inactivation of the paternal XC in early cleaving
378 embryos, followed by reactivation in the ICM of blastocyst (excluding the extraembryonic
379 tissues), and then random XCI in the epiblast®. In contrast, there is no imprinted XCI in
380 human and rabbit embryos. Indeed, the expression of XIST from both X chromosomes in
381 blastocysts suggests alternative mechanisms of dosage compensation®. The ‘dampening’ of
382  X-linked genes from both parental chromosomes as a possible mechanism®® warrants
383 further studies®. Another report indicated incomplete dosage compensation of a subset of X-
384 linked genes in pig blastocysts'®®. Notably, our observations however show XCI in the
385 mature EPI, as demonstrated by the reduction in the number of biallelically expressed X-

386 linked genes, coupled with the appearance of the H3K27me3 mark on the inactive XC.

387  Our study at the resolution of single cells allows comparisons between species to identify
388 developmental equivalence. Comparison of mouse and pig pluripotent matched stages
389 showed broad developmental alignment, although the developmental time in mice is three
390 times shorter compared to pigs (2 days vs. 6 days). Yet the overall principles of the
391 emergence and establishment of pluripotency are conserved between these species (Figure
392  6a). Developmental progression showed broad equivalence between morula to epiblast
393  transitions in humans and pigs. Importantly, human embryonic stem cells (hESC) with naive
394  and primed characteristics grouped closely to human late ICM and EPI cells, respectively,
395 and these also aligned with pig EPI cells (Figure 6b). Our observations may be relevant for

396 understanding events during early human development, as well as for attempts to study
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397  specification of hESCs in chimeras with pig embryos as hosts, following their introduction
398 into blastocysts. Hitherto, the reported efficiency of these experiments is very low®®, perhaps
399  because the hESCs were not in-sync with the host pig blastocyts. Developmental synchrony

7. We propose that the

400 between donor and host is important for efficient chimerism
401  introduction of primed state hESCs into late pig blastocysts may be a more favourable

402  environment for homing of hESC, and their subsequent development in chimeras.

403 In conclusion, this comprehensive analysis depicts molecular landmarks of pig
404 embryogenesis that provides new insights into embryos with protracted epiblast
405 development (Figure 6c¢). Furthermore, the shared features of lineage segregation and
406  pluripotency between humans and pigs revealed here will help accelerate research into
407 novel approaches in regenerative medicine, such as the development of interspecies

408 chimeras.

409

410 Methods

411 Porcine embryo collection

412  All of the procedures involving animals have been approved by the School of Biosciences
413  Ethics Review Committee, The University of Nottingham. Embryos at each stage were
414  retrieved from multiple crossbred Large White and Landrace sows (2—-3 years old) between
415 days 4 and 11 after artificial insemination. Embryos were flushed from the uterine horns with
416 30-40 ml warm PBS (supplemented with 1% FCS), washed and transported to the
417  laboratory in N2B27 supplemented with 25 mM HEPES in a portable incubator at 38.5 °C.
418

419 Isolation of single cells for single-cell cDNA preparation

420  Zona pellucidae were removed using acidic Tyrode's solution (Sigma) in morulae and early
421  blastocysts, and then embryos were dissociated. Late blastocysts were subjected to

422  immunosurgery to remove the trophectoderm based on previously described procedures®.
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423  Briefly, embryos were incubated for 30 min in a 1:5 dilution of anti-pig serum (Sigma) in
424  N2B27 medium, washed and incubated for 30 min in 1:5 dilution of complement (Sigma).
425 Embryos were transferred to N2B27 for a few minutes for efficient cell lysis, and then
426  embryonic disks were isolated from the trophectoderm by repeated aspiration with a pulled
427 glass capillary. In spherical embryos, epiblast and hypoblast were manually isolated.

428  Trophectoderm cells were not collected from late blastocysts and spherical embryos.

429  Single cell dissociation was performed by incubation in TrypLE Express (GIBCO) for 5
430 minutes at 37 °C and repeated pipetting using very thin pulled capillaries. Individual cells
431  were subsequently transferred to DMEM + 20% FCS to block TrypLE Express and washed
432  in a small drop of PBS-PVP. Single cells were manually collected into PCR tubes to prepare

433 single-cell cDNA libraries following the Smart-seq2 protocol®.

