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SUMMARY

While non-mammalian embryos often rely on spatial pre-patterning, mammalian development has long been 
thought to begin with equivalent blastomeres. However, emerging evidence challenges this. Here, using mul-

tiplexed and label-free single-cell proteomics, we identify over 300 asymmetrically abundant proteins—many 
involved in protein degradation and transport—dividing mouse 2-cell-stage blastomeres into two distinct 
clusters, which we term alpha and beta. These proteomic asymmetries are detectable as early as the zygote 
stage, intensify by the 4-cell stage, and correlate with the sperm entry site, implicating fertilization as a sym-

metry-breaking event. Splitting 2-cell-stage embryos into halves reveals that beta blastomeres possess 
greater developmental potential than alpha blastomeres. Similar clustering and protein enrichment patterns 
found in human 2-cell embryos suggest this early asymmetry might be conserved. These findings uncover a 
previously unrecognized proteomic pre-patterning triggered by fertilization in mammalian embryos, with 
important implications for understanding totipotency and early lineage bias.

INTRODUCTION

In mammals, the fertilized egg undergoes a series of cleavage di-

visions that give rise to both embryonic and extraembryonic cell 

types. 1,2 Two successive fate decisions are crucial for blastocyst 

formation: the first segregates the outer cells, which differentiate 

into trophectoderm (TE), from the inner cell mass (ICM), while the 

second subdivides the ICM into epiblast and primitive endoderm 

(Figure 1A). 3,4

For decades, it was thought that all blastomeres remain devel-

opmentally equivalent—and thus equally potent to give rise to all 

lineages, at least until the 16-cell stage. 5–7 This view has since 

evolved. Growing evidence now indicates that totipotency is 

gradually—and unequally—lost among blastomeres well before 

overt lineage specification. 2,8–13 In mice, lineage tracing reveals 

that the sister blastomeres of the 2-cell embryo contribute un-

equally to the embryonic and extraembryonic lineages. 9,14,15 

Moreover, splitting 2-cell embryos into monozygotic ‘‘half em-

bryos’’ reveals that while one blastomere can generate a viable 

embryo, the other typically cannot. 8,16 Similar asymmetries are 

seen in humans: clonal analyses of somatic mutations to infer lin-

eages across tissues indicate that early blastomeres contribute 

unevenly to the embryo proper and placenta. 13,17–21 Direct line-

age tracing in human embryos further supports this, showing 

that the majority of the epiblast typically arises from only one 

of the 2-cell blastomeres, while both contribute to the extraem-

bryonic tissues. 9 Despite these insights, the molecular basis of 

this early asymmetry remains elusive.

In species like Drosophila melanogaster, symmetry breaking is 

driven by asymmetric mRNA localization, leading to unequal 

protein distribution and divergent cell fates. 22–25 In mammals, 

single-cell RNA sequencing has revealed transcript-level differ-

ences between blastomeres, 26–28 including the non-coding 

RNA LincGET at the 2-cell stage 29 and Sox21 at the 4-cell 

stage. 12 However, such RNA-level asymmetries are not consis-

tently observed across embryos, 30 and transcript abundance
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Figure 1. Proteomic asymmetry at the 2- and 4-cell-stage mouse embryos

(A) Schematic of pre-implantation development. Following a series of cleavage divisions, the embryo polarizes at the 8-cell stage and undergoes asymmetric and 

symmetric divisions to give rise to the inner cell mass (ICM) and outer trophectoderm (TE, blue) cells. The ICM then gives rise to the epiblast (EPI, magenta) and 

primitive endoderm (PE, green). Samples were collected at the early 2-cell stage (30–32 h post human chorionic gonadotrophin [hCG]), late 2-cell stage (46–48 h 

post hCG), and mid 4-cell stage (55–57 h post hCG).

(legend continued on next page)
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does not always correlate with protein levels either across tis-

sues 31 or during development. 32

Whether proteomic differences exist between individual blas-

tomeres of mammalian embryos remains largely unknown. In 

other models, such as Xenopus laevis, single-cell mass spec-

trometry (MS) has revealed proteomic asymmetries between 

early blastomeres within embryos, 33,34 and similar approaches 

have been used to profile human oocytes. 35 In mice, however, 

proteomic studies have thus far relied on bulk MS, which ob-

scures cell-to-cell heterogeneity. 36–38

Here, we use single-cell multiplexed and label-free MS to 

examine proteomic differences between individual blastomeres 

in both mouse and human embryos. We uncover striking prote-

ome asymmetries as early as the zygote and 2-cell stages, 

revealing two reproducible proteomic states for blastomeres, 

which we designate alpha and beta, that distinguish sister cells 

within the same embryo. Importantly, these early proteome dif-

ferences were predictive of the developmental potential of blas-

tomeres and are correlated with the site of sperm entry during 

fertilization. Our findings provide a single-blastomere whole-pro-

teome dataset for both mouse and human early embryos, 

revealing a previously unrecognized proteomic pre-patterning 

triggered by fertilization. This pre-patterning is linked to differ-

ences in developmental potential, offering insights into the mo-

lecular origins of symmetry breaking, cell fate bias, and the 

loss of totipotency.

RESULTS

Proteomic asymmetry in blastomeres of 2-cell- and 

4-cell-stage embryos

To investigate early proteomic asymmetries, we wished to 

analyze individual sister blastomeres from (1) early 2-cell em-

bryos, prior to the major wave of zygotic genome activation 

(ZGA); (2) late 2-cell embryos, during ZGA 39 ; and (3) 4-cell em-

bryos (Figures 1A–1C). To this aim, we developed a protocol to 

isolate and serially wash each blastomere from individual em-

bryos, ensuring removal of protein contaminants from culture 

media while preserving the pairing of sister blastomeres 

(Figures 1B and 1C).

For protein quantification, we employed multiplexed single-

cell proteomics MS (SCoPE2). 40,41 While an isobaric carrier 

composed of bulk blastomeres would have been ideal, this 

was impractical due to the number of blastomeres required. 

Instead, we used mouse embryonic stem cells (ESCs), which

are derived from the ICM and available in large numbers, as car-

rier material. Carriers differing from the single-cell samples do 

not impact quantification, 42 and ESCs provide sufficient material 

for robust proteomic analysis. Proteins enriched in single cells 

but absent in the carrier can still be confidently detected, as 

confirmed by our dataset.

To determine proteomic differences between individual 2-cell 

blastomeres, we normalized protein abundance data from each 

individual blastomere to the mean expression within each 

embryo and performed k-means clustering. This revealed two 

distinct and consistent clusters, which we designated alpha 

and beta (Figure S1A). Remarkably, in all 36 2-cell embryos 

analyzed (15 early and 21 late 2-cell stage), sister blastomeres 

consistently segregated into opposite clusters, with each em-

bryo containing one alpha and one beta blastomere, with high 

classification confidence (Figures 1D and S1B).

We identified 349 proteins that differed significantly in abun-

dance between alpha and beta blastomeres (false discovery 

rate [FDR] < 1%), from an average of 1,043 proteins quantified 

per blastomere (Figure 1D; Table S1). These included maternal 

factors known to play a role in ZGA (e.g., the cortical granule pro-

tein Padi6 43–45 and the ubiquitin E3 ligase RNF114 46,47 ) and 

cytoskeletal regulators later involved in TE specification (e.g., 

Rdx 48 and Cdc42 49,50 ). To our knowledge, this represents the 

first systematic evidence of proteomic asymmetry between sis-

ter blastomeres in the 2-cell mouse embryo.

Proteomic differences between blastomeres increased in 

magnitude from early to late 2-cell stages, as shown by the inten-

sified color scale in the heatmap (Figure 1D). Importantly, the 

overall variability in peptide quantification for the same proteins 

within each blastomere was low (Figure S1C) and did not corre-

late with the degree of asymmetry. There was also no correlation 

between differential and absolute protein abundance (Figure 1F), 

supporting the conclusion that these differences are biological 

rather than technical in origin.

We also analyzed 21 4-cell embryos, a stage when 

sister blastomeres are known to exhibit molecular and develop-

mental heterogeneity. 10–12,51–54 Again, we observed two clusters 

(Figure 1E), and proteomic asymmetry persisted across embryos 

with variation in the magnitude of these differences (Figures S1D 

and S1E).

