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Abstract

Pre-patterning of the embryo, driven by spatially localized factors, is a common feature
across several non-mammalian species’*. However, mammals display regulative
development and thus it was thought that blastomeres of the embryo do not show such
pre-patterning, contributing randomly to the three lineages of the blastocyst: the epiblast,
primitive endoderm and trophectoderm that will generate the new organism, the yolk sac
and placenta respectively . Unexpectedly, early blastomeres of mouse and human
embryos have been reported to have distinct developmental fates, potential and
heterogeneous abundance of certain transcripts’~'2. Nevertheless, the extent of the
earliest intra-embryo differences remains unclear and controversial. Here, by utilizing
multiplexed and label-free single-cell proteomics by mass-spectrometry’®, we show that
2-cell mouse and human embryos contain an alpha and a beta blastomere as defined by
differential abundance of hundreds of proteins exhibiting strong functional enrichment for
protein synthesis, transport, and degradation. Such asymmetrically distributed proteins
include Gps1 and Nedd8, depletion or overexpression of which in one blastomere of the
2-cell embryo impacts lineage segregation. These protein asymmetries increase at 4-cell
stage. Intriguingly, halved mouse zygotes display asymmetric protein abundance that
resembles alpha and beta blastomeres, suggesting differential proteome localization
already within zygotes. We find that beta blastomeres give rise to a blastocyst with a
higher proportion of epiblast cells than alpha blastomeres and that vegetal blastomeres,
which are known to have a reduced developmental potential, are more likely to be alpha.
Human 2-cell blastomeres also partition into two clusters sharing strong concordance with

clusters found in mouse, in terms of differentially abundant proteins and functional
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enrichment. To our knowledge, this is the first demonstration of intra-zygotic and inter-

blastomere proteomic asymmetry in mammals that has a role in lineage segregation.

Main

In mammals, including mouse and human, the fertilized egg undergoes cleavage
divisions to give rise to embryonic and extraembryonic cell types''. Two cell fate
decisions are crucial for blastocyst formation. The first decision serves to generate outer
cells, which will differentiate into the trophectoderm; and the inner cell mass (ICM), which
will then undertake the second cell fate decision to give rise to epiblast and primitive

endoderm (Fig. 1a) 1617,

For decades, it was thought that all blastomeres had the same developmental potential
to form these three lineages until the 16-cell stage®%'8. However, this view has changed
over time, with multiple lines of evidence suggesting that totipotency is not only lost
gradually, but also unevenly, in blastomeres before lineage specification®: 12 15.19-22_First,
lineage tracing indicates that blastomeres of 2-cell mouse contribute unevenly to the ICM
versus the trophectoderm in the blastocyst®®'2. Second, splitting of 2-cell mouse embryos
into monozygotic twin “half embryos” found that one blastomere retains totipotency and
gives rise to a live mouse, while the other cell fails to do so in the majority of cases’-'°.
Lineage analyses of somatic mutations across human tissues with different
developmental origins, including the placenta, suggest that such uneven contribution
arising from the 2-cell blastomeres may also exist in humans?2-26, Indeed, the most recent

lineage tracing studies have shown that, in most human embryos, the majority of the
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epiblast is derived from only one blastomere of the 2-cell embryo whereas the placenta
is derived from both 2-cell stage blastomeres'?. However, the molecular basis for this

asymmetry remains a long-standing question.

In other models, such as Drosophila melanogaster, symmetry-breaking mechanisms in
the embryo involve asymmetric distribution of mRNAs and, in turn, the encoded
proteins?®-31. Single-cell RNA sequencing methods have identified transcripts®2-3* such
as the non-coding RNA LincGET?® and Sox21 mRNAZ?', to be differentially abundant in
blastomeres of 2-cell and 4-cell stage mouse embryos respectively. However
asymmetries in the abundance of specific mMRNAs between sister blastomeres may not
be consistent®® and RNA abundance does not necessarily reflect protein abundance, as

seen across tissues®” and during development®.

To what extent the proteome differs between individual mammalian blastomeres remains
unknown. Single-cell mass-spectrometry (MS) previously revealed proteomic differences
between blastomeres of the Xenopus laevis embryo3®4° and among human oocytes*'.
Bulk samples have been utilized to assess changes in the proteome during mouse
embryo development*?~#* but such bulk samples could not be used to discern intra-
embryo heterogeneity. Here, we investigated proteomic differences between single
blastomeres from mouse and human embryos and their functional role. Remarkably, we
discovered early symmetry breaking of the proteome in the mouse and human 2-cell
embryo and even within the zygote. Furthermore, we found that these proteome

asymmetries predict the developmental potential of blastomeres.
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91  Proteomic asymmetry in blastomeres of 2-cell and 4-cell embryos

92  To initiate our study, we aimed to analyze 1) early 2-cell embryos, 2) late 2-cell embryos,
93  when the major wave of zygotic genome activation occurs*®, and 3) 4-cell embryos (Fig.
94 1a-c). To this end, we first established a method to separate and serially wash each
95 blastomere from a single embryo in a way that would avoid any protein contaminant from
96 the culture media while retaining the relationship between blastomeres from the same
97  embryo (Fig. 1b, c). To quantify proteins in single blastomeres we used multiplexed Single
98  Cell ProtEomics MS (SCoPE2)'348. In choosing cells for the isobaric carrier material, we
99 first considered using bulk blastomeres; however, this proved to be unfeasible, as each
100  SCoPEZ2 set would require hundreds of blastomeres to be collected. We reasoned that
101 mouse embryonic stem cells (ESCs) would serve as adequate carrier cells, as carriers
102  can differ from the single cell samples*’, ESCs represent a derivative of ICM and we were
103  able to harvest many cells at a time.
104
105 To determine the relationship between individual 2-cell stage blastomeres, we performed
106  k-means clustering of the protein abundance normalized to the mean of individual 2-cell
107 embryos. Our data were best explained by two clusters, which we termed alpha and beta
108  (Extended Data Fig. 1a). From our analyses of 36 (15 early and 21 late) 2-cell mouse
109  embryos, sister blastomeres were consistently classified into opposing clusters, with each
110  embryo having an alpha and a beta blastomere with high confidence (Fig. 1d and Fig. 1e).
111
112 We uncovered a set of 349 proteins that systematically differed in abundance between

113  alpha and beta blastomeres in 2-cell embryos, out of an average of 1043 proteins
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114 quantified per single mouse blastomere (Fig. 1d, Extended Data Table 1). These proteins
115 included maternal factors implicated in zygotic genome activation, such as the cortical
116  granule protein Padi6*®-5° and the ubiquitin E3 ligase RNF1145"52 and cytoskeletal
117  regulators such as Rdx®® and Cdc425%4%, which are involved in the trophectoderm lineage
118  later in development. To our knowledge, this is the first report of systematic differences
119  between the proteomes of sister blastomeres in the 2-cell mouse embryo.

120

121 We found that the proteomic differences between sister blastomeres were more
122 pronounced in late 2-cell embryos compared to early 2-cell embryos, as illustrated by the
123  color scale in the heatmap (Fig. 1d). However, the magnitudes of differential protein
124  abundance between sister blastomeres varied (Fig. 1d). We term this varying degree of
125 difference between alpha and beta blastomeres as the degree of asymmetry, which is
126  observed to increase from the early to the late 2-cell stage. Overall quantitation variability
127  of peptides mapping to the same proteins in each blastomere was low and unrelated to
128  the degree of asymmetry (Extended Data Fig. 1b), and thus we infer that this degree of
129  asymmetry is of biological origin.

130

131 Next, we investigated 4-cell embryos, whose blastomeres are known to have different
132 molecular and developmental properties'®2156-59 We analyzed 21 4-cell embryos, in
133  which we observed a spectrum of the degree of asymmetry among sister blastomeres
134 from the same embryo (Extended Data Fig. 1c). Previously, we had defined proteins that
135 consistently discerned alpha and beta blastomeres in 2-cell stage embryos: proteins

136  enriched in alpha blastomeres can be called alpha proteins and proteins enriched in beta
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137  blastomeres can be called beta proteins. Thus, we can use the quantitation of these
138  particular proteins to quantify the observed differences among sisters. We calculated the
139  variance of the distribution of the alpha and beta proteins in each blastomere, to observe
140  the overall level of variability of protein levels (Extended Data Fig. 1d). In some 4-cell
141 embryos, the level of variance was similar amongst sisters (e.g., embryo wAP539_29),
142 while in others, the levels of variance were more different (e.g., embryo wAP563_24).
143  This reflects the strength of alpha-beta polarization in each embryo. We also calculated
144 the ratio of the mean abundance of alpha and beta proteins in each blastomere and used
145  this ratio to indicate the “strength” of alpha and beta polarisation. This approach indicated
146  a range of strengths per blastomere (Extended Data Fig. 1e). Observing a higher
147  abundance of alpha proteins in a particular blastomere indicates that the blastomere is
148 more alpha. As an example, embryo wAP439 6 has two relatively strong alpha
149  blastomeres and two relatively strong beta blastomeres. In another example, embryo
150  wAP440_7 has one strong alpha blastomeres, a weak beta blastomere, and two strong
151 beta blastomeres.

152

153  The 2-cell embryo can generate the 4-cell embryo via four distinct cleavage patterns,
154  defined by the orientation of cell division (meridional — along the animal-vegetal axis or
155  equatorial — perpendicular to animal-vegetal axis, with the animal-vegetal axis defined by
156  the attached second polar body, which is the product of the second meiotic division of the
157  oocyte upon fertilization) and order of division (Extended Data Fig. 2a). The cleavage
158  pattern has been shown to impact the expression of heterogeneous factors at the 4-cell

159  stage?® as well as the success of embryo development'®%. To investigate whether the
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160  alpha-beta composition of the 4-cell embryos was related to a particular cleavage pattern,
161 we labeled one sister blastomere in live 2-cell embryos by micro-injecting synthetic
162 mCherry mRNA, and recorded cleavage division patterns by time-lapse imaging, as
163  described previously®°, collected individual 4-cell blastomeres®®%® and performed
164  SCoPE2 (Extended Data Fig. 2b). We found that few proteins and GO terms differed in
165  abundance between alpha and beta blastomere clusters according to cleavage pattern;
166  the statistical power of this analysis was however insufficient to reliably establish these
167  differences (Extended Data Fig. 2c-e).

168

169  Overall, we discovered consistent proteomic heterogeneity in sister blastomeres of 2-cell
170  and 4-cell embryos, forming a molecular signature for alpha and beta cell clusters.

171

172  Proteomic asymmetry in the zygote

173  Having established the alpha-beta asymmetry at the 2- and 4-cell stages, we wondered
174 whether there is asymmetric protein distribution already within the zygote. To test this
175 hypothesis, we manually bisected zygotes meridionally along the animal-vegetal axis, as
176  this is the most frequent orientation of cleavage of the mouse zygote®®-62. Although the
177  future cleavage plane will not always be recapitulated by experimental bisection of
178  zygotes along the meridional axis, owing to the rotational symmetry of a spherical cell
179  such as the zygote, there should nevertheless be some instances in which the physical
180  cut approximates to the future cleavage plane (Fig. 2a). Thus, we expected that, if alpha-

181  beta differences are already emerging at the zygote stage, some zygote halves will exhibit
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182  the alpha-beta protein differences while others will not. Pairs of zygote halves were
183  collected and subsequently prepared and analyzed using SCoPE2 methods (Fig. 2a, b).
184

185 By performing the same proteomic and clustering analysis as we had done previously for
186  2-cell stage blastomeres, we found that the zygote halves establish two clusters (Fig. 2c).
187  To test if the different zygote halves were related to the alpha and beta blastomeres, we
188 examined the 172 proteins that were 1) quantified in the zygote halves and 2) had
189  significantly different abundance in alpha and beta blastomeres at the 2-cell stage
190  (Extended Data Table 1). For each protein, we determined the median fold change in
191  alpha versus beta cells and in zygote half 1 versus half 2. We found that the Spearman
192  correlation (r = 0.45) is significant (p-value < 1e-8, Extended Data Fig. 3a). Furthermore,
193  when we took all pairwise correlations of these protein fold-changes between each zygote
194 and embryo, we found that most zygotes had a median positive correlation with
195  magnitude directly proportional to the degree of separation along PC1 (Fig. 2d). This
196  result is consistent with the expectation that variation in the plane of physical cutting along
197  the meridional axis of the zygote will influence the sampled cross-section of protein
198  distributions and thus the magnitude of the correlations. Differences in the proteomes of
199  zygote halves correlate significantly with the protein differences between alpha and beta
200 blastomeres at the 2- and 4-cell stage, which suggests that asymmetry likely stems from
201 differential protein localization in the zygote. Our data point towards the inheritance of
202  asymmetry from the zygote to the 2-cell stage.