434  Briefly, single cells were lysed by incubation at 72 °C for 3 min in PCR tubes containing four
435 i of cell lysis buffer, oligo-dT primer and dNTP mix. Reverse transcription and PCR pre-
436  amplification were carried out with SuperScript 1l (Invitrogen) and KAPA HiFi HotStart
437  ReadyMix (KAPA Biosystems) respectively according to Picelli et al. protocol. PCR products
438  were purified using Ampure XP beads (Beckman Coulter), and library size distribution was
439  checked on Agilent dsDNA High Sensitivity DNA chips on an Agilent 2100 Bioanalyzer
440  (Agilent Technologies). Concentration was quantified using Qubit Quant-iT dsDNA High-
441  Sensitivity Assay Kit (Invitrogen). Samples with more than 0.2 ng/ul, free of short fragments
442 (<500 bp) and with a peak at around 1.5-2 kb were selected for library preparation with
443  Nextera XT DNA Library Preparation Kit (lllumina). Tagmentation reaction and further PCR
444  amplification for 12 cycles were carried out, and PCR products were again purified using
445  Ampure XP beads. Quality of the final cDNA library was analysed on an Agilent high-
446  sensitivity DNA chip. Final cDNA libraries had an average size of 700-800 bp and were
447  quantified using NEBNext Library Quant Kit for lllumina (New England BioLabs) following the

448  manufacturer instructions. Finally, libraries were pooled in groups of 50 with a 2nM final
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449  concentration, and DNA sequencing was performed on a HiSeq 2500 Sequencing System

450  (lllumina).

451

452  Data availability and Single Cell RNA-Seq Data

453  The scRNA-Seq datasets generated during this study are available under GEO accession
454  number: GSE112380. Raw PE reads were trimmed against adaptor sequences by scythe
455  (v0.981), and quality-trimmed by sickle (v1.33) using default settings. Trimmed reads were
456  directionally aligned to the pig genome (Sus scrofa v10.2) by hisat2 (v2.1.0) with -know-
457  splicestie-infile setting to increase mapping accuracy of splicing reads. Uniquely and
458  correctly mapped reads were extracted for the downstream analysis. htseq-count was used
459  to count the number of reads aligned to each gene (Sus scrofa v10.2 ensembl annotation
460  build 87). Gene expression level was calculated and normalised by Transcripts Per Kilobase

461 Million (TPM).

462  Low quality cells were filtered out from the dataset to reduce the downstream analysis noise.
463  First, the total number of reads mapped to gene transcripts was calculated for each cell, and
464  those with less than 1 million were removed. Second, the proportion of reads aligned to
465  mitochondrial genes was estimated, as a high proportion suggests poor quality cells®. The
466  proportion cut-off was set at 0.5. Only cells of proportions below 0.5 were kept for the next
467  analysis. Third, 4 outlier cells were identified by t-SNE dimensionality reduction. A total of

468 13,815 out of 22,824 annotated genes were identified in at least 3 cells with TPM > 1.
469
470 Lineage Segregation of Cells

471  The R package “scater” was applied to normalise read counts of genes for each good quality
472  cell with acceptable sequencing coverage. A non-linear approach, t-stochastic neighbour
473  embedding (t-SNE), was used to identify the relations between cells using normalised read

474  counts. Unsupervised hierarchical clustering using all expressed genes as input was
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475  conducted on all filtered cells by normalised read counts in log2 scale. The distance method

476  was euclidean, and the cluster method was ward.D2.

477

478 Lineage Differential Expression Analysis

479  Pairwise comparisons of single cell differential expressions were performed by SCDE using
480 normalised read counts among four embryo stages. Two-tailed adjusted p-value were
481  calculated using cZ scores from Benjamini-Hochberg multiple testing corrections, and
482  followed a normal distribution. Significantly expressed genes were selected with a p-value
483 less than 0.05 as the threshold. A heatmap of differentially expressed genes (DEGs) was
484  created with a log2 scale of normalised expression. Euclidean distance and default hclust
485 were applied to determine the relationships between cells and between genes. Gene
486  Ontology (GO) gene set enrichment analysis with DEGs utilised goseq for each pairwise
487  comparison, also with upregulated DEGs and downregulated DEGs separately. GO term
488  annotation was retrieved from the Ensembl database (Sus scrofa v10.2 ensembl annotation
489  version 87). Enrichment analysis of biological pathway was performed with DEGs by gage.
490 Ensembl gene IDs of DEGs were mapped to NCBI gene IDs for KEGG pathway prior to

491  enrichment analysis.

492

493  Lineage Subpopulation Analysis

494  Cell lineages were investigated for subpopulation analysis. An outlier EB ICM cell was
495  excluded by PCA based on log2 TPM values of all expressed genes. LB and Sph cells were
496  grouped together for PCA. Two contrasting methods of PCA were applied; one using all
497  expressed genes, and the other based on the highly variable genes (HVGs) only. We used
498 decomposeVar to detect HVGs with a loess regression fit model. FDR <= 0.05 was applied

499  as a significance cut-off.
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500
501 Inference of Embryonic Sex

502  Expressions of all the Y chromosomal genes were summed up to determine the sex of each

503 cell. A cell with the total chromosome Y TPMs >= 100 (Z;’;ﬁl‘; TPM) was regarded as a male

504 cell, while zg’;;Ye TPM <100 regarded as a female cell.