2-cell embryos reach the 4-cell stage via four distinct cleavage 

patterns, defined by the division orientation (meridional: along 

the animal-vegetal axis or equatorial: perpendicular to this 

axis) and the sequence of these divisions (Figure S2A). Previous

(B) Schematic showing the experimental harvesting of single blastomeres from 2-cell- (top) and 4-cell-stage (bottom) embryos for single-cell proteomics analysis. 

Following zona pellucida (ZP) removal, sister blastomeres were separated and washed before being collected for SCoPE2, with mESCs as carrier material.

(C) Representative images of embryos prior to and following splitting into individual blastomeres. Scale bars, 40 μm.

(D) K-means clustering of 2-cell-stage blastomeres results in consistent biclustering of sister blastomeres. Sisters from the same embryo fall into opposing 

clusters, which we term alpha and beta. Heatmaps of the 349 proteins with differential abundance in alpha and beta cells. n = 72 blastomeres from 15 early and 21 

late 2-cell mouse embryos.

(E) Spearman correlation plot of all individual blastomeres from the 2- and 4-cell stages, which demonstrates the presence of two clusters. n = 156 blastomeres 

from 36 2-cell embryos and 31 4-cell embryos.

(F) A scatterplot showing the relationship between differential and absolute protein abundance in single blastomeres, where each point represents a protein. The 

absence of a relationship between relative and absolute abundances indicates consistent quantification across the dynamic range, suggesting measurement 

variance is not systematically dependent on signal intensity and that the applied normalization techniques are effective. Thus, the differences we observe be-

tween blastomeres are likely to reflect true biological variation, not measurement error and technical variability or noise.

See also Figures S1, S2, S3, and S7.
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studies have shown that cleavage pattern can influence both 

molecular heterogeneity at the 4-cell stage 11 and overall devel-

opmental success. 10,51 To investigate whether these division 

patterns influence alpha-beta composition, we injected syn-

thetic mCherry mRNA into one 2-cell blastomere, performed 

time-lapse imaging to track cleavage patterns, as previously 

described, 51,55 and then collected individual 4-cell blastomeres 

for SCoPE2 analyses (Figure S2B). Although we observed differ-

ences in some proteins and Gene Ontology (GO) terms between 

alpha and beta clusters depending on cleavage pattern, our 

sample size at this stage limited statistical power and precluded 

definitive conclusions (Figures S2C–S2F).

In summary, we identify robust, reproducible proteomic asym-

metries among sister blastomeres in both 2- and 4-cell embryos. 

These differences define two molecular clusters—alpha and 

beta—revealing an early, conserved signature of asymmetry in 

mammalian development.

Proteomic asymmetry in the zygote

Having established alpha-beta proteomic asymmetry at the 2-

and 4-cell stages, we next asked whether such asymmetries 

originate earlier, at the zygote stage. To test this, we manually 

bisected mouse zygotes meridionally along the animal-vegetal 

axis, the most common orientation of the first cleavage divi-

sion. 55–57 While not all bisections align precisely with the natural 

cleavage plane due to the spherical geometry of the zygote, a 

subset will approximate the future cleavage plane (Figure 2A). 

We argued that if proteomic asymmetry is already established, 

we should expect that some zygote halves would exhibit 

alpha-beta-like differences. We collected and analyzed zygote 

halves by SCoPE2 (Figures 2A and 2B).

Using the same clustering approach as for 2-cell embryos, we 

found that zygote halves separate into two distinct clusters 

(Figure 2C). We then focused on a subset of 172 proteins 

that were quantified in zygote halves and differed significantly 

in abundance between alpha and beta 2-cell blastomeres 

(Table S1). Correlating the median fold changes of these 

proteins between zygote halves and between alpha versus 

beta 2-cell blastomeres revealed a significant correlation 

(Spearman r = 0.45, p < 1e–8; Figure 2D), suggesting that cluster 

1 zygote halves resemble alpha blastomeres, while cluster 2 

aligns with beta. Pairwise correlation analyses of protein fold 

changes between zygote halves and between 2-cell blasto-

meres confirmed that most zygote halves showed alpha-beta-

like differences (a positive correlation), with the strength of this 

correlation scaled with PC1 separation (Figures 2C and 2E), likely 

reflecting how well the bisection captured the endogenous pro-

tein gradient. These findings indicate that proteomic asymmetry 

arises in the zygote and is propagated to the 2-cell stage.

Alpha and beta blastomeres are enriched for distinct 

biological processes

To investigate which biological processes differ between alpha 

and beta blastomeres, we performed protein set enrichment 

analysis (PSEA) for the early and late 2-cell stages. This revealed 

significant differences (q values < 0.05) in pathways related to 

protein transport, degradation, and translation (Figures S3A– 

S3C). Beta blastomeres were particularly enriched in protein

transport terms, such as ion channels, signaling components, 

molecular motors, and vesicle trafficking. Notably, molecular 

motor-related processes exhibited the largest median fold differ-

ences (Figure S3B).

We also compared the proteome of single blastomeres to bulk 

carrier samples of 200 ESCs. Surprisingly, many peptides were 

up to 10-fold more abundant in single blastomeres than in the 

ESCs (Figure S3D). At first glance, this result was unexpected, 

as overall peptide abundance should correlate with sample 

size. However, these enriched peptides included components 

of the subcortical maternal complex, a maternally deposited 

multiprotein assembly critical for early development, 58 as well 

as ubiquitin ligase-associated proteins.

Further GO term enrichment analysis confirmed that single 

blastomeres were enriched for proteins involved in proteasomal 

degradation and transport, relative to ESCs (Figure S3E). This is 

consistent with the known importance of protein turnover and 

proteostasis in early embryogenesis, particularly during maternal 

protein clearance, the onset of ZGA, and the initiation of zygotic 

protein synthesis. 46,47,59–61 Many of these same pathways were 

differentially represented between alpha and beta blastomeres, 

suggesting a potential link between early proteome heterogene-

ity and distinct developmental trajectories.

Dynamics of alpha and beta differences

During the zygote and early 2-cell stages, before the onset of the 

major ZGA wave, mouse embryos rely heavily on maternally in-

herited cellular components—including proteins, mRNAs, and 

ribosomes. Previous studies have proposed that variations in 

ribosomal composition contribute to translational control during 

early embryogenesis 62,63 and in ESCs. 64,65 To explore this pos-

sibility, we examined the abundance of ribosomal proteins (RPs) 

in our single-blastomere proteomic dataset.

We found that most RPs were slightly but significantly more 

abundant in alpha blastomeres compared with beta blastomeres 

at the early 2-cell, late 2-cell, and 4-cell stages (Figure S3F). An 

exception was RPS27A, which showed progressive enrichment 

in beta blastomeres over time. Correspondingly, translation initi-

ation factors were elevated in alpha blastomeres, whereas GO 

terms associated with the endoplasmic reticulum were enriched 

in beta blastomeres (Figure S3C), suggesting differences in 

translational regulation and protein processing pathways.

To assess how alpha and beta differences evolve over time, 

we calculated the Euclidean distances between alpha and beta 

blastomeres from the same embryo, using proteins quantified 

across all samples. Consistent with the heatmap in Figure 1D, 

the degree of proteomic differences between alpha and beta 

blastomeres increased over developmental time (Figure 2F), 

indicating progressive divergence between sister cells.

This divergence was primarily driven by proteins that showed 

either increasing or decreasing abundance in alpha and beta 

blastomeres over time. Of the 324 proteins that were differen-

tially abundant between alpha and beta blastomeres at both 

the early and late 2-cell stages, 278 maintained consistent clus-

ter identity and exhibited monotonic trends. When including the 

4-cell stage, 254 proteins preserved their alpha or beta identity, 

with 108 showing continuous trajectories across all three stages 

(Figure 2G).
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Figure 2. Proteomic asymmetry is inherited from the zygote and increases over subsequent development

(A) Schematic illustrating the collection of zygotes and subsequent meridional cutting. Following zona pellucida (ZP) removal, zygotes were cut along the animal-

vegetal axis as defined by the position of the second polar body (PB).