203
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204  As we observe asymmetry within the zygote and during stages prior to or during the major
205 wave of zygotic genome activation, we hypothesize that proteome asymmetry might be
206  driven by post-transcriptional mechanisms concerning maternal transcripts and proteins
207  from the oocyte. When assessing previously published mouse single cell transcriptional
208 data that span the early, mid and late 2 cell stage®, we observed stage dependent
209  enrichment of the transcripts associated with alpha and beta proteins (Extended Data Fig.
210  3b-d). We did not observe a clear transcriptional signature where alpha and beta-
211 associated transcripts show opposing expression patterns between sister blastomeres,
212 but rather stage-dependent expression patterns, potentially reflecting zygotic genome
213 activation (Extended Data Fig. 3e-g). Similarly, pathways which showed differences at
214  the protein level do not exhibit similar patterns when only examining transcripts at this
215 stage (Extended Data Fig. 3h). This suggests post-transcriptional mechanisms and
216 maternal contributions may underlie the proteomic asymmetry we report here.

217

218  Alpha and beta cells are enriched for different biological processes

219  To decipher processes that could be impacted by the differentially abundance of proteins
220 between alpha and beta blastomeres, we performed protein set enrichment analysis
221 (PSEA). We found that protein degradation and protein transport processes were
222  differentially abundant (g-values < 0.05) in alpha and beta blastomeres (Fig. 3a, b). In
223  particular, ubiquitin- and autophagy-related terms were enriched in beta blastomeres,
224  whereas proteasome-related terms were more enriched in alpha blastomeres. Protein

225 transport terms (channel and signaling-related, molecular motors, and vesicle transport)

10
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226  were enriched in beta blastomeres, with processes related to molecular motors exhibiting
227  the highest median fold difference.

228

229 To understand how ESC proteomes compare with the blastomere proteomes, we
230 compared the peptide-level data of the carrier and single blastomeres. Upon plotting the
231 levels of shared peptides between single blastomeres and samples of 200 ESCs, we
232  found a cloud of peptides that were much more abundant - up to 10-fold higher - in single
233  blastomeres (a representative plot is shown in Fig. 3c). The overall range of peptide
234  abundances should scale with sample size, and so it was surprising to see many peptides
235  exhibiting much higher abundance in single blastomeres as opposed to 200 ESCs. These
236  peptides derive in part from the subcortical maternal complex (SCMC), a maternally
237  encoded multiprotein complex that is critical for early development®*. The cloud of outliers
238 also includes peptides related to ubiquitin ligases. This high abundance of ubiquitin
239 ligases is further confirmed by systematic GO term analysis across all single blastomeres,
240  which revealed strong enrichment (relative to ESCs) for peptides implicated in protein
241  degradation and protein transport (Extended Data Fig. 4a), consistent with the known
242  importance of proteasomal degradation during this period of embryonic development,
243  encompassing maternal protein degradation, alongside zygotic genome activation and
244  subsequent novel zygotic protein synthesis®'- 2. 65-67_ As proteins mapping to these similar
245 processes were also found to be differentially abundant between alpha and beta
246  blastomeres, these analyses furthermore underscore their potential association with inter-
247  blastomere proteomic heterogeneity.

248

11
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249  Dynamics of alpha and beta differences

250 Mouse embryos at the zygote and early 2-cell stage depend largely on maternally
251  inherited cellular components, including proteins, mMRNAs and ribosomes, prior to the
252  major wave of zygotic genome activation. Different ribosomal stoichiometries have been
253 suggested to contribute to ribosome-mediated translational control during early
254  embryogenesis®®%® and in ESCs’®"!. Therefore, we assessed whether the ribosomal
255 protein (RP) levels in our samples might be consistent with this hypothesis.

256

257  We noticed that the levels of most RPs were slightly, yet statistically significantly, elevated
258 in alpha blastomeres compared to beta cells blastomeres in early 2-cell, late 2-cell and
259  4-cell embryos (Extended Data Fig. 4b). An exception was RPS27A, whose enrichment
260 in alpha blastomeres increased during development. Proteins involved in translation
261 initiation factors were also more abundant in alpha blastomeres as compared to beta
262 blastomeres, whereas GO terms related to endoplasmic reticulum showed the opposite
263 trend (Extended Data Fig. 4c).

264

265 To explore whether differences between alpha and beta blastomeres change during
266 development, we first calculated the Euclidean distances between alpha and beta
267  blastomeres from the same embryo, using proteins that were quantified in every cell
268 analyzed. As noted in Fig. 1d, we observed that the degree of proteomic differences
269 between alpha and beta cell clusters increased significantly during early development
270  (Extended Data Fig. 4d), suggesting sisters may increasingly diverge across stages.

271

12
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272  The increased sister divergence across time can be attributed to proteins that are either
273  consistently decreasing or increasing across the developmental stages. We considered
274  the 324 proteins which were quantified in both early and late 2-cell embryos and also
275 deemed to be differentially abundant between alpha and beta blastomeres, and found
276  that 278 proteins preserve cluster identity and are either consistently increasing or
277  decreasing over time. When we also take into account the 4-cell stage, a smaller number
278  of proteins (254) continue to preserve cluster identity, of which 108 are monotonically
279  changing across the three timepoints.

280

281  To explore which processes are showing monotonic changes across time, we performed
282 PSEA using Spearman correlations across the three developmental timepoints and the
283  corresponding protein fold-changes between alpha and beta cells from each embryo.
284  Representative protein sets that were decreasing in magnitude across the stages were
285  thioredoxin peroxidase activity and dATP binding (Extended Data Fig. 4e, f). We also find
286 that the proteasome regulatory particle is increasing in magnitude within alpha
287  blastomeres, just as we found in our previous PSEA (Fig. 2b). In addition, representative
288  processes of aspartate metabolic and DNA helicase activity exhibit the same behavior.
289  Overall, these analyses attempted to discern which molecular pathways could be driving
290 the increased divergence between alpha and beta as development progresses.

291

292  The role of beta proteins in lineage fate

293 We investigated a role for three of the differentially abundant proteins in lineage

294  specification. Specifically, we chose Nedd8, Gps1 and PSMC4 based on their differential

13
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295 abundance between alpha and beta blastomeres (Extended Data Table 2 and 3) and their
296  putative roles in preimplantation development. For instance, activation of the ubiquitin-
297  like protein Nedd8, has been implicated in formation of the ICM"2. Gps1 (Cops1) is a
298  subunit of the COP9 signalosome’3, which is involved in deneddylation and has been
299 implicated in naive pluripotency and epiblast survival’*7¢. Gps1 is also a putative
300 regulator of expression of the transcription factor Oct4 in human ESCs’’, but has not been
301  studied in mammalian embryos before. PSMC4 is a component of the 26S proteasome,
302 and a previous report showed that PSMC4 deficient embryos do not develop into
303 blastocysts’®. Nedd8 and Gps1 have higher abundance in beta blastomeres, whilst
304 PSMC4 has a higher abundance in alpha blastomeres (Extended Data Table 2).

305

306  We used RNAI to knockdown (KD) candidates in one blastomere of the 2-cell embryo and
307  evaluated the consequences for lineage contribution and development of the embryo for
308 3 days, until the blastocyst stage. Briefly, one of the two blastomeres was randomly micro-
309 injected with dsRNA targeting each candidate (or eGFP as a control) and also with mRNA
310 encoding Gap43-RFP to label and follow the progeny of the injected blastomere, using a
311 protocol we previously established”®8° (Fig. 4a). Following micro-injection, embryos were
312 cultured to the late blastocyst stage, fixed and stained for Cdx2 to identify the
313 trophectoderm lineage and Sox17 to identify the primitive endoderm (Fig. 4b, Extended
314  Data Fig. 5a). We validated the KD efficiency by micro-injecting the dsRNA into zygotes,
315  and observing a reduction in mMRNA levels 48 hrs. later in 8-cell embryos by qRT-PCR
316  (Extended Data Fig. 6a-d). As a complementary approach, we performed overexpression

317  (OE) studies, in which one blastomere of a 2-cell embryo was co-injected with mRNAs
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318  encoding the candidate protein fused to an HA tag and a Gap43-RFP to label the progeny
319  of the injected cell, and cultured to the late blastocyst stage (Fig. 4a and c). The OE of
320 candidates was validated by assessment of HA tag expression by immunofluorescence
321  (Extended Data Fig. 6e-i).

322

323  We found that the blastocyst cell number and the proportion of RFP-positive cells in the
324  blastocyst was slightly but statistically significantly higher upon Nedd8 knockdown (KD)
325 (Extended Data Fig. 5b and c). Moreover, Nedd8 KD significantly increased the frequency
326 of RFP-positive cells in the trophectoderm relative to controls, but did not have a
327  significant effect on the epiblast or primitive endoderm (Fig. 4d). In comparison we found
328 that the total number of cells in the blastocyst and the proportion of RFP-positive cells in
329 the blastocyst did not differ upon Nedd8 OE (Extended Data Fig. 5i and j), but Nedd8 OE
330  significantly decreased the frequency of RFP-positive cells in the trophectoderm and
331 epiblast (Fig. 4e). We infer that Nedd8 may inhibit the specification and/or proliferation of
332  trophectoderm cells.

333

334  Gps1 KD did not reduce blastocyst total cell number (Extended Data Fig. 5d) but reduced
335 the proportion of RFP-positive cells in the blastocyst (Extended Data Fig. 5e), particularly
336 in the epiblast, with a less significant reduction in primitive endoderm and no significant
337  reduction in trophectoderm contribution (Fig. 4f). Gps1 OE did not impact the total number
338 of cells in the blastocysts or the proportion of RFP-positive cells contributing (Extended
339 Data Fig. 5k and |) but led to an increase in contribution to the epiblast, rather than a

340  reduction as observed when knocking down Gps1 expression (Fig. 4g). These data
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341 suggest that Gps1 may promote specification and/or proliferation of epiblast cells, and
342  are consistent with the suggested role of Gps1 in promoting pluripotency.

343

344  We found that PSMC4 KD reduced the cell number and proportion of RFP-positive cells
345 in all lineages of the blastocyst (Extended Data Fig. 4f, g and h), suggesting that PSMC4
346 may promote proliferation of uncommitted cells.

347

348 Thus, expression of Nedd8 and Gps1, which are more abundant in beta blastomeres,
349 impacts the trophectoderm and epiblast lineage, respectively, in the blastocyst. The
350 phenotypes observed suggest that Gps1 and Nedd8 may play a role in promoting the
351  epiblast fate and suppressing the trophectoderm fate respectively. On the other hand,
352  reduction of PSMC4, which is more abundant in alpha blastomeres, impacted all lineages,
353 perhaps reflecting the importance of the proteasome as the downstream effector of
354  protein degradation. Inhibition of the proteasome has also previously been found to delay
355 DNA replication and cleavage divisions®, fitting with our observations. These results
356 indicate that the differential proteins identified by SCoPE2 can impact lineage composition,
357  and point towards the importance of protein degradation pathways during preimplantation
358 development.

359

360 The alpha versus beta identity of blastomeres correlates with differences in

361 developmental potential

362 We and others previously showed that the developmental potential and subsequent fate

363 of 2-cell stage sister blastomeres are unequal’~'21956_ Specifically, separated sister
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364  blastomeres of the 2-cell mouse embryo show discordance in their ability to give rise to a
365 viable embryo and show variation in epiblast size'®, with one blastomere giving rise to
366 more epiblast cells than its sister (Extended Data Fig. 7a-c). To determine if alpha and
367 beta blastomeres differ in their developmental potential, we separated sisters from 2-cell
368 embryos and analyzed one sister by MS (SCoPE2 or pSCoPE 8') to determine its identity
369 (alpha or beta, as quantified by calculating the alpha-beta protein fold change) and
370  cultured the other sister cell to the blastocyst stage (Fig. 5a and b, Extended Data Fig.
371 7d). We took advantage of our observations that sister blastomeres always fall into
372  opposing clusters, with each 2-cell embryo containing an alpha and a beta cell (Fig. 1d).
373  Thus, we inferred that identity to the cultured sister cell was the opposite to its sister that
374  was analyzed by MS (Fig. 5a). We correlated the identity of the 2-cell blastomere with its
375 subsequent blastocyst development including total cell number, and number of cells in
376  each of the three lineages (Fig. 5c, Extended Data Fig. 7e-h). We found that blastomeres
377  with a higher beta identity gave rise to blastocysts with a higher proportion of epiblast
378  cells (Fig. 5c). Crucially, beta blastomeres are more likely to give rise to blastocysts with
379 4 epiblast cells, the minimum number required for successful further development®® (Fig.
380 5d). These data agree with our knockdown and overexpression data (Fig. 4), which
381  suggest that beta proteins support epiblast formation and/or inhibit trophectoderm
382  formation. It was recently reported that inheritance of the polar body at the 2-cell stage
383  predicts developmental potential, with the sister inheriting the second polar body, giving
384 rise to more ICM cells®. In agreement with this observation, when examining whether

385 there was any relation between inheritance of the polar body and alpha or beta identity,
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386  we found that the sister associated with the polar body was significantly more likely to be
387  a beta cell (Extended Data Fig. 7i).