505
506 Chromosome X dosage compensation analysis

507 Genes of Chromosome X and three autosomes (chrl, chr2, chr3) were extracted, and the
508 geometric mean TPM of chromosomal expressed genes was calculated for each cell
509 separately. Then the overall geometric mean TPM was obtained for each developmental
510 stage by embryo sex, as well as the total TPM. Each TPM value was incremental by one
511  (TPM+1) for the calculation of geometric mean TPM. Only shared expressed genes between
512  female and male cells were taken into account in the calculation of Female/Male expression
513 ratio for each chromosome. For each cell, the ratio of chrX/auto was inferred by total TPMs,
514  and grouped by embryo sex. Median Female/Male expression ratio was estimated for each

515  stage across the whole chromosome X with 1Mb window.
516
517  Analyses of allelic expression

518 Trimmed reads were aligned to chromosome X of the pig genome (Sus scrofa v10.2) by
519  hisat2. Duplicated reads were marked by picard (v2.12.1). GATK (v3.8) was used to retrieve
520 allelic read counts for SNVs annotated in dbSNP (build 147). Only validated SNVs (dbSNP
521 flag VLD) were extracted for downstream analysis. SnpEff (v4.3) was applied to annotate
522  called SNVs with Sus scrofa v10.2 ensembl annotation (build 87). Low coverage SNVs (< 3

523  reads) were excluded from the analysis, and we only kept SNVs that occurred at least in two
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524  different cells for each stage. The expressions of mono-/bi-allelic genes were estimated

525  based on SNVs in each female cell of each stage.
526
527  Gene clustering by expression profile

528  Self-Organizing Map (SOM) were used to discover potential structural patterns in highly
529 dimensional and complex datasets by creating 2-dimensional representations. The SOM
530 algorithm was applied to our gene expression profile. The geometric mean TPM of each
531 gene was calculated within each stage. In order to fit the SOM model, the lower TPMs (< 1)
532  were replaced by 1, and the extreme higher TPMs were replaced by 10,000. Similarly, genes

533  of highly similar expression profiles within stages were excluded

max (TPM) <

534 (min = 1 or max(TPM) — min(TPM) < 0). The filtered TPMs were then normalised by

535 SOM (u = 0,0 = 1). In total, 25 clusters were created.
536
537 Comparison of pig, mouse and human datasets

538 In total, 144 pig cells (our study), 83 mouse® cells and 152 human cells retrieved from
539  Petropoulos et al.’? and re-classified according to Stirparo et al.” were included in the
540 comparative analysis. PSC lines cultured under conventional or naive conditions were used
541  for analysis as described by Stirparo et al.”. Pig orthologous genes (15,171) were retrieved
542  against human genes from Ensembl database (compara build 87). Expression values were
543  normalised by TPM for PCA analysis. Linear regressions were calculated separately for PC2

544  and PC3, which contributed to pig and human developmental genes, respectively.

545
546  Embryo treatments with inhibitors and IF
547  Embryos recovered were incubated in PZM5 culture medium up to morula stage and in

548  N2B27 medium supplemented with 0.3% fatty acid free BSA from compact morula onwards,
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549 in a humidified atmosphere at 39 °C and 5% O,. The embryos were treated with the
550 following inhibitors and concentrations: 10 puM PD0325901 (Tocris), 20 pM SB431542
551  (Tocris), 10 uM LY294002 (Selleckchem), 2.5 pM IWP2 (Sigma), 10 uM AZD1480 (Sigma).
552  All treatments were performed for 48h during the indicated time points; from pre-morula (PM)
553  to early blastocyst (EB), from morula (M) to mid blastocyst (MB) and from mid blastocyst to
554 late blastocyst (LB). Inhibitors were dissolved in DMSO and control embryos were treated

555  with DMSO accordingly.

556  After the treatments, embryos before hatching stage were treated with Tyrode’s acid to
557 remove zona pellucidae. Then, embryos were fixed in 4% paraformaldehyde (PFA) for 15
558  minutes at room temperature (RT), washed in PBS-1% BSA, permeabilized in 0.2% Triton X-
559 100 for 15 min at RT and blocked in blocking solution (PBS with 0.1% BSA, 0.2% Tween
560 and 10% Donkey serum) for 1 hour at RT. Embryos were incubated overnight at 4°C with the
561 primary antibodies: NANOG (Peprotech, 500-P236, 1:200 dilution in blocking solution),
562  SOX17 (R&D, AF1924, 1:200). After 4 washes in PBS-1% BSA, embryos were incubated in
563 the appropriate secondary antibodies for 45 min at RT, followed by 4 washes in PBS-1%

564  BSA. Finally, embryos were mounted in Vectashield with DAPI.

565

566  Statistical analysis

567 To evaluate the statistical differences in cell count numbers from individual embryos,
568  probability (p) values were calculated using Two-sided Mann-Whitney test between each
569 treatment and the control. Percentages of contribution of NANOG+ only, SOX17+only and
570 co-expressing cells were evaluated by two-way ANOVA (Dunnett’'s multiple comparisons

571  test). Differences were considered significant when p<0.05.