(B) Representative images of zygotes prior to and following splitting into individual halves. Scale bars, 40 μm.

(C) Principal-component analysis (PCA) of the zygote halves shows a biclustering pattern. Each zygote half pair splits into separate clusters. n = 14 halves from 7 

split zygotes.

(D) Scatterplot showing the correlation (0.45, p = < 1e–8) between the median protein fold changes for zygote halves (x axis) and the median protein fold changes 

for sister blastomeres at the 2-cell stage (y axis). Fold changes were calculated for proteins that were both differentially abundant between alpha and beta cells at 

the 2-cell stage and quantified in zygotes.

(E) Plots showing the relationship between PC1 loadings for each zygote pair (ordered in descending order, top) and the pairwise Spearman correlations between 

each zygote pair and the 2-cell-stage embryos (bottom). Correlations were computed on vectors of fold changes for proteins that were both significantly dif-

ferential between alpha and beta cells and quantified in zygotes. Triangles indicate the median of each distribution.

(F) Euclidean distance of the normalized protein abundance between each blastomere in each embryo, showing increasing inter-blastomere differences with 

development (1% FDR).

(G) A bar plot showing the number of proteins (1) that were quantified in both early and late 2-cell embryos and were differentially abundant between alpha and 

beta blastomeres (yellow), (2) that preserved cluster identity and are either consistently increasing or decreasing over the 2-cell stage (red), (3) that continue to 

preserve cluster identity at the 4-cell stage (pink), and (4) that are monotonically changing across both the 2- and 4-cell stages (purple).

See also Figure S3.
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To explore which biological processes are showing monotonic 

divergence, we performed PSEA using Spearman correlations 

across all three developmental stages and the corresponding 

protein fold changes between alpha and beta blastomeres 

from each embryo. We identified distinct trends: for example, 

beta blastomeres showed increasing enrichment for processes 

such as thioredoxin peroxidase activity and dATP binding, while 

alpha blastomeres showed progressive increases in pathways 

including proteasome regulatory particle activity, aspartate 

metabolism, and DNA helicase activity (Figures S3G and S3H).

The role of beta-enriched proteins in lineage fate

To investigate the functional relevance of proteins that are differ-

entially abundant between alpha and beta blastomeres, we 

focused on three candidates: Nedd8, Gps1, and PSMC4. These 

were selected based on their marked differences in abundance 

(Tables S1, S2, and S3) and potential importance in early devel-

opment. Nedd8, a ubiquitin-like protein, has been linked to ICM 

formation. 66 Gps1 (also known as Cops1) is part of the constitu-

tive photomorphogenesis 9 (COP9) signalosome, 67 which is 

involved in deneddylation and has been implicated in maintain-

ing naive pluripotency and supporting epiblast survival. 68–70 

Although Gps1 is known to regulate Oct4 expression in human 

ESCs, 71 its role in mammalian embryos was previously unex-

plored. PSMC4, a 26S proteasome component, is essential for 

development up to the blastocyst stage. 72 Nedd8 and Gps1 

were enriched in beta blastomeres, while PSMC4 was enriched 

in alpha blastomeres (Table S2).

To test the function of these proteins, we performed knock-

downs by injecting double-stranded RNA (dsRNA) targeting 

each candidate gene (or eGFP as a control) into one blastomere 

of the 2-cell embryo, along with Gap43-RFP mRNA to label the 

progeny, following our established protocol 73,74 (Figure 3A). Em-

bryos were cultured for 3 days until the blastocyst stage, fixed, 

and stained for lineage markers: Cdx2 (TE) and Sox17 (primitive 

endoderm; Figures 3A and 3B). Knockdown efficiency was vali-

dated by RT-qPCR 48 h post-injection (Figures S4A–S4D). 

Nedd8 knockdown resulted in an increase in both total cell 

number and the proportion of RFP-positive cells compared 

with controls (Figures 3C and 3D). It also led to a higher contribu-

tion of RFP-positive cells to the TE lineage, with no significant ef-

fect on the epiblast or primitive endoderm (Figure 3E). These re-

sults suggest that Nedd8 may act to restrict TE specification or 

proliferation.

Gps1 knockdown had no effect on total cell number (Figure 3F) 

but reduced the contribution of RFP-positive cells, particularly to 

the epiblast, with milder effects on primitive endoderm and none 

on TE (Figures 3G and 3H). These findings indicate that Gps1 

supports epiblast specification or proliferation, in line with its 

known pluripotency-promoting roles. 71

PSMC4 knockdown led to reduced total cell number and a 

global reduction in the contribution of RFP-positive cells across 

all lineages (Figures S4E–S4H), consistent with its role in proteo-

some function and general impact on cell division. 59

Together, these results validate the biological impact of alpha-

beta proteins identified by SCoPE2. Nedd8 and Gps1—more 

abundant in beta blastomeres—influence TE and epiblast devel-

opment, respectively. By contrast, PSMC4—enriched in alpha

blastomeres—affects all lineages, likely reflecting its general 

importance in cellular homeostasis and proteostasis. These find-

ings underscore the functional consequences of early proteome 

asymmetries during pre-implantation development.

Alpha and beta identity predict developmental potential 

Previous studies, including our own, have shown that 

sister blastomeres at the 2-cell stage differ in developmental po-

tential. 8–10,14–16,51,75 When 2-cell embryos are split to generate 

monozygotic ‘‘twin’’ embryos, only one typically forms a viable 

blastocyst, often with a larger epiblast compartment, indicating 

intrinsic asymmetry 8 (Figures S5A–S5C). To determine if alpha 

and beta identity predicts this differential potential, we separated 

sister blastomeres at the 2-cell stage. One sister was subjected to 

proteomic analysis using SCoPE2 or pSCoPE 76 to determine its 

identity (alpha or beta, as classified by the alpha-beta fold change; 

Figure S5D), while the other was cultured individually to the blas-

tocyst stage (Figures 4A, 4B, S5E, and S5F). Since each embryo 

contains one alpha and one beta cell (Figure 1D), the identity of 

the cultured blastomere could be inferred from its sibling.

When we examined the lineage composition of the resulting 

blastocyst (Figures S5E–S5H), we found that beta blastomeres 

gave rise to blastocysts with a significantly higher proportion of 

epiblast cells, while alpha blastomeres generated blastocysts 

with fewer epiblast cells (Figure 4C). Moreover, beta blastomeres 

more frequently generated blastocysts with more than four 

epiblast cells—the minimum threshold known to be required 

for further development 51 (Figure 4D). These findings are consis-

tent with our knockdown data, which showed that Gps1, a pro-

tein enriched in beta blastomeres, may promote epiblast 

formation.

Previous studies have shown that at the 2-cell stage, the blas-

tomere that inherits the second polar body contributes to the 

ICM more. 77 Consistent with this, we found that the blastomere 

associated with the second polar body was significantly more 

likely to be classified as beta (Figure 4E).

Similarly, at the 4-cell stage, vegetal blastomeres—those 

positioned opposite the second polar body—are known to 

have reduced developmental potential. 10,51 We therefore exam-

ined the alpha-beta identity of vegetal blastomeres in our 4-cell-

stage embryos (Figure 4F). Among embryos with clear alpha-

beta polarization, vegetal blastomeres were significantly more 

likely to be classified as alpha (Figure 4F), further reinforcing 

the link between alpha identity and reduced developmental 

potential.

Finally, we investigated whether cell cycle asynchrony corre-

lates with alpha-beta identity. To this end, we injected zygotes 

with proliferating cell nuclear antigen (PCNA)-clover mRNA to 

visualize S-phase progression 78,79 (Figures S6A and S6B). Em-

bryos were split into individual blastomeres and imaged during 

the 2-cell stage, then analyzed by pSCoPE. 76 Although sister 

blastomeres again separated into alpha and beta clusters, we 

found no consistent relationship between S-phase exit timing 

and alpha-beta identity (Figure S6C). In a separate experiment, 

split embryos were cultured to the blastocyst stage following 

live imaging to assess S-phase progression, and no significant 

difference in epiblast cell number was observed based on 

S-phase timing (Figures S6D and S6E). These findings suggest
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Figure 3. Manipulation of beta proteins impacts lineage composition

(A) Schematic of clonal dsRNA-mediated knockdown (KD) of candidates. One blastomere of 2-cell-stage embryos was injected with dsRNA targeting candidates 

(dsNedd8 or dsGps1) or eGFP (control) and mRNA for the membrane marker Gap43-RFP to mark the progeny of the cell. Embryos were cultured to the late 

blastocyst stage, and the contribution of the Gap43-RFP-positive cells to each lineage was analyzed.