388

389 At the 4-cell stage, vegetal blastomeres (the blastomere that is furthest away from the
390 polar body, which defines the animal pole of the embryo), are known to be significantly
391 Dbiased to the trophectoderm and have a lower developmental potential'®%6. We therefore
392 examined the alpha-beta classification of vegetal blastomeres in our 4-cell stage embryos
393 (Fig. 5e). Plotting the pairwise cell correlations for blastomeres from 4-cell embryos,
394  revealed two clusters corresponding to the alpha-beta polarization of each blastomere.
395 We found that vegetal blastomeres were significantly more likely to be alpha than their
396 non-vegetal counterparts. Thus, the alpha-beta identity of a blastomere correlates with
397 differences in developmental potential, with beta blastomeres having a higher
398 developmental potential and alpha blastomeres a lower developmental potential.

399

400  Since 2-cell stage blastomeres are often asynchronous in their cell cycle progression, we
401 wondered whether the divergence of alpha and beta blastomeres can be correlated with
402  the asynchrony in developmental timing. In order to test this, zygotes were micro-injected
403  with PCNA-clover mRNA, foci of which indicate S phase progression®-84 and following
404  cleavage to the 2-cell stage, assessed by live imaging to see which sister had completed
405 S phase and entered G2 first (Extended Data Fig. 8a, b). After imaging, single 2-cell stage
406 blastomeres were collected for subsequent MS analysis using pSCoPE?'. When
407  normalizing the MS data within each embryo, sister blastomeres consistently fell into

408  opposite clusters, as observed before. However, we found that the distributions of alpha-
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409  Dbeta polarization are not significantly different between ‘early’ and ‘later’ exit from S-phase,
410  and therefore we do not see a relationship between exit from S-phase and alpha-beta

411 identity (Extended Data Fig. 8c).

412  Concurrently, the experiment was repeated but blastomeres were allowed to develop
413  further to the blastocyst stage, at which point they were fixed and stained for lineage
414  markers (Extended Data Fig. 8d). As alpha and beta blastomeres give rise to blastocysts
415  with differing cell numbers of epiblast cells (Fig. 5¢c and d), we compared the epiblast cell
416 number from blastocysts arising from sister 2-cell blastomeres which completed S phase
417  'first’ or ‘second’. No difference in the distribution of epiblast cell numbers was observed
418 (Extended Data Fig. 8e). This supports our finding that cell cycle asynchrony, as

419  assessed by S phase exit, is unlikely to differentiate alpha and beta cells.

420

421  Proteome asymmetry is conserved in human 2-cell stage embryos

422  We nextinvestigated if the protein patterns defining alpha and beta blastomeres in mouse
423  embryos are conserved in human embryos. To this end, we examined 2-cell human
424  embryos, which were donated to our research via IVF clinics (Fig. 6a). Since access to
425 human embryos at the early cleavage stages is extremely limited for technical reasons,
426  the number of embryos examined was fewer than for mouse. As these samples are
427  extremely precious, we used two orthogonal single-cell MS methods: label-free data-
428 independent acquisition or SCoPE2 data-dependent acquisition methods. These
429  methods have different systematic biases, and thus concordant results are unlikely to be

430  due to a methodological bias®.
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431

432 We performed the k-means clustering approach as implemented with the mouse
433  blastomeres and remarkably, we found that sister 2-cell human blastomeres also fell into
434  two opposing clusters (Fig. 6b). Between the two cell clusters, we identified 113
435  differentially abundant proteins at 1% FDR (Fig. 6¢, Extended Data Table 4). To assess
436  the raw MS data more closely, we extracted the ion chromatogram (XIC) for one of the
437  proteins with the highest fold difference, VDAC2, a voltage-dependent anion-selective
438 channel protein. Both the MS1 and the MS2 XICs indicate consistent differential
439  abundance of VDAC2 across the sister blastomeres (Fig. 6d). This observation of VDAC2
440  Dbeing increased in one blastomere fits with our observations from mouse embryos in
441 which protein transport was highly differential between alpha and beta blastomeres. The
442  functional validation of the role of the identified differentially distributed proteins in human
443  embryos at such an early developmental stage is unfeasible.

444

445  To further characterize the clusters of human blastomeres, we performed PSEA. Similar
446  to the corresponding analysis of mouse blastomeres, the results again indicated that
447  proteins involved in degradation and transport were differentially abundant in sister
448  blastomeres of 2-cell human embryos (Fig. 6e). Ubiquitin-related proteins were enriched
449  in one cell cluster type, whereas vesicle-related proteins were enriched in the opposing
450  cluster, similar to mouse alpha versus beta blastomeres, respectively.

451

452  The two clusters observed in human embryos suggest conservation of the existence of

453  proteomic heterogeneity at the 2-cell stage across human and mouse, therefore we

20


https://doi.org/10.1101/2024.08.26.609777

bioRxiv preprint doi: https://doi.org/10.1101/2024.08.26.609777, this version posted August 26, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

454  sought to test the concordance more directly. Using 877 proteins whose orthologues were
455  quantified in both mouse and human 2-cell stage embryos, we calculated the pairwise
456  correlations between mouse and human blastomeres (Fig. 6f). The results indicated two
457  distinct clusters, which support that alpha-beta intra-embryo protein differences are
458 conserved across mouse and human and allowed us to extend the alpha and beta
459  annotation to human blastomeres. Additionally, we examined the GO terms that were
460  significantly differential between alpha and beta cell clusters and that were shared
461  between the mouse and human data and found significant concordance among the GO
462  term directionality in the two organisms (Fig. 69).

463

464  To further understand the similarities and differences between the mouse and human
465 blastomeres, we narrowed our space of analysis into proteins that were found significantly
466  differential between alpha and beta 2-cell mouse blastomeres. Then, we estimated the
467  fold changes between the median levels of each protein for alpha and beta cells in both
468 human and mouse. Through the comparison of these fold-changes, we find 68 proteins
469  that change in the same direction in both human and mouse blastomeres, and 98 proteins
470  that exhibit opposite directionality (Extended Data Fig. 9a and b). Such analysis suggests
471  that whilst there is some conservation of how the alpha-beta proteins behave across
472  species, there are also species differences. Therefore, intra-embryo proteomic
473  differences we found in the mouse are also present in human embryos both at the level
474  of differentially abundant proteins and enrichment of protein sets representing different
475  themes of biological processes.

476
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477 Discussion

478  For decades, it was thought that the blastomeres of mouse and human embryos are
479  equivalent to each other in their developmental properties until reaching differential
480  positions within the embryo at the 16-cell stage. However, the advent of new technologies
481  to track individual cells in living embryos to determine their developmental fate and
482  potential, and to examine the patterns of gene expression in single cells, has shown that
483 blastomeres can become different from each other at earlier stages of
484  development'?19.21.35.56,57.86 Moreover, only one sister blastomere appears to be truly
485 totipotent in the majority of 2-cell mouse embryos when sister blastomeres are separated
486  from each other’”"0. A central question revolves around the molecular factors generating
487  this heterogeneity. Here, we explored intra-embryo differences from the zygote to the 4-
488  cell stage, using single-cell MS proteomics for the first time.

489

490  Unexpectedly we discovered intra-zygotic and inter-blastomere asymmetry of hundreds
491  of proteins in mouse and human embryos. Specifically, we found that sister blastomeres
492  from 2-cell mouse embryos can be consistently classified into two clusters, which we
493 termed alpha and beta. It is worth noting that the collection of such samples was not trivial.
494  All matched blastomeres from each embryo and individual zygote halves must first be
495  separated from each other and then thoroughly washed in pure water without lysing to
496  obtain “clean” MS data, without contaminating spectra from embryo culture medium and
497  allowing for downstream intra-embryo analyses. The use of isobaric mass tags makes it
498 challenging to estimate the reliability of quantification of each protein in each single cell,

499  especially for proteins represented by a single peptide. This challenge was mitigated in
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500 the samples analyzed by DIA and can be further mitigated in future studies using
501  plexDIA®, Furthermore, utilising both DDA and DIA, two orthogonal methods, we were
502  able to establish a pattern of asymmetry in the human 2-cell and mouse 4-cell embryos,
503 that recapitulates the alpha-beta asymmetry we observe in mouse.

504

505  We found that protein asymmetry is already present in the zygote before zygotic genome
506  activation, which suggests that the symmetry breaking mechanism is at least partially
507  driven by mechanisms other than transcription. Our data reveal that proteins involved in
508 protein degradation and protein transport are highly enriched in blastomeres and
509 differentially abundant across alpha and beta cells. We propose that these processes are
510 involved in symmetry breaking in the embryo, and in divergence in developmental
511 potential prior to lineage diversification.

512

513  We observed that beta blastomeres have a higher developmental potential and can give
514  rise to a blastocyst with more epiblast cells than alpha blastomeres. Furthermore, we
515 observed that vegetal 4-cell stage blastomeres, which are known to have a lower
516  developmental potential'®56 are more likely to be alpha, linking the proteomic asymmetry
517  we have found between sister cells in the earliest stages of development to eventual
518 developmental fate. Finally, we found that proteomic asymmetry appears to be conserved
519 in human 2-cell embryos and that the alpha and beta classification can be applied to
520  human blastomeres.

521
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522 Throughout the stages examined, we found a range in the extent of alpha-beta
523  polarization which may reflect the underlying variability in the development of the
524  mammalian embryo, for example, different planes of cleavage divisions from the 1- to 2-
525  cell stage and/or the 2- to 4-cell stage may impact the proteomic asymmetry present in
526  daughter cells. Indeed, it has been shown before that the cleavage pattern in relation to
527  the polar body, does affect the fate of mouse embryo blastomeres'®2%-%_ This variability
528  also fits with previous observations that for the majority of mouse 2-cell embryos only one
529  sister blastomere is totipotent and able to rise to a live mouse, but that there are
530 nonetheless a minority of embryos in which both sisters retain totipotency” 0.

531

532  The potential mechanisms underlying this early symmetry breaking during the earliest
533  stages of mammalian development require future investigations. It would be of interest to
534  determine if the asymmetric distribution of proteins in the zygote is maternally or
535 paternally driven, meaning arising already in the oocyte or only following fertilization or
536  both. Intriguingly we find components of cytoplasmic lattices to be asymmetric, with such
537  cytoplasmic lattices being recently implicated in the storage of maternal proteins in the
538 mouse oocyte®”. Two of the lattice proteins (Padi6 and Ooep) show a biased
539  accumulation in beta cells, and many of the proteins that accumulate on the lattices show
540  a biased distribution in alpha and beta cells. For example, more ribosomal proteins are
541  present in alpha cells whereas mitochondrial proteins, peroxidase activity, tubulin and 14-
542  3-3 proteins accumulate in the beta cells. Overall these findings point to possible role for
543  the maternal transmission of proteins to the embryo, with distinct roles for these maternal

544  proteins in biasing cell fate from the 2-cell stage. Such asymmetric protein distribution
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may be later paired with asynchronous zygotic genome activation between the
blastomeres, leading to transcriptional differences between sisters that may compound
the differences we observe from the 2- to 4-cell stage. In summary, our single-cell
proteomics approaches revealed the earliest incidence of proteomic asymmetry in the
mammalian embryo, which is correlated with developmental potential, providing novel

insight into the role of early heterogeneity and cell fate.
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758  Figure legends

759  Fig. 1: Proteomic asymmetry at the 2- and 4-cell stage mouse embryos. a, A
760  schematic of pre-implantation development. Following a series of cleavage divisions, the
761 embryo polarizes at the 8-cell stage and undergoes a series of asymmetric and symmetric
762  divisions to give rise to the inner cell mass (ICM, purple) and outer trophectoderm (TE,
763  green) cells. The ICM then gives rise to the epiblast (EPI, blue and primitive endoderm
764  (PE, pink). Samples were collected at the indicated timepoints. hCG, human chorionic
765 gonadotrophin. b, A schematic showing the experimental harvesting of single
766  blastomeres from 2-cell (top) and 4-cell stage (bottom) embryos for single-cell proteomics
767  analysis. ZP, zona pellucida. ¢, Representative images of embryos prior to and following
768  splitting into individual blastomeres. Scale bars, 40 ym. d, K-means clustering of 2-cell
769  stage blastomeres results in a consistent bi-clustering of sister blastomeres, i.e., sisters
770  from the same embryo fall into opposing clusters, which we term alpha and beta.
771 Heatmaps of ~300 proteins with differential abundance in alpha and beta cells. e, By
772 changing the starting centroids in the k-means clustering approach 200 times, we obtain
773  vectors of cell cluster classification for each iteration. This allows us to determine the
774 probability of cells landing in the same cluster (alpha or beta). The majority of embryos