572
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757

758

759  Figure legends

760  Figure 1. Lineage segregation in pig pre-implantation embryos. a, Pig pre-implantation
761  embryos collected for sScRNA-Seq b, Unsupervised hierarchical clustering (UHC) with all
762  expressed genes (15,086 genes), with a heat map of expression levels of lineage-specific
763  markers. Colors in dendrogram indicate developmental stage. c, t-SNE plot of all cells,
764  indicated by colors and shapes for different embryonic days and lineages. Lineage specific
765 genes are shown in t-SNE plots; a gradient from white to red indicates low to high
766  expression. M: morula, EB: early blastocyst, LB: late blastocyst, Sph: spherical embryo, Epi:

767  epiblast, Hypo: hypoblast, ICM: inner cell mass, TE: trophectoderm.

768  Figure 2. Signaling pathways involved in segregation of lineages. Bright field and IF
769  staining for indicated markers; embryos were counterstained with DAPI (merge). Scatter dot
770  plots of NANOG-, SOX17-positive cells and total cell numbers (black bar indicates mean) of
771  control pig early blastocysts (EB), mid-blastocysts (MB) and late blastocysts (LB). b, Bar
772 charts indicating percentage of ICM cells expressing indicated markers in control embryos
773  and (c) after different treatments. d, Bright field and IF staining of indicated markers in
774  embryos of different stages. Scatter plots show proportion of cells stained for the indicated

775 markers in embryos treated with JAKi: 10 uM AZD1480; (e) PI3Ki: 10 uM LY294002; (f)
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776  TGFBi: 20 uM SB431542; (g) MEKi: 10 uM PD0325901; (h) WNTi: 3 uM IWP2. PM: pre-
777  morula, M: Morula, EB: early blastocyst, MB: mid blastocyst, LB: late blastocyst. For d-h: *p

778  =0.05, Mann-Whitney test. For b and c: * p < 0.05, Two-way ANOVA. Scale bars: 50 um.

779  Figure 3. Transitions of pluripotent states in the pig: a, Principal component analysis
780 (PCA) of the pluripotent lineages. b, Violin plots of the expression of selected genes during
781 the transition of pluripotent lineages. ¢, DEGs during the transition of pluripotent lineages.
782 Red and green bars indicate up- and down-regulated genes, respectively by pair-wise
783  comparisons as indicated. d, Scatter-plot of the average gene expression levels between EB
784 ICM vs. Sph EPI (711 fold change flanking diagonal lines). Orange: up-regulated, blue:
785  down-regulated; log;o (TPM geometric means), key genes are annotated. e, Significant
786  Gene Ontology terms and KEGG pathways in DEGs in the pair-wise comparison are

787 indicated.

788  Figure 4. Metabolic and epigenetic transition during changes in pluripotent states. a,
789 Heatmap of selected genes involved in OXPHOS and anaerobic glycolysis in pluripotent
790 lineages. b, Box plot showing expression of electron transport complex genes and (C), genes
791  involved in epigenetic modifications. Two-sided Wilcox test. M: morula, EB: early blastocyst, LB:

792 late blastocyst, Sph: spherical embryo.

793  Figure 5. Dosage compensation for the female X chromosome. a, Ratio of gene
794  expression between female and male embryos for the X chromosome vs. autosomes 1, 2
795 and 3. b, Proportion of total expression levels of the X chromosome relative to autosomes at
796 the single cell level. ¢, Female to male expression average along the X chromosome. XIC:
797  X-inactivation center. d, XIST expression level in male and female cells. Percentage of cells
798  with TPM > 1 is shown. e, Number of biallelically expressed genes in each cell at different
799  stages of development. f, Median expression of biallelic genes. g, Female to male ratio of
800 expression of genes biallelically expressed in females. h, IF staining of H3K27me3 merged

801 with DAPI in sectioned spherical female embryo. Arrow indicates hypoblast and arrowhead
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802  marks the epiblast. Inset shows a low magnification image of the embryonic disc. Scale bar:
803 10 pm. M: morula, EB: early blastocyst, LB: late blastocyst, Sph: spherical embryo.

804

805 Figure 6. Comparison of pig, mouse and human matched pluripotent states. a, PCA of
806  pig and mouse orthologous genes expressed in pluripotent cells. b, PCA of pig and human
807  orthologous genes expressed in embryonic cells and hESCs. ¢, Summary of key events in

808 the pluripotent compartment of the pig embryo.
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