(B) Representative images of control, dsNedd8, and dsGps1 blastocysts. Scale bar, 20 μm.

(C) Bar chart showing the average total number of cells and the number of RFP-positive or -negative cells in control and dsNedd8 late blastocysts. dsNedd8 

blastocysts have significantly more cells in total than controls. Mann-Whitney test, ****p < 0.0001.

(D) Boxplot showing the RFP-positive proportion of total cells in each blastocyst. Increased contribution of dsNedd8 cells can be seen. Mann-Whitney test, 

**p = 0.0024.

(E) Bar plot showing the contribution of RFP-positive cells to the trophectoderm (TE, Cdx2 positive), primitive endoderm (PE, Sox17 positive), and epiblast (EPI, 

double-negative), with dsNedd8 contribution assessed relative to controls. dsNedd8 cells show increased contribution to the TE lineage. Control, n = 27 embryos; 

dsNedd8, n = 36 embryos. Mann-Whitney test, ***p = 0.0005.

(F) Bar chart showing the average total number of cells and the number of RFP-positive or -negative cells in control and dsGPS1 late blastocysts.

(G) Boxplot showing the RFP-positive proportion of the total cells in each blastocyst. Decreased contribution of dsGps1 cells can be seen. Mann-Whitney test, 

**p = 0.0081.

(H) Bar plot showing the contribution of RFP-positive cells to the TE, PE, and EPI. dsGps1 contribution was assessed relative to control embryos, and dsGps1 

cells were found to have significantly reduced EPI contribution. Control, n = 33 embryos; dsGps1, n = 35 embryos. Mann-Whitney test, *p = 0.0274, ****p < 0.0001. 

For (C)–(H), data are shown as mean ± SEM.

See also Figure S4.
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Figure 4. Beta and alpha blastomeres exhibit higher and lower developmental potential, respectively

(A) Schematic illustrating the experimental approach: one sister blastomere from the 2-cell embryo was collected for single-cell proteomics analysis, while the 

other was cultured to the blastocyst stage to assess developmental potential.

(B) Representative images of blastocysts with 4 or more epiblast (EPI) cells and fewer than 4 EPI cells. Images are shown as maximum projections and 

representative single-plane zooms showing the composition of the ICM.

(C) Normalized EPI cell counts positively correlate with sister cells’ alpha-beta polarization. Plot showing paired blastomere data filtered to include only sister 

blastocysts with a minimum total of 10 cells and no more than one absent lineage. Point size indicates the total number of cells present in the resulting blastocyst 

derived from the cultured blastomere. Point color reflects lineage composition: purple indicates the presence of all three lineages, while brown indicates 

blastocysts with two lineages. A Pearson correlation was calculated across all datapoints to assess the relationship between EPI cell number and the alpha-beta 

polarization of the corresponding sister blastomere (p = 0.0047).

(D) Violin plots showing the alpha-beta polarization scores of sister 2-cell blastomeres paired to blastocysts developing from their corresponding sisters with 

either at least 4 EPI cells or fewer than 4 EPI cells. Only blastocysts containing more than 10 cells and no more than one missing lineage were included in this 

analysis (n = 81 blastocysts and paired 2-cell-stage blastomeres). Each data point represents a blastocyst, with point size proportional to the total blastocyst cell 

count. The two blastocyst groups showed a statistically significant difference in their paired sisters’ alpha-beta polarization scores (p = 0.005, two-tailed t test).

(E) 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 indicate alpha or beta classification and whether the cell was associated 

with the PB. Cells that had the PB are more likely to cluster with beta cells (p = 0.0036, hypergeometric distribution probability test).

(legend continued on next page)
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that alpha-beta identity is not determined by cell cycle 

asynchrony.

Together, these results demonstrate that alpha-beta identity is 

predictive of developmental potential, with beta blastomeres 

giving rise to more epiblast cells and showing higher develop-

mental competence, while alpha blastomeres are associated 

with reduced potential.

Fertilization triggers the breaking of symmetry

The asymmetric distribution of proteins in the zygote could be 

maternally inherited, triggered by fertilization, or both. To deter-

mine whether proteome asymmetry arises independently of 

fertilization, we first analyzed the proteome of single sister blas-

tomeres from 2-cell-stage parthenogenetic embryos, which 

develop in the absence of sperm contribution (Figure 5A). In 

striking contrast to fertilized embryos, MS revealed no clear clus-

tering patterning and no consistent proteome asymmetry be-

tween sister 2-cell-stage blastomeres (Figure 5B). This result 

suggests that maternal factors alone are insufficient to generate 

the alpha-beta asymmetry observed in fertilized embryos.

To further investigate whether sperm entry contributes to sym-

metry breaking, we performed zygote-splitting experiments in 

which the fertilization cone—marking the site of sperm entry— 

was labeled with a microbead immediately after in vitro fertiliza-

tion (IVF; Figures 5C and 5D), using our previously established 

protocol. 15,80 Zygotes were then bisected meridionally with 

respect to the animal pole, defined by the attachment of the sec-

ond polar body, generating one-half that inherited the sperm en-

try site (bead-labeled) and one that did not. Each zygote half was 

subjected to proteomic analysis.

Remarkably, zygote halves inheriting the sperm entry point 

clustered together, forming a distinct group from the non-inher-

iting halves (Figures 5E and 5F). Moreover, the proteomic differ-

ences between fertilization cone-positive and -negative halves 

were significantly correlated with the proteomic differences 

observed between sister blastomeres at the 2-cell stage and 

alpha-beta identity (Figures 5G and 5H). This strongly suggests 

that fertilization triggers proteome asymmetry in the zygote, 

which is subsequently inherited by daughter blastomeres. 

Finally, to assess whether inheritance of the sperm entry point 

predicts developmental outcome, we tracked the fate of individ-

ual 2-cell blastomeres in relation to inheritance of the sperm en-

try point. After IVF and fertilization cone labeling, 2-cell embryos 

were split into individual blastomeres, annotated for microbead 

inheritance, and cultured to the blastocyst stage (Figures 5I 

and 5J). Blastomeres that inherited the sperm entry point pro-

duced blastocysts with significantly higher epiblast cell propor-

tions (Figure 5K), mirroring the developmental bias we observed 

for beta blastomeres.

Together, these results identify fertilization as a trigger for pro-

teomic symmetry breaking in the zygote. This initial asymmetry is 

passed on to the daughter blastomeres, with the beta blasto-

mere inheriting the sperm entry point and exhibiting higher devel-

opmental potential.

Proteome asymmetry is conserved in human 2-cell-

stage embryos

We next asked whether the proteomic signatures that distinguish 

alpha and beta blastomeres in mice might be conserved in 2-cell 

human embryos (Figure 6A). Due to the scarcity of human em-

bryos, our sample size was necessarily smaller than in mice. 

To maximize confidence, we employed two complementary 

single-cell MS methods: label-free data-independent acquisition 

(DIA) and multiplexed SCoPE2 data-dependent acquisition 

(DDA). These orthogonal approaches quantify peptides via 

different ion types—precursor ions for DIA and reporter ions 

for DDA—thus minimizing shared technical biases and 

increasing confidence in our findings. 81,82 DDA prioritizes the 

most abundant peptides from MS1 for MS2 fragmentation and 

sequential analysis, while DIA fragments all peptides within a 

defined mass/charge window simultaneously, generating com-

plex composite spectra.

Using the same k-means clustering approach applied to 

mouse blastomeres, we found that sister blastomeres from hu-

man 2-cell embryos reliably segregated into two distinct clusters 

(Figure 6B). We identified 105 proteins that were differentially 

abundant between clusters at a 1% FDR (Figure 6C; Table S4). 