775  consistently fall into the same cluster, indicating that the clustering approach is stable.
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776  Fig. 2: Proteomic asymmetry is inherited from the zygote. a, Schematic illustrating
777  the collection of zygotes and subsequent meridional cutting according to the animal-
778  vegetal axis as defined by the position of the second polar body (PB). ZP, zona pellucida.
779 b, Representative images of zygotes prior to and following splitting into individual halves.
780  Scale bars, 40 ym. ¢, Principal Component Analysis (PCA) of the zygote halves shows a
781  biclustering pattern. Each zygote pair lands in separate clusters. d, The bars on the top
782  show the difference between the PC1 loadings corresponding to each zygote pair ordered
783 in a descending order. On bottom, pairwise spearman correlations were computed
784  between each zygote pair and the 2-cell stage embryos. The correlations were computed
785  on vectors of fold changes of proteins that were both significantly differential between
786 alpha and beta cells and quantified in the zygote dataset. Median correlations of each

787  distribution are shown by triangles.
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Fig. 3: Alpha and beta blastomere clusters exhibit differential biological processes.
a, b, PSEA analysis revealed differential abundance of proteins related to specific
biological processes between alpha and beta cell clusters, namely protein degradation
and protein transport. ¢, Representative scatter plot of raw reporter ion intensities from
one representative blastomere versus 200 ESCs on the log10 scale. Green points
correspond to peptides of proteins mapping to the subcortical maternal complex. Red
points correspond to peptides of proteins mapping to different ubiquitin ligases. The
diagonal line represents a separation between the two clusters. Such scatterplots were
observed for blastomeres across the stages. Upon systematic analysis of all blastomeres
in all stages, we found proteins involved in protein degradation and transport to be heavily

enriched in blastomeres as compared to mouse ESCs.
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799  Fig. 4: Manipulation of two beta proteins impacts lineage composition. a, Schematic
800  of clonal dsRNA-mediated knockdown (KD) or mRNA-mediated overexpression (OE) of
801  candidates. One blastomere of 2-cell stage embryos was injected with dsRNA targeting
802 candidates or eGFP (control) and mRNA for the membrane marker Gap43-RFP for KD
803 experiments. For OE experiments one blastomere of 2-cell stage embryos was injected
804  with mRNA for overexpression of candidates (at the indicated concentration) and for the
805 membrane marker Gap43-RFP. Embryos were cultured to the late blastocyst stage and
806 the contribution of the Gap43-RFP-positive cells to each cell lineage analyzed for both
807  OE and KD experiments. b, Representative images of control (ds-eGFP), dsNedd8 and
808 dsGps1 blastocysts. Scale bar, 20 uym. ¢, Representative images of control (Gap43-RFP),
809 Nedd8-HA overexpression (OE) and Gps1-HA OE blastocysts. Scale bar, 20 ym. d,
810 dsNedd8 cells show increased contribution to the trophectoderm (TE) lineage.
811  Contribution of dsNedd8 cells to the trophectoderm (TE, Cdx2 positive), primitive
812 endoderm (PE, Sox17 positive), and epiblast (EPI, double negative), was assessed
813 relative to control embryos. Control n = 27 embryos, dsNedd8 n = 36 embryos. Mann-
814  Whitney test, ***p = 0.0005. e, Nedd8-HA OE cells show decreased contribution to the
815 TE lineage. Contribution of Nedd8-HA OE cells to the TE, PE and EPI was assessed
816 relative to control embryos. Control n = 36 embryos, Nedd8-HA OE 50 ng/ul n = 11
817  embryos, Nedd8-HA OE 500 ng/pl n = 28 embryos. Ordinary one-way ANOVA test,
818 adjusted p values, *p = 0.0375 (TE), 0.0120 (PE) and 0.0445 (EPI). f, dsGps1 cells show
819  significantly reduced contribution to the EPI. Contribution of dsGps1 cells to the TE, PE
820 and EPI was assessed relative to control embryos. Control n = 33 embryos, dsGps1 n =

821 35 embryos. Mann-Whitney test, *p = 0.0274, ****p < 0.0001. g, Gps1-HA OE cells show
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significantly increased contribution to the EPI. Contribution of Gps1-HA OE cells to the
TE, PE and EPI| was assessed relative to control embryos. Control n =17 embryos, Gps1-
HA OE 50 ng/pl n = 12 embryos, Gps1-HA OE 500 ng/pl n = 20 embryos. Kruskal-Wallis

test, adjusted p values, *p = 0.0297 . For d-g, data are shown as mean £ s.e.m.
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826 Fig. 5. Beta cells have a higher developmental potential. a, Schematic illustrating the
827  collection of one sister blastomere for single cell proteomics analysis and subsequent
828 culturing of the other sister to the blastocyst stage. b, Representative images of
829  blastocysts with 4 or more epiblast (EPI) cells and fewer than 4 EPI cells. Images are
830 shown as maximum projections and representative single plane zooms showing the
831  composition of the inner cell mass. ¢, Normalized EPI cell counts trend positively with
832  sister cells’ alpha-beta polarization. Plot shows paired blastomere data that was filtered
833 for the sister blastocyst’s characteristics, i.e., at least 10 cells total and have only zero or
834  one lineage totally absent. The size of the data points corresponds to the total number of
835 cells present in the resultant embryo from the blastomere that was left in culture. The
836  color of the data points corresponds to the presence of the three lineages: purple dots
837 mark a blastocyst that contained all three lineages, while brown dots mark a resultant
838  blastocyst that contained at least two lineages. The relationship between the number of
839 epiblast cells in the resulting blastocyst and the corresponding sister's alpha-beta
840  polarization is quantified by a Pearson correlation computed using all displayed
841  datapoints. d, Violin plots of healthy vs less healthy blastocysts and their sister’s alpha-
842  Dbeta polarization. Only blastocysts with more than 10 cells and at most 1 lineage absent
843 were included in this analysis. Healthy blastocysts are defined as having at least 4
844  epiblast cells, Less healthy as having 3 or fewer epiblast cells. The size of the points is
845 proportional to the total cell count of the resulting blastocyst that was imaged. The
846  statistical significance of this result was tested with a t-test that had a resulting p-value of
847  0.005. e. Heatmap showing the pairwise cell correlations (based on vectors of alpha-beta

848 proteins that exhibited high fold-change), for 4-cell stage blastomeres. Each tile
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represents a correlation value between two blastomeres, while the color bars below
indicate whether the blastomere was identified as a vegetal cell, and its alpha-beta
polarization. From this analysis, two clusters of blastomeres can be observed
corresponding to alpha and beta. Vegetal cells are significantly more likely to cluster with
the alpha-like cells (p=0.047, as calculated using the hypergeometric distribution

probability).
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856  Fig. 6: Alpha and beta clusters are conserved in human embryos at the 2-cell

857  stage. a, Representative images of human 2-cell embryos prior to and following splitting
858 into individual blastomeres. Scale bars, 40 uym. b, Dendrogram illustrating the

859  Dbiclustering behavior in all processed human 2-cell stage blastomeres. Embryo

860 numbers are for indexing purposes only. Color coding indicates the cluster in which

861  each blastomere is classified. ¢, Heatmap of the 113 proteins that are differentially

862  abundant between the two cell clusters. Human blastomeres on the x-axis are ordered
863 in the same way as the dendrogram, while the proteins on the y-axis have been ordered
864  through hierarchical clustering. ¢, Extracted ion chromatogram of peptide mapping to
865 VDAC2 on both the MS1 and MS2 levels indicate consistent fold change between sister
866 cells. e, Boxplots of fold changes between sisters of proteins contributing to protein

867  degradation and protein transport terms, which were found to be significantly differential
868 between alpha and beta cells in the human 2-cell stage dataset. f, Heatmap of pairwise
869  correlations among mouse and human 2-cell stage embryos based on all intersected
870  proteins shows two clusters, and hence, the level of agreement between alpha and beta
871  classification is positive. g, Heatmap of intersected GO terms that are significantly

872  differential between mouse and human (each value represents z-score of median

873  protein abundance for each GO term in each blastomere).
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874  Extended data figure legends

875 Extended Data Fig. 1: Data Exploration related to Fig. 1. a, The number of clusters (k)
876  that can best explain the data plotted against the average silhouette width. In this case, k
877 = 2 provides the best explanation for the data. b, Representative density plot showing
878  quantitation variability for peptides mapping to the same protein in each mouse
879  blastomere. ¢, Spearman correlation plot of all individual blastomeres, from the 2-cell and
880  4-cell stages, which demonstrates the presence of two clusters. d, The level of variance
881  of alpha-beta protein quantitation in each blastomere at the 4-cell stage Each grouping of
882 4 blastomeres represents an embryo on the x-axis. The y-axis is the variance of alpha
883 and beta protein abundances in each blastomere. All blastomeres that were part of the
884  same embryo are colored in the same color. e, Variability of alpha-protein quantitation
885 among sisters in each 4-cell stage embryo Each grouping of 4 blastomeres represents
886  an embryo on the x-axis. The y-axis is the fold change between the mean abundances of
887 alpha proteins and beta proteins in each blastomere. All blastomeres that were part of the

888 same embryo are colored in the same color.
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889 Extended Data Fig. 2: Cleavage Pattern Analysis Between Alpha and Beta cells. a,
890 Schematic of division patterns from the 2- to 4-cell stage and representative stills from
891  live imaging to classify division pattern. E denotes equatorial division and M meridional in
892 relation to the animal-vegetal axis of the fertilized egg, with the first letter denoting the
893 first cleavage and the second letter the second. ME (M-division followed by E-division);
894 EM (E-division followed by M-division); MM (consecutive M-divisions); EE (consecutive
895  E-divisions). The position of the polar body is indicated with an asterisk. Scale bar, 20 ym.
896 b, Schematic showing the experimental harvesting of single blastomeres from 4-cell stage
897  embryos, with classified division pattern and order, which were subsequently prepared
898 using SCoPE2. Division pattern and order were classified by live imaging, following
899  microinjection of synthetic mCherry mRNA to label one of the two sisters at the 2-cell
900 stage. ZP, zona pellucida. ¢, Q-value distribution of protein-level analysis and GO term-
901 level analysis. Dotted line indicated q.value = 0.05 d, Proteins within the 5% FDR
902 threshold in determining differences between alpha and beta cell clusters within the scope
903 of cleavage patterns. e, GO terms that passed the 5% FDR threshold in determining

904  differences between alpha and beta cell clusters within the scope of cleavage patterns.
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905 Extended Data Fig. 3: Post-transcriptional mechanisms and maternal contributions
906 may underlie proteomic asymmetries. a, Scatterplot of median protein fold changes
907  between zygote halves on the x-axis and median protein fold changes between sister
908 blastomeres at the two-cell stage. The proteins chosen were both differentially abundant
909 between alpha- and beta- type cells at the two-cell stage and quantified in the zygote
910 dataset. We see a positive correlation of -0.45 which is highly significant (p-value < 1e-8).
911 b, Uniform manifold approximation and projection (UMAP) of single cell transcriptome of
912  2-cell embryos from the Deng et al. dataset. Individual cells are coloured based upon
913 stage: Early 2-cell in red, mid 2-cell in light green, and late 2-cell in light blue. ¢, d, UMAP
914  portraying either an Alpha (c) or Beta (d) score for each cell. e, f, Clustermap displaying
915 expression levels for Alpha (e) or Beta (f) transcripts in each blastomere. Sister
916  blastomeres appear next to one another along the vertical axis; blastomeres are labelled
917 by stage, embryo number, and blastomere number, respectively. g, Heat map showing
918 Alpha or Beta scores for each blastomere. Blastomeres from the same embryo are
919 grouped together. h, Heatmap showing median transcript abundance mapping to
920 particular GO terms that are known to have heterogeneity between blastomeres in the 2-
921  cell embryo based on proteome data. Blastomeres of the same embryo are plotted next