To validate these results, we examined the extracted ion chro-

matogram (XIC) for VDAC2—a voltage-dependent anion-selec-

tive channel protein with a high fold change—and confirmed 

consistent differential abundance between blastomeres across 

both the MS1 and the MS2 signals (Figure 6D). VDAC2 and 

other protein transport factors were also differentially enriched 

between mouse alpha and beta blastomeres, suggesting a 

conserved role.

To characterize the biological pathways represented in 

this proteomic asymmetry, we performed PSEA. As in mice, 

we observed enrichment for pathways related to protein degra-

dation and transport (Figure 6E). Specifically, ubiquitin-related 

proteins were enriched in one cluster (cluster 1), while vesicle 

transport-associated proteins were enriched in the other (clus-

ter 2), mirroring the mouse alpha and beta differences.

To directly assess conservation of these clusters across the two 

species, we analyzed the 877 orthologous proteins quantified in 

both human and mouse 2-cell embryos. Pairwise correlation anal-

ysis showed that the two human clusters aligned closely with the 

mouse alpha and beta profiles (Figure 7A), enabling cross-species 

annotation of human blastomeres as alpha or beta. GO enrich-

ment patterns between mouse and human also displayed strong 

directional concordance (Figure 7B; Table S5), reinforcing the 

conservation of biological processes. At the level of individual pro-

teins, we found that among the mouse alpha-beta differential pro-

teins also detected in humans, 68 showed consistent fold-change 

direction across species, while 98 displayed opposite trends

(F) Heatmap of pairwise correlations between 4-cell-stage blastomeres based on vectors of alpha-beta proteins with a high fold change. Each tile represents a 

correlation value between two blastomeres. Color bars indicate each blastomere’s alpha-beta classification and whether it was a vegetal cell. Two distinct 

clusters can be seen, corresponding to alpha and beta. Vegetal cells are significantly enriched within the alpha cluster (p = 0.047, hypergeometric distribution 

probability test), suggesting a relationship between vegetal identity and alpha polarization.

See also Figures S5 and S6.
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Figure 5. Proteomic asymmetry is triggered by fertilization

(A) A schematic showing the experimental harvesting of single blastomeres from parthenogenetic 2-cell embryos for single-cell proteomics. SrCl2, strontium 

chloride; ZP, zona pellucida; PB, polar body.

(B) K-means clustering of parthenogenetic 2-cell-stage blastomeres. The majority of pairs did not split across clusters and are labeled ‘‘non-separated pairs.’’

(legend continued on next page)
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(Figures 7C and 7D). This suggests that although the core biolog-

ical processes are conserved, species-specific regulatory differ-

ences exist for individual proteins.

In summary, these findings provide compelling evidence that 

proteome asymmetry between sister blastomeres is a conserved 

feature of early mammalian development, detectable at both the 

individual protein and pathway level in mouse and human 

embryos.

DISCUSSION

For decades, it was assumed that all blastomeres of mouse 

and human embryos were developmentally equivalent until 

they acquired differential positions within the embryo at the 

8–16-cell stage transition. Yet, advances in live-cell tracing of 

individual blastomeres in living embryos and single-cell tran-

scriptomics have revealed that differences between blasto-

meres emerge much earlier in development. 9,10,12,29,51,80 Strik-

ingly, when 2-cell-stage mouse embryos are split into individual 

blastomeres, often only one sister proves truly totipotent, 8,16 

suggesting that symmetry is broken before positional cues 

appear. What then accounts for this early asymmetry? In this 

study, we applied single-cell MS-based proteomics to map 

intra-embryonic differences from the zygote to the 4-cell 

stage in normally fertilized and parthenogenetically activated 

embryos.

We identified striking asymmetries in protein abundance be-

tween sister blastomeres, emerging as early as the zygote stage 

and persisting through the 2- and 4-cell stages. In 2-cell mouse 

embryos, blastomeres consistently separated into two distinct 

clusters, which we termed alpha and beta. This proteomic 

dichotomy was also evident in human 2-cell embryos, where 

similar biclustering was observed.

Generating and processing these samples posed consider-

able technical challenges. We developed and optimized a proto-

col to obtain clean MS spectra free from protein contaminants 

present in culture media. To achieve this, matched blastomeres 

and zygote halves were carefully separated, thoroughly washed 

in pure water, and collected without lysis. While isobaric mass 

tags enabled multiplexing, they also introduce challenges in reli-

ably quantifying protein abundance in single cells, especially for 

proteins represented by a single peptide. To strengthen the 

robustness of our findings, we employed both DDA and DIA, 

two complementary and orthogonal methods, which yielded 

consistent results. Future studies could benefit from plexDIA 83 

for further mitigation.

We found that protein asymmetry is already established as 

early as the zygote stage, prior to ZGA, suggesting that symme-

try-breaking mechanisms are driven at least in part by post-

transcriptional processes. Importantly, we found that partheno-

genetic embryos exhibited no proteome asymmetry, and the 

sperm entry point correlated with the observed gradient of 

asymmetry—implicating fertilization as a trigger for symmetry 

breaking. These findings unify decades of observations linking 

the sperm entry site, blastomere heterogeneity, and cell fate, 

anchoring them in the landscape of proteomic heterogeneity 

within early embryos—mapped here using single-cell MS.

The data we present here reveal that proteins involved in pro-

tein degradation and transport pathways are not only highly en-

riched in blastomeres but also differentially enriched between 

alpha and beta cells. These findings point to a key role for protein 

turnover and trafficking in initiating cellular divergence prior to 

overt lineage specification. To demonstrate the functional utility 

of this resource, we selected three asymmetrically distributed 

proteins for targeted perturbation in mouse embryos. These ex-

periments revealed effects on lineage contribution, thus estab-

lishing a proof-of-principle link between proteomic asymmetry 

and developmental outcomes. While these three examples serve 

to illustrate biological relevance, they also highlight the potential 

for broad, systematic follow-up studies. Future work could 

explore how these proteins influence fate decisions: is this by 

modulating lineage-specific differentiation, survival, or prolifera-

tion and their molecular interactions and downstream transcrip-

tional effects? In addition, the dataset could serve as a resource 

for investigating mechanisms regulating the maintenance versus 

dissolution of totipotency. For example, proteins enriched 

in beta blastomeres—particularly those involved in protein 

degradation—may promote more rapid turnover of maternal 

proteins, impacting ZGA. By contrast, alpha blastomeres, which 

exhibit higher levels of translation-related proteins, may prolong

(C) A schematic showing the experimental harvesting of zygote halves following labeling of the fertilization cone (FC). Metaphase II stage (MII) oocytes were 

harvested and fertilized in vitro before FC labeling with a fluorescent bead. Zygotes were subsequently bisected meridionally such that one-half had the bead and 

the other did not.

(D) Representative images of zygotes during FC labeling (left) and following bisection (right).

(E) K-means clustering of FC-labeled zygote halves.

(F) Heatmap of the 201 proteins with significantly differential abundance (p value < 0.05 by Kruskal-Wallis test) between clusters 1 and 2 in FC-labeled zygote 

halves. n = 12 halves for the FC-labeled zygote stage.

(G) Scatterplot of median protein fold changes between FC-labeled zygote halves on the x axis and median protein fold changes between sister blastomeres at 

the 2-cell stage. The proteins chosen were both differentially abundant between cluster 1 and cluster 2 at the 2-cell stage and quantified in the FC-labeled zygote 

halves dataset. We see a significant positive correlation (r = 0.79, p value = 4.27 × 10 − 14 ).

(H) Scatterplot of the median log2 protein fold changes for alpha-beta proteins, which were quantified in both 2-cell-stage sample sets, showing the correlation 

between independent datasets and suggesting that cluster 1 is alpha-like and cluster 2 is beta-like.

(I) A schematic showing the FC labeling of in vitro fertilized MII oocytes, followed by culture to the 2-cell stage, after which sister blastomeres were separated from 

each other and cultured individually to the late blastocyst stage, and lineage composition was assessed.

(J) Representative examples of ‘‘half’’ blastocysts following FC labeling and splitting at the 2-cell stage, showing the blastocyst descended from the 2-cell-stage 

blastomere inheriting the FC (with FC) or not (without FC). Images are shown as maximum projections showing the composition of the ICM and the presence or 

absence of the fluorescent bead (arrowhead). Scale bars, 20 μm.