922  to each other.
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Extended Data Fig. 4: Temporal overview of differences between alpha and beta
cells. a, P values of the top most enriched processes in blastomeres relative to ESCs.
Green font corresponds to protein degradation processes, while yellow font corresponds
to protein transport processes. b, Boxplots illustrating the levels of significantly differential
(1% FDR) Ribosomal Proteins (RPs) between alpha and beta cells. The color of the
boxplots corresponds to the developmental stage. RPs were tested separately between
alpha and beta cells, and for each stage. ¢, Density plots of protein translation themes
that were found significantly differential between alpha and beta cell clusters. d, Euclidean
distance of normalized protein abundance between each blastomere in each embryo,
showing increasing inter-blastomere differences. e, f, Correlation values of top protein

sets (by highest absolute correlation value) obtained from analysis across the stages.
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Extended Data Fig. 5: Further data related to Fig. 3. a, Representative images further
examples of control (ds-eGFP), dsNedd8, dsGps1 and of dsPSMC4 blastocysts. Scale
bar, 20 um. b, Bar chart showing the average total number of cells and the proportion of
RFP positive or negative cells in control and dsNedd8 late blastocysts. Mann-Whitney
test, ****p < 0.0001. ¢, dsNedd8 cells show increased contribution to the blastocyst stage
embryo. Control n = 27 embryos, dsNedd8 n = 36 embryos. Mann-Whitney test, *p =
0.0024. d, Bar chart showing the average total number of cells and the proportion of RFP
positive or negative cells in control and dsGps1 late blastocysts. e, dsGps1 cells show
significantly reduced contribution to blastocyst stage embryo. Control n = 33 embryos,
dsGps1 n = 35 embryos. Mann-Whitney test, **p = 0.0081. f, Bar chart showing the
average total number of cells and the proportion of RFP positive or negative cells in
control and dsPSMC4 late blastocysts. g, dsPSMC4 cells show decreased contribution
to the blastocyst stage embryo.. Mann-Whitney test, **p < 0.001. h, dsPSMC4 cells show
decreased contribution to all three lineages. Contribution of dsPSMC4 cells to the
trophectoderm (TE, Cdx2 positive), primitive endoderm (PE, Sox17 positive), and epiblast
(EPI, double negative), was assessed relative to control embryos. Control n = 10 embryos,
dsPSMC4 n = 16 embryos. Mann-Whitney test, *p = 0.0449 (PE), *p = 0.0475 (EPI), **p
<0.0017. Data are shown as mean  s.e.m. i, Bar chart showing the average total number
of cells and the proportion of RFP positive or negative cells in control and Nedd8-HA OE
late blastocysts. j, Nedd8-HA OE cells cells show no difference in contribution to
blastocyst stage embryo. Control n = 36 embryos, Nedd8-HA OE 50 ng/ul n = 11 embryos
and Nedd8-HA OE 500 ng/pl n = 28 embryos. k, Bar chart showing the average total

number of cells and the proportion of RFP positive or negative cells in control and Gps1-
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957

958

959

960

961

HA OE late blastocysts. 1, Gps1-HA OE cells show no difference in contribution to
blastocyst stage embryo. Control n = 17 embryos, Gps1-HA OE 50 ng/ul n = 12 embryos,
Gps1-HA OE 500 ng/ul n = 20 embryos. The proportion of Gap43-RFP positive cells was
assessed in control and mRNA injected embryos inc, e, g,jand l. Forc, e, g, j and |,

data are shown as individual data points on a Box and Whiskers plot.
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Extended Data Figure 6
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Extended Data Fig. 6: Validation of knockdown and overexpression experiments.
a, Schematic for validation of dsSRNA mediated knockdown. Embryos were injected with
dsRNA targeting candidates (Nedd8 = dsNedd8, Gps1 = dsGps1, PSMC4 = dsPSMC4)
or eGFP (control) and collected after 48 hrs for gRT-PCR. b, Nedd8 mRNA expression
was assessed relative to control embryos. Control n = 14 embryos, dsNedd8 n = 14
embryos. ¢, Gps1 mMRNA expression was assessed relative to control embryos. Control
n = 15 embryos, dsGps1 n = 15 embryos. d, PSMC4 mRNA expression was assessed
relative to control embryos. Control n = 14 embryos, dsPSMC4 n = 14 embryos. e,
Schematic for validation of mMRNA mediated overexpression. Embryos were injected with
mRNA for candidates, tagged with HA (Nedd8 = Nedd8-HA OE, Gps1 = Gps1-HA OE) or
Gap43-GFP (control) and cultured for 24 hrs. Embryos were stained for HA and the
normalized mean fluorescence intensity values of the Gap43-RFP positive cells and
negative cells assessed. f, Representative images of control (Gap43-RFP), Nedd8-HA
overexpression (OE) and Gps1-HA OE 8-cell embryos. Scale bar, 20 ym. g, h, i, HA
expression of Gap43-GFP positive and negative cells was assessed in control, Nedd8-
HA OE and Gps1-HA OE embryos respectively. Control n = 11 embryos, RFP - n = 40
cells, RFP + n = 37 cells. Nedd8-HA OE n = 12 embryos RFP - n = 48 cells, RFP + n =
42 cells. Gps1-HA OE n =11 embryos, RFP - n =42 cells, RFP + n = 31 cells. Student’s

t test, *p = 0.0109, ****p < 0.0001. For g, h and i, data are shown as violin plots.
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Extended Data Fig. 7: Sister 2-cell blastomeres show differences in their
development. a, Schematic of split embryo culture. 2-cell embryos were recovered and
split before being cultured to the late blastocyst stage in pairs. Blastocysts were assessed
for lineage marker expression. b, Representative images of a pair of ‘twin’ blastocysts,
showing which has more (high) or fewer (low) epiblast (EPI) cells. Images are shown as
maximum projections showing the composition of the inner cell mass. ¢, Embryos were
classified as high or low EPI within each pair and the number of cells in each lineage
(trophectoderm (TE, Cdx2 positive) epiblast (EPI, Nanog positive) and primitive
endoderm (PE, SOX17 positive)). n = 32 pairs of blastocysts. d, Density plot showing the
alpha-beta protein fold changes computed from global normalization. The blastomere
type (‘alpha’ or ‘beta’) was defined by K-mean clustering after within embryo normalization
for the 2-cell stage samples in which the proteomes of both sisters were analysed. The
alpha-beta fold change (x axis) was then computed from blastomere proteomes
normalized to the mean across all single 2-cell blastomeres rather within each 2-cell
embryo. Colour indicates the clustering based on normalization within each embryo, while
the alpha-beta protein fold-change derived from normalizing across all blastomeres is
shown on the x-axis. e, f, Cell number in each lineage and proportion of each lineage
respectively in blastocysts from fig. 4e-h. n = 81 embryos. g, Scatterplot of number of
total cells in resultant blastocyst versus alpha-beta polarization of sister cell analyzed by
MS. Overall, there is no correlation between the two variables. Size of circles indicate
the total number of cells in the imaged blastocyst, while the colors indicate the number of
lineages present in the imaged blastocysts h, Scatterplot of normalized primitive

endoderm cell count in resultant blastocyst versus alpha-beta character of sister cell
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analyzed by MS. Overall, we observe a negative correlation that is not statistically
significant. Size of circles indicate the total number of cells in the imaged blastocyst, while
the colors indicate the number of lineages present in the imaged blastocysts. i, Heatmap
showing the pairwise cell correlations for all early 2-cell stage blastomeres. Correlations
were calculated based on quantified alpha-beta proteins. Each tile represents a
correlation value between two blastomeres, while the color bars below indicate alpha-
beta polarization and whether the cell had an associated polar body. Cells with an
identified polar body are more likely to cluster with beta cells when including all early 2-
cell blastomeres (p=0.0036, as calculated using the hypergeometric distribution

probability).
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Extended Data Figure 8
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Extended Data Fig 8: Alpha-beta polarization does not relate to cell cycle
asynchrony as assessed by PCNA expression. a, Schematic of cell cycle analysis by
live imaging of embryos expressing PCNA-clover. Zygotes were injected with PCNA-
clover mRNA and allowed to cleave to the 2-cell stage. 2-cell embryos were split and
imaged from 36 to 46 hrs post-hCG, during the transition from S to G2 phase, before
being collected for single cell proteomics. b, Representative still images of live imaging
for PCNA-clover expression during the S/G2 transition. Red arrows indicate foci of PCNA-
clover, which disappear as the cell enters G2. Magnified views are shown below. Time
interval = 15 mins. ¢, Boxplots of alpha-beta polarization (derived from normalization
across all single blastomeres) as distributed between blastomeres that exited the S phase
either early or late. n = 15 embryos, 30 cells. d, Schematic of cell cycle analysis by live
imaging of embryos expressing PCNA-clover, followed by culture to the blastocyst stage.
Zygotes were injected with PCNA-clover and imaged as in a. Following a second
cleavage division to the 4-cell stage, split embryos were cultured to the blastocyst stage
and lineage composition assessed by immunofluorescence. e, Epiblast and total cell
number in blastocysts does not show any relation to S/G2 transition. Live imaging was
used to determine which sister had ended S phase/entered G2 first or second. n = 38

embryos / 19 pairs.
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Extended Data Figure 9
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Extended Data Fig. 9: Further comparison of human 2-cell data to mouse and
stem cell derivatives. a, b Heatmaps of median fold-change between alpha and beta
blastomeres of proteins that were found to be significantly differential between alpha
and beta clusters in the mouse data. The first heatmap corresponds to proteins that are
changing in the same direction across the human and mouse blastomeres. The second
heatmap illustrates proteins that have opposing median levels between human and

mouse blastomeres.
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Methods

Mouse embryo culture and sample collection

This research adhered to the regulations of the Animals (Scientific Procedures) Act 1986
- Amendment Regulations 2012 and was reviewed by the University of Cambridge Animal

Welfare and Ethical Review Body. Experiments were approved by the UK Home Office.

Embryos were collected from 4-6 week old F1 females (C57BI6 x CBA, Charles River)
following superovulation by injection of 5 U of pregnant mares’ serum gonadotropin
(PMSG, Intervet) and 5 IU of human chorionic gonadotropin (hCG, Intervet) 48 hrs later.
Females were mated with F1 males (6 weeks - 52 weeks of age, C57BI16 x CBA, Charles
River). Plugged females were culled by cervical dislocation to recover embryos at the

required stage. Embryos, other than zygotes, were recovered in M2 medium (in house).

Zygote stage: zygote stage embryos (22 hrs post-hCG) were recovered in M2 medium
with 1mg/ml of hyaluronidase (Sigma, H4272) in order to remove cumulus cells and
subsequently washed through M2 medium without hyaluronidase. Samples were

collected at 23-24 hrs post-hCG.

Early 2-cell stage: zygote stage embryos (29 hrs post-hCG) were recovered in
hyaluronidase as above and subsequently cultured for 1-3h during division from the
zygote to 2-cell stage. Following division to the 2-cell stage, samples were collected at

30-32 hrs post-hCG .
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Late 2-cell stage: 2-cell stage embryos were recovered at 45 hrs post-hCG and samples

collected at 46-48 hrs post-hCG.

4-cell stage: mid to late 2-cell stage embryos were recovered and one sister blastomere
was microinjected as described below, to allow for identification of the 4-cell stage sisters
originating from the injected 2-cell stage blastomere (mCherry positive pairs were
distinguished by SCoPE2). The embryos were transferred to KSOM (Merck, MR-106-D),
and live imaged during division from the 2- to 4-cell stage and collected at 55-57 hrs post-
hCG. Division pattern, age post-division (2- to 4-cell stage) and division order were
annotated for each embryo prior to collection. Uninjected and unimaged controls were

also collected with the same timings.

The zona pellucida was removed prior to blastomere separation by brief acidic Tyrode’s
solution treatment (Sigma, T1788), followed by washes in M2 media. Embryos were then
transferred to 35mm petri dishes (Corning, 351008) coated in 1% agarose and covered
with M2 media. Blastomeres were separated from each other using a thin glass capillary
and transferred immediately to M2 medium. Separation took up to 1 min and had a
survival rate greater than 80%. Zygotes were split in a similar manner to give rise to two
intact split halves. Zygotes were split meridionally in alignment with the animal-vegetal
axis as defined by the position of the polar body. After the embryos had been split,
individual blastomeres or zygote halves were washed through 7-10 washes of PBS (Life
Technologies, 10010056) followed by 5 washes in pure water (Optima LC/MS Grade,

Fisher Scientific, W6500), before being finally resuspended in 1pl of water and transferred
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to individual wells of a 384 well plate (ThermoFisher, AB1384), on a cold block. In order
to minimize sample contamination all surfaces were cleaned and filter tips used. Wash
drops were not reused more than 8 times and were changed if a blastomere lysed. Two
different glass pipettes were used for the PBS and water washes to prevent carry over.
In each experiment, sample collection took up to 1 hr and plates were subsequently

sealed with foil (ThermoFisher, AB0626).