(K) Boxplots of EPI proportion (Sox17/Cdx2 double-negative cells divided by the total number of DAPI-positive cells in each blastocyst). Blastocysts descended 

from the blastomere that inherited the FC have a higher EPI proportion. Unpaired t test, p = 0.0298. n = 21 blastocysts with FC and 21 blastocysts without FC.
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maternal control over development, potentially contributing to 

their more limited developmental potential.

The proteome asymmetry described here provides a molecular 

foundation for previous observations of uneven developmental 

potential and lineage contribution in both mouse 8,10,15,16,51 and 

human. 9,17–20 Multiple lines of evidence link the division of blasto-

meres into alpha and beta classes with striking differences in 

developmental outcomes, despite the highly regulative nature of 

mammalian development. Our data show that beta blastomeres 

possess a greater developmental potential than their alpha coun-

terparts, as evidenced by their ability to give rise to blastocysts 

with more epiblast cells when isolated and cultured independently 

from each other. Furthermore, vegetal blastomeres at the 4-cell 

stage, which are known to have reduced developmental potential 

and have biased to contribute to the TE, 10,51 were more likely to 

exhibit an alpha proteomic identity than beta identity, linking early 

molecular asymmetry to downstream cell fate outcomes. Impor-

tantly, a similar proteomic dichotomy is observed between the 

blastomeres of human 2-cell embryos, indicating that early prote-

omic asymmetry may be a conserved feature of mammalian 

development.

Throughout our dataset, we observed variability in the extent 

of alpha-beta polarization, likely reflecting natural differences in 

cleavage orientation in relation to zygote asymmetry during early 

divisions. Previous studies have shown that cleavage patterns 

can influence the cell fate of mouse embryos. 10,11,51 This vari-

ability also aligns with earlier findings that, while only one blasto-

mere can give rise to a mouse when isolated from its sister in the 

majority of 2-cell mouse embryos, in a minority of embryos both 

sister cells retain such totipotency. 8,16 Together, the findings we 

present here suggest that early proteome asymmetry underpins 

symmetry breaking and contributes to variability in develop-

mental potential from the very first divisions of an embryo. 

While we did not observe simple 1:1 concordance between 

mouse and human proteomic profiles, our data point to 

conserved principles of asymmetric protein inheritance. The 

enrichment of proteins involved in protein degradation and other 

post-translational regulatory pathways may reflect a conserved 

mechanism for early symmetry breaking, with implications for 

broader developmental biology. Supporting this, a recent study 

revealed asymmetric lineage contribution in human embryos, 9 

reinforcing the cross-species relevance of our findings.

Figure 6. Proteome asymmetry in human 2-cell-stage embryos

(A) Representative images of human 2-cell embryos prior to and following splitting into individual blastomeres. Scale bars, 40 μm.

(B) Dendrogram illustrating the biclustering of human 2-cell-stage blastomeres. Embryo numbers are for indexing purposes only. Color coding indicates the 

cluster in which each blastomere is classified. n = 13 pairs from human 2-cell embryos.

(C) Heatmap of the 105 proteins that are differentially abundant between the two clusters. Human blastomeres are shown in the same order as the dendrogram on 

the x axis, while the proteins have been ordered through hierarchical clustering on the y axis.

(D) Extracted ion chromatogram of peptides mapping to VDAC2 on both the MS1 and MS2 levels, indicating consistent fold changes between sister cells.

(E) Boxplots of fold changes between sisters for proteins contributing to protein degradation and protein transport terms, which were found to be significantly 

differential between clusters in the human 2-cell-stage dataset.
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The results we present here may also help explain the 

biological underpinnings of diamniotic-dichorionic monozygotic 

twinning, which likely arises from embryo splitting at various 

pre-implantation stages and accounts for approximately 

one-third of monozygotic twin pregnancies. 84 The variable 

degrees of proteome asymmetry and developmental potential 

observed 8,9,16 could contribute to this infrequent but biologically 

significant phenomenon, underscoring the broader relevance of 

early proteomic asymmetry in mammalian development.

The mechanisms driving asymmetric protein localization 

remain unclear. Intriguingly, we find that components of cyto-

plasmic lattices—implicated in maternal protein storage in the 

oocyte 85 —are unevenly distributed between alpha and beta 

blastomeres. Two such lattice-associated proteins (Padi6 and 

Ooep) are enriched in beta cells, and several other lattice-en-

riched proteins show similar asymmetry. For example, RPs are 

more abundant in alpha cells, whereas mitochondrial proteins, 

peroxidase-related proteins, tubulin, and 14-3-3 proteins are en-

riched in beta cells. These findings suggest that maternally in-

herited proteins may bias early cell fate decisions as early as 

the 2-cell stage. Such asymmetry may lead to or be further 

amplified by asynchronous ZGA, reinforcing transcriptional and 

proteomic divergence between sister cells as development pro-

ceeds to the 4-cell stage.

In summary, our single-cell proteomics approach and func-

tional studies in relation to zygote fertilization uncover the 

earliest known proteomic asymmetries in the mammalian em-

bryo and identify fertilization as their trigger. These asymme-

tries align with differences in developmental potential, offering 

insights into the molecular origins of early heterogeneity and

Figure 7. Alpha and beta clusters are conserved in human embryos at the 2-cell stage

(A) Heatmap of pairwise correlations between mouse and human 2-cell-stage blastomeres based on all intersected proteins showing two clusters, and hence, the 

alignment of alpha and beta classification in mouse with the two human clusters.

(B) Heatmap of the Z scores of the median protein abundance for each human blastomere for intersected GO terms that were significantly differential between 

clusters in mouse and human.

(C and D) Heatmaps of the median fold changes between alpha and beta blastomeres in both mouse and human for proteins that were found to be significantly 

differential between alpha and beta clusters in mouse embryos. 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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cell fate bias in the mammalian embryo. By defining alpha and 

beta proteomic profiles, this work lays the foundation for inves-

tigating how early molecular differences influence totipotency 

and lineage allocation. Clinically, understanding these asymme-

tries could help optimize assisted reproductive technologies by 

guiding embryo selection for greater developmental viability.

Limitations of the study

A challenge in this study was validating the proteomic differ-

ences identified and quantified by MS using non-MS-based 

methods. We attempted to use an immunofluorescence-based 

approach to visualize our data and stained 2-cell-stage mouse 

embryos for beta-associated proteins (Dppa5a, Cdc42, and 

Ube2m) and alpha-associated proteins (Ncl, Nedd4l, and 

Sap18). At the level of individual proteins, significant differences 

in abundance were detectable (Figures S7A and S7B). However, 

when multiple proteins were considered collectively, the result-

ing fold changes did not allow for classification of the blasto-

meres (Figure S7C). Although both MS and immunofluorescence 

can theoretically detect low-abundance proteins, there are 

significant differences. MS quantifies peptides with high speci-

ficity, which is very challenging to achieve with antibodies and 

other affinity reagents. Furthermore, MS often quantifies multiple 

different peptides per protein, while immunofluorescence relies 

on individual epitopes, which may be inaccessible. These 

challenges of epitope specificity and availability, combined 

with potential variability in staining efficiency across embryos, 

limited the quantitative reliability of our immunofluorescence 

analysis. To circumvent this problem, we used two orthogonal 

MS methods within our manuscript to validate our findings: 

DDA 40,41 and DIA, 86 which use different ions (precursor ions for 

DIA and reporter ions for DDA) used for quantitation and thus 

have minimal shared biases. 81,82
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STAR★METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Goat anti-Sox17 primary antibody R&D systems Cat# AF1924; RRID: AB_355060

Rabbit polyclonal anti-RFP primary antibody Rockland Cat# 600-401-379; RRID: AB_2209751

Mouse anti-Cdx2 primary antibody Launch Diagnostics (Biogenix) Cat# MU392-UC; RRID:AB_2923402

Rabbit anti-Nanog primary antibody Abcam Cat# ab80892; RRID:AB_2150114

Donkey anti-Mouse IgG (H+L) Highly 

CrossAdsorbed Secondary Antibody, Alexa 

Fluor 488

Thermo Fisher Scientific Cat# A-21202; RRID: AB_141607

Donkey anti-Rabbit IgG (H+L) Highly 

CrossAdsorbed Secondary Antibody, Alexa 

Fluor 568

Thermo Fisher Scientific Cat# A10042; RRID: AB_2534017

Donkey anti-Goat IgG (H+L) CrossAdsorbed 

Secondary Antibody, Alexa Fluor 647

Thermo Fisher Scientific Cat# A-21447; RRID: AB_2535864

Chemicals, peptides, and recombinant proteins

M2 medium Millipore-Sigma Cat# M7167-100ML

EmbryoMax® Advanced KSOM Medium Millipore-Sigma Cat# MR-106-D

Hyaluronidase Sigma-Aldrich Cat# H4272

Tyrode’s solution Sigma-Aldrich Cat# T1788

Optima LC/MS Grade water Fisher Scientific Cat# W6500

Global Total culture medium LifeGlobal group Cat# H5GT-030

CARD medium Kyudo Cat# KYD-005-EX

Phytohaemagglutinin Sigma-Aldrich Cat# L8754

SrCl 2 Sigma-Aldrich Cat# 439665

mMessage mMachine T3 kit Thermo Fisher Cat# AM1348

MEGAscript T7 kit Thermo Fisher Cat# AM1334

Power SYBR Green RNA-to-CT 1-Step Kit Life Technologies Cat# 4389986

Arcturus PicoPure RNA isolation kit Arcturus Bioscience Cat# KIT0204

Doxycycline Sigma-Aldrich Cat# D9891-5G

Origio thaw kit Origio Cat# REF10984010A

Embryo Thaw Media Kit Fujifilm Irvine Scientific Cat# 90124

Continuous Single Culture-NX Complete 

medium

Fujifilm Irvine Scientific Cat# 90168

Deposited data

Dataset generated at Northeastern University Generated within this study massIVE: MSV000089353 (ftp:// 

msv000089353@massive.ucsd.edu)

Code Generated within this study Zenodo: https://doi.org/10.5281/zenodo. 

17469687

Dataset generated at California Institute of 

Technology

Generated within this study massIVE: MSV000098778 (ftp:// 

msv000098778@massive-ftp.ucsd.edu)

Experimental models: Cell lines

Mouse: CAG-GFP/tetO-mCherry ESCs Amadei et al. 87 https://doi.org/10.1016/j.devcel.2020.12.004

RUES2 hESCs Gift from Ali Brivanlou NA

Experimental models: Organisms/strains

B6SJLF1/J mice The Jackson Laboratory Cat# 100012; RRID: IMSR_JAX:100012
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

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 IU 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, C57BI6 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.

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.

Human Embryo 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, 89 The work performed here with human embryos is subject to recommendations based on Category 2a (Section 

2.2.2a Procurement and use of IVF human embryos for research in vitro) under the ISSCR guidelines, and is thereby permissible after 

ethical review and approval by relevant oversight bodies.

Human embryo work at the University of Cambridge was performed in accordance with Human Fertility and Embryology Authority 

(HFEA) regulations (license reference R0193). Ethical approval for the work was obtained from the ‘Human Biology Research Ethics 

Committee’ at the University of Cambridge (reference HBREC.2021.26) for the project ‘Investigating human development: from pre-

implantation to gastrulation’. 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

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Human embryos HRC Fertility Clinic 55 S. Lake Ave, 

9th Fl. Pasadena CA 91101, USA

N/A

Human embryos CARE Fertility Group and Herts & 

Essex fertility clinics

N/A

Recombinant DNA

pRN3P-mCherry Generated within this study N/A

pRN3P-Gap43-RFP Torres-Padilla et al. 11 https://doi.org/10.1038/nature05458; https:// 

idp.nature.com/authorize?response_ 

type=cookie&client_id=grover&redirect_ 

uri=https%3A%2F%2Fwww.nature. 

com%2Farticles%2Fnature05458

pRN3P-PCNA-Clover Gift from Charlotte Handford N/A

Software and algorithms

Fiji (ImageJ) Schindelin et al. 88 https://fiji.sc/; RRID: SCR_002285

Proteome Discoverer 3.0 Thermo Scientific CSW0064764

MaxQuant (version 1.6.17) MaxQuant RRID:SCR_014485
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were informed about the specific objectives of the project, and the conditions that apply within the license, before giving consent. 

Patients were also offered counselling 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: ‘A dynamic, multi-dimensional atlas of the human embryo: Guiding the dis-

covery of new pathways of development’). 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 counselling 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.

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, H5GT-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 2 
until the 2-cell stage 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 1μl 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.

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 (Fujifilm 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% CO 2 for 6-12 hrs 

until they reached the 2-cell stage.

Assisted hatching was performed using laser pulses at 200 μs (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 em-

bryo 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 in 1μl of pure water.

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.

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.

RUES2 hESCs were cultured in a humidified incubator at 37 ◦ C and 5% CO 2 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 rpm before being re-plated in mTesR1 medium sup-

plemented with 10μM 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.
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METHOD DETAILS

Single-cell sample collection

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 Technol-

ogies, 10010056) followed by 5 washes in pure water (Optima LC/MS Grade, Fisher Scientific, W6500), before being finally resus-

pended in 1μl of water and transferred 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). The second polar body detached during separation and washes in the majority of embryos, but the identity of the blasto-

mere with the polar body and whether the polar body remained attached or detached was annotated.

For PCNA live imaging experiments, zygotes were recovered as described above and microinjected. Following microinjection, em-

bryos were cultured in KSOM media (Merck, MR-106-D) under mineral oil (Biocare Europe, 9305) at 5% CO 2 , 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 ex-

periments where further culture was required following imaging, split embryos were transferred to Global Total culture medium 

(LifeGlobal group, H5GT-030) under mineral oil at 5% CO 2 , 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 90 under mineral oil at 5% CO 2 , and 37 ◦ C, for 72 hrs.

For knockdown experiments, zygote or 2-cell stage embryos were recovered as described above, injected and cultured in KSOM 

media under mineral oil at 5% CO 2 , and 37 ◦ C, until the required stage.

In vitro fertilization (IVF) and fertilization cone labelling

Following superovulation as described above, MII oocytes were recovered from the oviducts at 15 hrs post-hCG. Cumulus cells were 

removed by exposure to 200 IU/ml of hyaluronidase and oocytes were collected in CARD medium (Kyudo, KYD-005-EX). In parallel 

the cauda epididymis was recovered from culled males and the sperm extracted in CARD fertiup medium (Kyudo, KYD-005-EX). 

Following a 90 min capacitation at 5% CO 2 , and 37 ◦ C, motile sperm were combined with the oocytes for IVF and kept at 5% 

CO 2 , and 37 ◦ C for 2 hrs.

After IVF, the oocytes were cleaned of sperm and washed in M2 medium, and fertilized oocytes with a visible fertilization cone were 

collected. Fertilized oocytes were then transferred to a micromanipulator (Narishige) for the addition of a fluorescent microbead 

(approximately 6μm diameter, Polysciences, 18141) to the fertilization cone. A hole was manually made in the zona pellucida over-

lying the cone with a Piezo drive unit (Prime Tech) and the bead was pressed onto the cell membrane of the cone. Fluorescent (FITC 

labelled) microbeads were pre-incubated in M2 medium containing 500μg/ml phytohaemagglutinin (Sigma-Aldrich, L8754) overnight 

to allow for adhesion to the cell membrane.

For zygote splitting, labelled embryos were incubated in Advanced KSOM medium (SigmaMillipore, MR-101-D) from 3 hrs at 5% 

CO 2 , and 37 ◦ C to the pronuclei stage, after which they were washed into M2 medium and the zona pellucida was removed by brief 

exposure to acidic Tyrode’s solution as described above. Zygotes were then split meridionally, using the second polar body and the 

microbead as landmarks to orient the plane of splitting. Zygote halves were then collected as described above, annotating which half 

had the microbead attached. The bead fell off during the process of splitting in some cases. Furthermore, to ensure the microbead did 

not impact mass spectrometry analysis, sample sets were centrifuged following lysis, TMT labelling and sample pooling.