For PCNA live imaging experiments, zygotes were recovered as described above and
microinjected. Following microinjection, embryos were cultured in KSOM media (Merck,
MR-106-D) under mineral oil (Biocare Europe) at 5% CO2, and 37°C overnight and
allowed to cleave to the 2-cell stage. Prior to imaging, 2-cell embryos were split as above
and transferred to an imaging dish. In experiments where further culture was required
following imaging, split embryos were transferred to Global Total culture medium
(LifeGlobal group, H5GT-030) under mineral oil (Biocare Europe) at 5% CO-, and 37°C,

for 72 hrs.
For split embryo culture to the blastocyst stage, 2-cell stage embryos were split as above
and single blastomeres cultured in drops of Global Total culture medium®  (LifeGlobal

group, H5GT-030) under mineral oil (Biocare Europe) at 5% CO-, and 37°C, for 72 hrs.

For knockdown and overexpression experiments, zygote or 2-cell stage embryos were

recovered as described above and microinjection performed. Following microinjection
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embryos were cultured in KSOM media under mineral oil at 5% CO2, and 37°C, until the

required stage.

dsRNA and mRNA synthesis

The mCherry sequence was amplified via PCR from the pRN3P-H2B-mCherry vector and
cloned into the pRN3p vector via EcoRI/BamHI digestion (ThermoFisher, FD0054 and
FD0274) and T4 ligation (New England Biolabs, M0202S). pRN3P-mCherry was
linearised using Kpnl (New England Biolabs, R3142S). In vitro transcription was carried
out using the mMessage mMachine T3 kit (Thermo Fisher, AM1348) and purified via
lithium chloride precipitation, according to the manufacturer’s instructions. pRN3P-
Gap43-RFP and pRN3P-PCNA-Clover were linearised using Sfil (ThermoFisher,

FD1824) and mRNA synthesized via in vitro transcription using T3 as above.

dsRNAs of 350-500bp length, were designed using the E-RNAi platform (Horn and
Boutros, 2010) and amplified from mouse liver cDNA. In vitro transcription was carried
out using the MEGAscript T7 kit (Thermo Fisher, AM1334) and purified via lithium chloride

precipitation, according to the manufacturer’s instructions.

For overexpression experiments, Nedd8 and Gps1 sequences were amplified via PCR
from mouse liver cDNA, and restriction sites and an HA tag added via PCR. Sequences
were cloned in the pRN3p vector via EcoRI/BamHI (ThermoFisher, FD0274 and FD0054)
and Hindlll/BamHI (ThermoFisher, FD0505 and FD0054) digestion for Nedd8-HA and
Gps1-HA respectively, followed by T4 ligation (New England Biolabs, M0202S). pPRN3P-

Nedd8-HA and pRN3P-Gps1-HA were linearised using Sdal (ThermoFisher, FD1194 ).
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In vitro transcription using T3 was carried out as above. Primers used for dsRNA and

MRNA synthesis are listed in Extended Data Table 5.

Microinjection

Microinjection was performed as previously described’®. Briefly, embryos were placed in
a depression on a glass slide in M2 medium covered with mineral oil (Biocare Europe,
9305). Microinjection was performed using an Eppendorf Femtojet Microinjector with
negative capacitance to facilitate membrane entry. Synthetic mCherry mRNA and Gap43-
RFP were injected at a concentration of 200 ng/pl. For PCNA live imaging experiments,
mRNA was injected at 100 ng/ul®3 . For knockdown experiments dsRNAs were injected
at a concentration of 1000 ng/ul. For overexpression, mRNA was injected at the indicated

concentration (50 ng/pl or 500 ng/pl).

qRT-PCR

RNA was collected from embryos at 48 hrs post-injection, using the Arcturus PicoPure
RNA isolation kit (Arcturus Bioscience, KIT0204), according to the manufacturer’'s
instructions. Quantitative reverse transcriptase polymerase chain reaction (QRT-PCR)
was performed using a StepOne Plus Real-time PCR machine (Applied Biosystem) and
the Power SYBR Green RNA-to-CT 1-Step Kit (Life Technologies, 4389986). Relative
MRNA expression levels of genes of interest were calculated using the ddCT method,
with normalization to Gapdh. The primers used for gRT-PCR are listed in Extended Data

Table 4.
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Immunofluorescence and confocal imaging

Blastocyst or 8-cell stage embryos were fixed in 4% PFA for 20 min at room temperature,
and then washed through PBST (0.1% Tween 20 (Sigma Aldrich) in PBS) three times.
Embryos were then permeabilized in 0.5% Triton X-100 (Sigma Aldrich) in PBS for 20
min at room temperature and washed through PBST again, before being transferred to
blocking buffer (3% bovine serum albumin (Sigma Aldrich) in PBST) for 3 hrs at 4°C.
Samples were then incubated with primary antibody mixes (diluted in blocking buffer)
overnight at 4 °C. The next day, embryos were washed through PBST and incubated in
secondary antibody mixes (1:500 in blocking buffer) with DAPI (Life Technologies, D3571,
1:1000 dilution, in PBST) for 2 hrs at room temperature. Finally, samples were washed
through PBST following incubation with secondary antibodies and then imaged. Imaging
was carried out on a SP5 or SP8 scanning confocal microscope (Leica) using the 63X or

40X oil objective.

Primary antibodies used: goat monoclonal anti Sox17 (R&D Systems, af1924, 1:200),
mouse monoclonal anti Cdx2 (Launch Diagnostics, MU392-UC (Biogenex), 1:200), rat
anti HA (Roche, 11867423001, 1:100), rabbit anti-Nanog (Abcam ab80892, 1:200) and

rabbit anti RFP (Rockland, 600-401-379, 1:500)

Secondary antibodies used: Alexa Fluor 488 Donkey anti-Mouse, (ThermoFisher
Scientific, A21202); Alexa Fluor 568 Donkey anti-Rabbit (ThermoFisher Scientific,
A10042) and Alexa Fluor 647 Donkey anti-Goat (ThermoFisher Scientific, A21447). All

secondaries were used at a 1:400 dilution.
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Image analysis and statistics

Images were processed with Fiji software®® (2012, https://imagej.net/software/fiji/) to

assess cell number and lineage allocation. Cell numbers were counted manually, using
the multi-point counter function. For HA tag staining, regions of interest were defined for
the nucleus and cytoplasm at the midplane of each cell and intensity was measured using

the ImageJ measure function. HA tag intensity was normalised to DAPI intensity.

The statistical test used is indicated in the corresponding figure legend. In all cases, the
two-tailed version of the test was used. Normality of the data was assessed using the
Shapiro Wilk test. Statistical analysis was performed using Prism software (version 8,

GraphPad, https://www.graphpad.com/scientific-software/prism/).

Live Imaging

4-cell stage classification: Live imaging was performed with a SP5 scanning confocal
microscope (Leica) using the 63x oil objective. 2- to 4-cell mouse embryos were imaged
on glass-bottom dishes (MatTek, P35G-1.5-14-C) within a nylon mesh (Plastok) in KSOM
media under mineral oil and kept in a humidified chamber at 5% CO», and 37°C
throughout imaging. Images were captured every 15 mins with a z-step size of Sum. Time
lapse recordings were processed with Fiji software to assess division order, division

timing and division pattern.

PCNA cell cycle assessment: Imaging was performed with a spinning disk confocal

microscope (3i Intelligent Imaging Innovations) using the 63x oil objective, from 36 to 46
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hrs post-hCG during the transition from S to G2 phase. Single blastomeres from split 2-
cell embryos were imaged on glass bottom dishes, within a nylon mesh in KSOM media
under mineral oil, at 5% CO., and 37°C. The imaging interval was 15 mins and the z-step
size 5um. After imaging a total of 30 single 2-cell stage blastomeres (15 split embryos)
were collected for subsequent MS analysis as above. In a separate set of experiments
blastomeres were allowed to undergo the second cleavage division during imaging and
then removed from the imaging chamber and cultured to the blastocyst stage. Images
were exported from SlideBook (3i Intelligent Imaging Innovations) and subsequently

processed with Fiji software to assess S phase exit and division order when possible.

Mouse stem cell culture and sample collection

CAG-GFP/tetO-H2B-mCherry mouse embryonic stem cells (ESCs) were used as carrier
samples for the SCoPE2. Cells were cultured on gelatin coated plates at 5% CO2, and
37°C in N2B27 2iLIF media. N2B27 2iLIF was comprised of 50% Neurobasal-A (Gibco,
10888022), 50% DMEM/F-12 (Gibco, 21331020), 0.5% N2 (in-house), 1% B27 (Gibco,
10889038), 2mM GlutaMAX (Gibco, 35050038), 0.1mM 2-mercaptoethanol (Gibco,
31350010) and 1% penicillin/streptomycin (Gibco, 15140122), with 3mM CHIR99021
(Cambridge Stem Cell Institute), TmM PD0325901 (Cambridge Stem Cell Institute) and

10 ng ml-1 leukaemia inhibitory factor (Cambridge Stem Cell Institute) supplemented.

To induce H2B-mCherry expression, CAG-GFP/tetO-H2B-mCherry ESCs were treated

with Doxycycline (1 mg/mL) (Sigma-Aldrich, D9891-5G) for 6 hrs prior to collection.
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ESCs were routinely passaged at 70% confluency following trypsinisation (Trypsin-EDTA
0.05%, Life Technologies, 25300054 ) for 4 minutes at 37°C. Feeder cell media was added
to terminate the trypsinization and cells were dissociated by gentle pipetting and
centrifuged for 4 minutes at 1000 rpm, before being re-plated at a 1:10 or 1:20 dilution.
Feeder cell medium contained Dulbecco’s modified essential medium (Gibco, 41966052),
15% fetal bovine serum (Cambridge Stem Cell Institute), 1mM sodium pyruvate, 2mM
GlutaMAX, 1% MEM non-essential amino acids (Gibco, 11140035), 0.1mM 2-
mercaptoethanol and 1% penicillin/streptomycin. Cells were routinely tested for

mycoplasma contamination.

For sample collection, cells were trypsinized as above, and resuspended in PBS (Life
Technologies, 10010056). The cells were then pelleted by centrifugation for 4 minutes at
1000 rpm before a second PBS wash. A haemocytometer was then used to estimate cell
density and cells were pelleted as above, before being finally resuspended in pure water
at a density of 2000 cells/ul. 200,000-300,000 cells total were collected in 0.2ml PCR

tubes (Starlab, A1402-3700) and stored at -80°C.

Human stem cell culture and sample collection

The use of human ESCs (hESCs) was approved by the UK Stem Cell Bank Steering
Committee and experiments complied with the UK Code of Practice for the Use of Human
Stem Cell Lines. RUES2 hESCs (kindly provided by Ali Brivanlou) were used as carrier

samples for SCoPE2. All cells were routinely tested for mycoplasma contamination.
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RUES2 hESCs were cultured in a humidified incubator at 37°C and 5% CO2 in mTeSR1
(StemCell Technologies, 85850) on growth factor-reduced Matrigel-coated (Corning,
353046). For Matrigel coating, plates were incubated with 0.16mg/ml Matrigel in

DMEM/F12 (Gibco, 21331020) at 37°C for 1 hour. Media was changed daily.

hESCs were routinely passaged every 4-5 days by dissociating in Accutase
(ThermoFisher Scientific, A1110501) for 3 minutes at 37°C. Cells were collected in
DMEM/F12 and centrifuged for 3 minutes at 1000 rpom before being re-plated in mTesR1
medium supplemented with 10uM ROCK inhibitor Y-27632 (StemCell Technologies,

72304) for 24 hours.

For sample collection, cells were dissociated as above for routine passage. RUES2
hESCs were resuspended in PBS. Cells were pelleted by centrifugation for 4 minutes at
1200 rpm before a second PBS wash. Cells were resuspended in pure water at a density
of 2000 cells/ul. 200,000-300,000 cells total were collected in 0.2ml PCR tubes and stored

at -80°C.

Ethics statement

Human embryo samples for this study were collected in two different institutes: the
University of Cambridge (United Kingdom), and the California Institute of Technology
(United States). All the work complies with The International Society for Stem Cell

Research (ISSCR) guidelines®.

Human embryo work at the University of Cambridge was performed in accordance with

Human Fertility and Embryology Authority (HFEA) regulations (license reference R0193).
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Ethical approval for the work was obtained from the ‘Human Biology Research Ethics
Committee’ at the University of Cambridge (reference HBREC.2017.21). Informed
consent was obtained from all participants in the study which included patients from the
CARE Fertility Group and Herts & Essex fertility clinics. Supernumerary embryos were
donated upon completion of IVF treatment. Patients were informed about the specific
objectives of the project, and the conditions that apply within the license, before giving
consent. Patients were also offered counseling and did not receive any financial

inducements for their donation.

Human embryo work at the California Institute of Technology was approved by the
California Institute of Technology Committee for the Protection of Human Subjects (IRB
number 19-0948). Human embryos at the two pronuclei stage were obtained from the
University of Southern California (USC) through the pre-existing USC IRB-approved
Biospecimen Repository for Reproductive Research (HS-15-00859) after appropriate
approval was obtained unanimously from the Biorepository Ethics Committee.
Supernumerary embryos were donated upon completion of IVF treated from USC Fertility.
Patients were informed of the general conditions of the donation, as well as the objectives,
and methodology of human embryo research. They were offered counseling and
alternatives to donation, including discarding embryos and continued cryopreservation of
embryos. Patients were informed that they would not benefit directly from the donation of

embryos to research.
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Human embryo culture and sample collection

University of Cambridge

A total of 8 donated two pronuclei stage human zygotes (day 1 post fertilization) from two
patients were used for this study. Embryos were warmed and cultured according to the
above regulations. Cryopreserved day 1 embryos were thawed with the Origio thaw kit
(REF10984010A) following the manufacturer’s instructions. Briefly, the Global Total
human embryo culture medium (LifeGlobal group, HSGT-030) was incubated at 37°C and
5% CO:2 overnight before thawing. The next day, the straw containing the embryo was
immersed in prewarmed (37°C) water for 1 min. The embryo was then transferred into
vial 1 (5min), vial 2 (5 min), vial 3 (10 min), and finally into vial 4. Thawed embryos were
finally incubated in drops of the pre-equilibrated Global Total human embryo culture
medium under mineral oil (Irvine Scientific, 9305). Embryos were incubated for a total of
12 hrs overnight at 37°C,, and 5% CO.. The following day the zona pellucida of the 2-cell
stage human embryos was removed by brief acidic Tyrode’s solution treatment (Sigma,

T1788).

Embryos were then bisected and single blastomeres transferred to M2 media before

being washed and processed as above into 384-well PCR plates (ThermoFisher AB1384)

in 1ul of pure water (Optima LC/MS Grade, Fisher Scientific W6500).

Of 8 two pronuclei zygote stage human embryos, 7 embryos developed to the 2-cell stage

for sample collection and 5 were included in the final analysis.
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California Institute of Technology

A total of 22 donated two pronuclei stage human zygotes (day 1 post fertilization) from 5
patients were used for this study. Cryopreserved day 1 embryos were warmed with the
Embryo Thaw Media Kit following the manufacturer’s instructions (Fujifilm Irvine Scientific,
90124). Briefly, the Continuous Single Culture-NX Complete medium (Fuijifilm Irvine
Scientific, 90168) was incubated at 37°C and 5% CO:2 overnight before thawing. The next
day, the straw containing the embryo was defrosted at room temperature for 30 s and
immersed in prewarmed (37 °C) water for 1 min until the ice melted. The embryo was
then transferred into T-1 (5 min), T-2 (5 min) and T-3 (10 min) solutions for slow thawing,
before being finally transferred to Multipurpose Handling Medium (Fujifilm Irvine Scientific,
90163) for recovery. Thawed embryos were then incubated in drops of pre-equilibrated
Continuous Single Culture-NX Complete medium under mineral oil (Irvine Scientific,
9305). Embryos were incubated at 37°C, and 5% CO2 for 6-12 hrs until they reached the

2-cell stage.

Assisted hatching was performed using laser pulses at 200 ps (Lykos laser: Hamilton
Thorne, Beverly, MA, USA). Embryo Biopsy Medium (Irvine Scientific, 90103) was then
used to separate the blastomeres from each other, followed by gentle pipetting of the
embryo to remove it from the zona pellucida and isolate individual sister blastomeres.
Blastomeres were then washed and processed as above into 384-well PCR plates
(ThermoFisher, AB1384) in 1pl of pure water (Optima LC/MS Grade, Fisher Scientific,

W6500).
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Of 22 two pronuclei zygote human embryos, 20 embryos developed to the 2-cell stage

for sample collection and 8 were included in the final analysis.

Single-cell RNA sequencing analysis

Single-cell RNA-sequencing analysis was performed on early, mid, and late 2-cell stage
blastomeres using the previously published dataset by Deng et al.®! (GSE45719). Reads
were aligned against the reference genome GRCm39 and count matrices were made
using kallisto | bustools®?. Further downstream analyses were performed in Python using
the Scanpy toolkit (version 1.9.1) and Anndata (version 0.8.0)%. None of the cells were
filtered for mitochondrial or ribosomal content. Initial analysis including normalization,
scaling, and identification of highly variable genes was performed using the Scanpy
preprocessing toolkit. Single-cell data was further visualized using several Scanpy

plotting tools including: sc.pl.umap, sc.pl.clustermap, and sc.pl.heatmap.

Mass spectrometry (MS) sample preparation

SCoPEZ2 and pSCoPE sample preparation

Isobaric carrier & reference: Sample preparation and analysis was performed as
described by Petelski et al.*5. Briefly, mouse embryonic stem cells at a density of 2,000
cells/pl in 100ul water were lysed through the mPOP method (frozen cells were subjected
to a rapid heat cycle of 90°C for 10 minutes, and then were cooled to 12°C)'346_ Trypsin
Gold (TG, Thermo) and triethylammonium bicarbonate (TEAB, pH = 8, Sigma) were
added to the cell lysate to final concentrations of 10 ng/ul and 100 mM, respectively. The
sample, once mixed with TG and TEAB, was subjected to 37°C overnight (16-18 hours)

to digest proteins into peptides. To ensure adequate miscleavage rate (<20%), a small
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amount (1pl) of the cell digest was evaluated via LC-MS/MS. The cell digest was split into
two samples, one for the carrier and the other for the reference. The carrier was labeled
with TMT 126 and the reference was labeled with TMT 127N, with the labeling reaction
proceeding for 1 hour. The reaction was quenched with 1% hydroxylamine (HA) for 30
minutes. Labeled material was then evaluated via LC-MS/MS for labeling efficiency (>
99%). Carrier and reference materials were kept frozen -80°C until needed for

multiplexing with single cells.

Single blastomere cells and half zygotes: Frozen blastomeres that were collected in a
384-well plate were lysed by rapidly heating in a thermocycler to 90°C for 10 minutes and
then cooled to 12°C. To each well (with a single blastomere or a water serving as the
control), TG and TEAB were added to the cell lysate to final concentrations of 10 ng/pl
and 100 mM, respectively. The plate was then subjected to 37°C for three hours. Each
well then received 0.5yl of selected TMT reagents and the plate was incubated at room
temperature for 1 hour. The labeling reaction was quenched with 0.5ul of 1% HA at room
temperature for 30 minutes. Single blastomeres were then combined with 200 carrier and
5 reference cells to form a TMT set (Extended Data Fig. 1c). Each TMT set was dried

down and resuspended in 1.1 pl of HPLC-grade water.

Sample preparation for label-free mass-spec single-cell proteomics

A total of eight 2-cell stage human embryos were used for label-free mass-spectrometry
analysis. Frozen blastomeres that were collected in a 384-well plate were lysed by rapidly
heating to 90°C for 10 minutes and then cooling to 12°C. To each well (with a single

blastomere or a water serving as the control), TG and TEAB were added to the cell lysate
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to final concentrations of 10 ng/ul and 100 mM, respectively. The plate was then kept at
37°C for 3 hours to facilitate protein digestion. Each blastomere was dried down in a
speed-vac and resuspended in 1.1 uyl of HPLC-grade water for subsequent mass-

spectrometry acquisition.

Mass spectrometry acquisition methods

TMT sets of single blastomeres were analyzed according to the SCoPE2 protocol
guidelines. Specifically, 1 upl out of 1.2 yl of each SCoPE2 pooled sample was loaded
onto a 25cm x 75 1 ym lonOpticks Aurora Series UHPLC column (AUR2-25075C18A).
Buffer A was 0.1% formic acid in water and buffer B was 0.1% formic acid in 80%
acetonitrile / 20% water. A constant flow rate of 200 nl/min was used throughout sample
loading and separation. Samples were loaded onto the column for 20 min at 1% B buffer,
then ramped to 5% B buffer over 2 min. The active gradient then ramped from 5% B buffer
to 25% B buffer over 53 min. The gradient then ramped to 95% B buffer over 2 min and
stayed at that level for 3 min. The gradient then dropped to 1% B buffer over 0.1 min and
stayed at that level for 4.9 min. The total run time of each sample took 95 minutes total.
All samples were analyzed by a Thermo Scientific Q-Exactive mass spectrometer from
minutes 20 to 95 of the LC loading and separation process. Electrospray voltage was set
to 2200V and applied at the end of the analytical column. To reduce atmospheric
background ions and enhance the peptide signal-to-noise ratio, an Active Background lon
Reduction Device (ABIRD, by ESI Source Solutions, LLC, Woburn MA, USA) was used
at the nanospray interface. The temperature of the ion transfer tube was 250 °C, and the

S-lens RF level was set to 80.
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Analysis of raw SCoPE2 and pSCoPE MS Data

Raw data were searched by MaxQuant (version 1.6.17) against a protein sequence
database including all entries from the mouse or human SwissProt database (depending
on which samples were being analyzed) and known contaminants such as human

keratins and common lab contaminants (default MaxQuant contaminant list).

Within the MaxQuant search, we specified trypsin digestion and allowed for up to two
missed cleavages for peptides having from 7 to 25 amino acids. Tandem mass tags
(TMTPro 16plex) were specified as fixed modifications. Methionine oxidation
(+ 15.99492 Da), and protein N-terminal acetylation (+ 42.01056 Da) were set as variable
modifications. Second peptide identification was disabled. Calculate peak properties was
enabled. All peptide spectrum matches (PSMs) and peptides found by MaxQuant were
exported in the evidence.ixt files. These evidence files were then analyzed together by
DART-ID%. The data from the files processed from DART-ID% was then processed with
the SCoPE2 pipeline’ with minor modifications, with filtering parameters including PEP

< 0.03 and PIF > 0.8. Reverse matches and contaminants were also removed.

SCoPEZ2 pipeline is available here:

(https://zenodo.org/record/4339954#.YnHcYSfMLOQ)

The carrier and reference material in these experiments are clearly a different cell type
from the single cells that we have processed. Obtaining a large enough number of

blastomeres to use as carrier and reference material for all the SCoPE2 sets was not
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possible. Although the cell types are different, we were still able to sequence and quantify
many peptides that were heavily enriched in the blastomeres as shown in Fig. 2c. These
peptides and the corresponding proteins include classical markers of blastomeres and
are biologically relevant, as evidenced by our analyses of mouse ESCs carriers vs
blastomeres. The protein differences associated with alpha-beta asymmetry are also
observed in our label free DIA experiments that did not use a carrier, suggesting that the

choice of carrier is unlikely to strongly influence our results.

Label-free DIA analysis and DIA-NN search parameters

Some human blastomeres were analyzed by label-free DIA using a 100 minute total
gradient, of which 63 minutes were active (12 to 75 minutes). More specifically, the
gradient used is as follows: 4% buffer B (minutes 0 - 11.5), 4%-8% buffer B (minutes 11.5
- 12), 8%-35% buffer B (minutes 12 - 75), 35%-95% buffer B (minutes 75-77), 95% buffer
B (minutes 77 - 80), 95%-4% buffer B (minutes 80 - 80.1), 4% buffer B (minutes 80.1 -
100). Each duty cycle consisted of 2 MS1 windows with ranges from 480 - 1500 m/z..
Each MS1 was followed by 3 MS2 windows spanning its m/z range (2x 1 MS1 full scan x
3 MS2 windows). The size of the 6 MS2 windows in each duty cycle were variable and
were as follows: 480 - 530 m/z; 530 - 590 m/z; 590 - 650 m/z; 650 - 750 m/z; 750 - 1000
m/z; 1000 - 1500 m/z. Each MS1 and MS2 scan was conducted at 140k resolving power,

3x10% AGC maximum, and 600 ms maximum injection time for both MS1 and MS2 scans.

Raw data was searched with DIA-NN (version 1.8)% against a protein sequence database
that included entries from the human SwissProt database (SwissProt_human_09042017,

containing 20,218 proteins). The fragment sizes were set from 200 - 1800 m/z, with N-
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terminal methionine excision enabled. We specified the search for trypsin digestion and
set the maximum number of missed cleavages to 1. Scan window radius was set 1, while

the peptide lengths were set at 7 - 30 amino acids.

K-means Clustering

To estimate the stability of the cell classification that was accomplished via k-means
clustering, we computed the stability of cluster assignment. Through 200 iterations in
which the starting cell centroid was changed for each cluster, we estimated the probability
of cluster assignment for each. The overwhelming majority of cells have a high probability
of landing in the same cluster consistently when initial conditions are changed. There are
some blastomeres (n=9) that seem to exhibit unstable cluster assignment, which we have
been unable to link to division order, division timing, or division pattern. For simplicity’s
sake, we arbitrarily termed these clusters as alpha and beta. The same approach was

used for both the human blastomeres from 2-cell embryos and the cut zygotes data.

Determining differential proteins between alpha- and beta-cell types

Once cells were assigned to their respective classes via k-means clustering (k=2), we
determined which proteins were significantly differentially abundant between the two
groups of blastomeres using a series of Kruskal-Wallis tests (effectively a Mann-Whitney-
Wilcoxon test). At least three observations per group were required for each protein. P
values of the tested proteins were adjusted for multiple hypotheses through the BH
method to estimate the false discovery rate (FDR). A threshold of 5% FDR was

implemented as the cutoff for significance for all results.
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From these analyses, we obtained a list of differentially abundant proteins in 2-cell
embryos and used these proteins to plot two heatmaps in order to designate between the
early and late 2-cell stages. The heat maps represent the proteins x blastomeres matrices.
The columns of each heatmap were ordered by descending degree of asymmetry of sister
blastomeres. The leftmost and rightmost columns correspond to blastomeres from the

same embryo, a pattern that continues to the center of the heatmap.

Overall, 349 proteins that are distinguishing the alpha-beta clusters. Out of this list, 163
proteins were quantified in the mouse zygote data, which is 47% of the defined alpha-

beta proteins.

Overall, we quantified an average of 3586 peptides mapping to 1043 proteins in the
mouse blastomere samples, and a mean of 2895 peptides mapping to 759 proteins in the

human blastomere samples.

Comparison between bulk stem cells and mouse blastomeres

Blastomere Peptide Enrichment

We plotted the reporter ion intensities (without any data processing) of a representative
blastomere and its respective carrier on the log10 scale. In doing so, we find that some
peptides are much more abundant in one blastomere as compared to a 200-cell sample.
In order to find what biological processes are enriched generally across mouse
blastomeres as compared to ESCs, we obtained the precursor ratios of each blastomere

to each respective ESC carrier. Then, we took the median across all blastomere-ESC
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pairs to obtain the median ratio for each precursor. Then, these ratios were further
collapsed to the protein level by taking the median across all peptides mapping to that
protein. With this list, we were able to rank proteins from greatest to least ratios, then
input this ranked list into GOrilla using “single ranked list of genes” mode. From this output,

we find that protein transport and protein degradation are largely enriched in blastomeres.

Protein Set Enrichment Analysis (PSEA) for Alpha vs Beta Comparison

To determine which processes are differential between alpha- and beta- cell clusters, we

first downloaded protein sets from MGI (MGI Data and Statistical Reports (jax.org)).

These terms were filtered for proteins by Gene Symbols that were quantified in the mouse
data. For each GO term, proteins by Gene Symbol that were associated with that GO
term were collected into a single dataframe. That dataframe was further stratified into two
groups: alpha- and beta- type. Each group was required to have greater than three
observations. The two distributions per GO term were tested using the Kruskal Wallis test
(effectively a Mann-Whitney-Wilcoxon test). P values of the tested GO terms were
adjusted for multiple hypotheses, using the BH procedure to estimate the False Discovery

Rate (FDR). GO terms were deemed significant if they passed the 5% FDR threshold.

For the mouse data, there were many GO terms that were significant (n = 2898 at 5%
FDR, n = 1499 at 5% FDR and with greater than 2 proteins associated with the term). In
order to make sense of all the terms, the data was stratified into themes of protein
degradation, protein transport, translation, and metabolism through filtering of the names
of the GO terms. These themes were further grouped into sub-themes in the same

manner.
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This approach was also used for the human 2-cell stage data, using protein sets defined

for human data.

Ribosomal Protein Analysis

For each ribosomal protein (RP) that was quantified, we used the Mann-Whitney-
Wilcoxon test to understand whether the abundance of the particular RP was different
between alpha and beta cells across all available mouse blastomeres (from early 2-cell
to 4-cell stage). From these analyses, we found that eight RPs are significantly differential
(g-value < 0.05). The distribution of these proteins’ fold-changes between sister alpha
and beta cells were plotted as boxplots at each stage.

Vegetal cell analysis

To identify whether alpha / beta polarization is associated with vegetal cell identity, we
clustered 4-cell stage blastomeres with well differentiated alpha-beta character based on
their relative protein levels, as shown in Fig. 5e. As expected, the blastomeres clustered
by alpha / beta polarization, and this clustering also portioned the vegetal cells. We
evaluated the statistical significance of this portioning using the hypergeometric
distribution to compute the cumulative probability (p-value) that the vegetal cells exhibit

the observed association with alpha character or larger if sampled randomly.

Across the stages Analysis

To assess which biological processes are driving this trend, fold changes between sister
blastomeres assigned to opposing classes were calculated for each protein. With these
values, we sought to identify functionally related proteins that covary among the three

stages using spearman correlation analysis. For this analysis, we looped through each

76



1532

1533

1534

1535

1536

1537

1538

1539

1540

1541

1542

1543

1544

1545

1546

1547

1548

1549

1550

1551

1552

protein or each protein set and correlated the stages (set to be numerical) to fold changes
between alpha and beta blastomeres of normalized protein abundances. From each
correlation, we also obtained a p-value. Protein sets were required to have more than two
proteins and more than 50% of proteins quantified. These p-values were then corrected

for multiple hypotheses.

Comparison between human and mouse 2-cell embryos

Pairwise Cell-to-Cell Correlation Heatmap

All proteins that were quantified in both datasets were used to calculate pairwise
spearman correlations between human and mouse blastomeres at the 2-cell stage. The
heatmap of spearman correlations was then plotted to have mouse blastomeres on the
x-axis and human blastomeres on the y-axis. The human blastomeres are ordered in the
same way as the dendrogram presented. The mouse blastomeres are clustered by their
respective cluster-type, alpha or beta. We observe two distinct clusters, meaning that
human 2-cell stage embryos also exhibit a similar proteome asymmetry.

Intersected Protein Set Heatmap

Protein sets that were found to be differentially abundant between alpha and beta cells in
mouse were intersected with protein sets that were found to be differentially abundant
between the respective two clusters. Both heatmaps were hierarchically clustered on the
rows (protein sets) and blastomeres on the columns were clustered according to the cell
classification via k-means clustering. Each tile in the heatmap represents the median

value on the log2 scale of that particular protein set in a particular blastomere.
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Cut zygotes analysis

Upon normalization and performing k-means clustering in the same manner as in the
mouse and human data, all quantified proteins in the zygotes were used to perform
principal component analysis. Each zygote half fell into a cluster opposite its partner half,
which we simply termed in this case “Cluster 1” and “Cluster 2”. The difference in the first
principal component (PC1) values were taken for each zygote pair and plotted in a
descending order as a barplot. Then, protein fold changes between the partner cut pieces
were calculated for each zygote (these values were calculated consistently by finding the
difference between the zygote piece in Cluster 1 and in Cluster 2. These vectors of protein
fold changes for each zygote were then correlated pairwise to protein fold changes of
each mouse 2-cell stage blastomere (which were consistently calculated as the difference
between alpha and beta cells), resulting in a correlation matrix. These results were plotted
as distributions per zygote, with the median of each distribution highlighted as a purple

diamond (Fig. 3f).

In order to see the overall correlation between the zygote and mouse 2-cell blastomeres,
the median fold change of each protein was calculated across all samples in respective
groups (zygotes and 2-cell embryos). With these two vectors, a scatterplot of mouse 2-
cell embryos protein fold-changes was plotted against the zygote fold-changes. The
correlation of these vectors was positive (with a value of 0.44) and was highly significant

(p-value = 1.39 x 1079).
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Split Blastomere Experiment Analysis

Each blastomere that was used for MS analysis was prepared in a similar manner as was
described in section titled “Sample preparation for label-free mass-spec single-cell
proteomics ” The MS acquisition was altered, so that peptides mapping to alpha-beta
proteins were prioritized using prioritized SCoPE (pSCoPE)?!, which was set up as

described below, broadly following figure S4 from Huffman et al. 2023.

Gas phase fractionation (intensity-based quintiles spanning: 450-550, 550-623, 623-694,
694-788,788-1436 m/z respectively) was carried out to generate an empirical library using
5x TMT labeled mouse ESC carrier-reference runs. Post-acquisition, the runs were
searched alongside all previous single cell DDA runs using Spectronaut (version 16.1),

the generated spectral library was filtered at 5% FDR.

Subsequently, a 1x TMT labeled carrier reference sample was analyzed in DIA mode
(using method outlined in Supplementary Table 5 from 10) to record accurate retention

times for precursors. The run was searched using Spectronaut (filtered at 1% FDR).

The inclusion list was generated using peptides confidently identified in the 1x run.
Peptides were split into 3 tiers, the highest tier contained peptides belonging to alpha and
beta proteins, while the following two tiers contained peptides split by intensity,
confidence of identification and precursor ion fraction. The inclusion list is provided as a

supplementary file.
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Prioritization was implemented using MaxQuant.Live Version 2.2.011. Targeting
parameters were the same as in Supplementary table S13 (Method 5) of Huffman et al.
202380, with the exception that survey scan life cycle was set to 1500ms, MS2 resolution

was 70,000 and MS2 max injection time was 256ms.

The resulting data was searched using MaxQuant and then normalized as described
previously in the section titled “Analysis of raw SCoPE2 and pSCoPE MS Data ’,
except that the final protein x samples matrix was normalized relative to the mean of all
analyzed cells. Then, for each blastomere, the median abundance of alpha proteins was
divided by the median abundance of beta proteins to estimate the alpha-beta fold change
of the analyzed cell. By designating which proteins are alpha and which are beta from
previous clustering the “likeness” or polarization of blastomeres could be calculated, with
a higher median alpha protein level indicating alpha identity, and higher median beta
protein level indicating beta identity. After calculating the alpha-beta protein fold change
or alpha-beta likeness of a blastomere, it can be inferred that the cultured sister
blastomere is of the opposite identity, as 2-cell stage sisters consistently separated into
opposing clusters. Each blastomere’s fold change was then plotted against the proportion
of epiblast cells in resultant blastocyst from the sister cell that was cultured. An overall
positive trend is observed in the data, Fig. 4c. The distributions of alpha-beta fold changes
were further analyzed by separating all blastomeres into two groups: (1) those whose
sister blastomeres gave rise to blastocysts containing equal to or more than 4 epiblast

cells and (2) those whose sister blastomeres gave rise to blastocysts with less than 4

epiblast cells, indicating the health of the embryo at this developmental stage.
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Extended Data Table 5: Primer sequences

Primer

Sequence (5’ to 3’)

mCherry EcoRI F

ACGTGAATTCATGGTGAGCAAGGGCGAGG

mCherry BamHI R

ACGTGGATCCCTACTTGTACAGCTCGTCCATGCC

dsGps1 F ACGTTAATACGACTCACTATAGGGATTCTATGAATCCAAGTA
TGCCTCA

dsGps1 R ACGTTAATACGACTCACTATAGGGACAGCTGCTCTCAGAAT
CATAGC

dsNedd8 F ACGTTAATACGACTCACTATAGGGGGGAGAAGCAGCACTCT
AGC

dsNedd8 R ACGTTAATACGACTCACTATACGGTCTGGTGTCCCAGAGAG
TGA

dsPSMC4 F ACGTAATACGACTCACTATAGGGGCCCAGGAGGAGGTGAA
G

dsPSMC4 R ACGTAATACGACTCACTATAGGGATCGATGCCAATCTGCTT
GT

Gapdh gPCR F CGTATTGGGCGCCTGGTCAC

Gapdh gPCR R ATGATGACCCTTTTGGCTCC
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Gps1 gPCR F

GATCCATGTCAAGTCTCCTCCT

Gps1 gPCR R

CTGTTGGCTGGAGTCAGCTC

Nedd8 qPCR F

TACTGGTGGGAGAATGTGAGG

Nedd8 qPCR R

TAAGACAGGGAAGCACACATGA

PSMC4 qPCR F

CAGCACTGTCCGTGTCTCG

PSMC4 gPCR R

CTGCTCGTCCTTGATATACTCCTC

Gps1F CGCGTCAGGCCAACAT
Gps1 Hindlll F ACGTAAGCTTCCGCGTCAGGCCAACAT
Gps1-HAR TCATACCCATACGATGTTCCAGATTACGCTCATGTTGGTACT

CATGCG

Nedd8 EcoRI F

ACGTGAATTCATGCTAATTAAAGTGAAGACGCTGACTG

Nedd8-HA R

TACCCATACGATGTTCCAGATTACGCTCTGCCCAAGAC

HA BamHI R

ACGTGGATCCTCATACCCATACGATGTTCCAGATTACGCT
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