For split embryo culture experiments, labelled zygotes were incubated overnight in KSOM medium at 5% CO 2 , and 37 ◦ C to the 

2-cell stage. The zona pellucida was removed as described above and split sister blastomeres individually cultured to the blastocyst 

stage as above, annotating which sister had the bead attached.

Parthenogenetic activation of oocytes

MII oocytes were recovered as described above and activated in M2 medium with 10 mM SrCl 2 (Sigma, 439665) for 2.5 hrs at 5% 

CO 2 , and 37 ◦ C. Parthenogenetically activated oocytes were then washed and cultured in KSOM media under mineral oil at 5% CO 2 , 

and 37 ◦ C, until the 2-cell stage, after which they were split and collected as described above.

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 line-

arized using KpnI (New England Biolabs, R3142S). In vitro transcription was carried out using the mMessage mMachine T3 kit 

(Thermo Fisher, AM1348) and RNA purified via lithium chloride precipitation, according to the manufacturer’s instructions.
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pRN3P-Gap43-RFP and pRN3P-PCNA-Clover were linearized using SfiI (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 91 and amplified from mouse liver cDNA. In vitro transcrip-

tion was carried out using the MEGAscript T7 kit (Thermo Fisher, AM1334) and purified via lithium chloride precipitation, according to 

the manufacturer’s instructions. Primers used for dsRNA synthesis are listed in Table S6.

Microinjection

Injection was performed as previously described. 73 Briefly, embryos were placed in a depression on a glass slide in M2 medium 

covered with mineral oil.Microinjection was performed using an Eppendorf Femtojet Microinjector with negative capacitance to facil-

itate membrane entry. Synthetic mCherry mRNA and Gap43-RFP were injected at a concentration of 200 ng/μl. For PCNA live im-

aging experiments, mRNA was injected at 100 ng/μl. 78 For knockdown experiments dsRNAs were injected at a concentration of 

1000 ng/μl.

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 qRT-PCR are listed in Table S6.

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) over-

night 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), 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.

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 2 , and 37 ◦ C throughout imaging. Images were captured every 

15 mins with a z-step size of 5μm. 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 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 2 , and 37 ◦ C. The 

imaging interval was 15 mins and the z-step size 5μm. 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), 1mM PD0325901 (Cambridge Stem Cell Institute) and 10 ng ml-1 leukaemia inhibitory 

factor (Cambridge Stem Cell Institute) supplemented.
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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.

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.

Mass spectrometry (MS) sample preparation

Northeastern University: SCoPE2 and pSCoPE sample preparation

Isobaric carrier & reference: Sample preparation and analysis was performed as described by Petelski et al. 40 Briefly, mouse ESCs at 

a density of 2,000 cells/μl in 100μl 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). 40,41 Trypsin Gold (TG, Thermo) and triethylammonium bicarbonate (TEAB, 

pH = 8, Sigma) were added to the cell lysate to final concentrations of 10 ng/μl 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 amount (1μl) 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 labelled with TMT 126 and the reference was labelled with TMT 127N, with 

the labelling reaction proceeding for 1 hour. The reaction was quenched with 1% hydroxylamine (HA) for 30 minutes. Labelled ma-

terial was then evaluated via LC-MS/MS for labelling efficiency (> 99%). Carrier and reference materials were kept frozen -80 ◦ C until 

needed for multiplexing with single cells.

Single blastomere cells and zygote halves: 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/μl and 100 mM, respectively. The plate was then 

subjected to 37 ◦ C for three hours. Each well then received 0.5μl of selected TMT reagents and the plate was incubated at room tem-

perature for 1 hour. The labelling reaction was quenched with 0.5μl 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 (Figure S1B). Each TMT set was dried down and resus-

pended in 1.1 μl 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 to final concentrations of 10 ng/μl 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 μl of HPLC-grade 

water for subsequent mass-spectrometry acquisition.

California Institute of Technology

SCOPE2 protocol for single cell proteomics: Cells/cell halves were lysed via Minimal ProteOmic sample Preparation (mPOP) 

method. 40 Briefly, the frozen cells in 384 well plates were quickly heated to 90 ◦ C for 10 min to rupture cells and quickly cooled 

down to 12 ◦ C. A digestion mix containing 25 ng/μl Trypsin Gold (Promega) and 250 mM Triethylammonium bicarbonate (TEAB, 

Thermo Scientific) was made during the lysis. After lysis, the plate was sonicated in a water-bath sonicater for 5 min, and was briefly 

spun down before digestion mix was added. 0.5 μl of the digestion mix was added into each well containing approximately 1 μl lysate. 

The final concentration of the Trypsin Gold and TEAB was 8.3 ng/μl and 83.3 mM, respectively. The digestion was allowed under 37 ◦ C 

for 3 hr, and the lid temperature was set at 52 ◦ C. Again, the plate was briefly spun down before further processing. At the same time, 

aliquots of 0.2 mg TMT 18-plex reagents (Thermo Scientific) were dissolved using 21.6 μl of anhydrous acetonitrile (Sigma-Aldrich) to 

make a 22 mM stock. 0.5 μl of 22 mM TMT reagent was added into each well,and the reaction mix was incubated at room temperature 

for 1 hr. After reaction, 0.5 μl of 1% hydroxylamine (Thermo Scientific) was added to quench the reaction, and the quenching reaction 

was allowed for 1 hr. After quenching, all the samples in the same TMT set were carefully combined and directly transferred to a glass 

insert of an autosampler vial. 5 μl of anhydrous acetonitrile was passed through the wells to rinse any leftover peptide for two times, 

and all the rinsing solutions were combined with the sample. The sample was then dried down using a CentriVap (LabConco) and was 

stored at -80 ◦ C until LC-MS/MS analysis.

Mass spectrometry acquisition methods

Northeastern University

TMT sets of single blastomeres were analyzed according to the SCoPE2 protocol guidelines. Specifically, 1 μl out of 1.2 μl of each 

SCoPE2 pooled sample was loaded onto a 25 cm × 75 1 μm IonOpticks Aurora Series UHPLC column (AUR2-25075C18A). Buffer A
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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 

2200 V 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 Ion 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. 

California Institute of Technology

The sample in the autosampler vial was dissolved in 3 μl of LC-MS grade water and sonicated in a water-bath sonicater for 5 min. The 

vial was briefly centrifuged and transferred to the autosampler. The LC-MS/MS analysis was performed using a Thermo Eclipse Tri-

brid Mass Spectrometer coupled with a Thermo Vanquish Neo UHPLC system. The samples were analyzed on an Aurora Ultimate 

TS25 C18 column (25 cm x 75 μm, Ionopticks). Buffer A was 2% acetonitrile, and 0.2% formic acid in water, and Buffer B was 80% 

acetonitrile, and 0.2% formic acid in water. The gradient was 3% B for 1 min, 3-19% B for 54 min, 19-29% B for 21 min, 29-41% B for 

15 min, 41-95% B for 1 min, and 95% B for 8 min. The flow rate was kept as 220 nl/min. The spray voltage was 1600V in positive 

mode, and the ion transfer tube temperature was kept at 300 ◦ C. MS1 scan resolution was set at 60000, and scan range was 375-

1200. RF lens was set at 50%. The AGC target for MS1 was 300%, and the max injection time for both MS1 and MS2 was switched 

to auto mode. Intensity threshold for MS2 acquisition was 5.0e3, and dynamic exclusion was set to 45s. The isolation window for MS2 

acquisition was 0.8 Th, and the peptides were fragmented using HCD with 35% NCE collision energy. The MS2 spectrum was ac-

quired on orbitrap with 50000 resolution with the first mass as 120 Th. The AGC target for MS2 was 200%. The cycle time for duty 

cycles was 3 seconds.

Analysis of raw SCoPE2 and pSCoPE MS Data

Northeastern University

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.txt files. These evidence files were then analyzed together by DART-ID. 92 The data from the files processed from DART-ID 92 

was then processed with the SCoPE2 pipeline 41 with minor modifications, with filtering parameters including PEP < 0.03 and 

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

SCoPE2 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 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 Figure S4D. 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 asso-

ciated 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.

California Institute of Technology

The acquired data was processed using Proteome Discoverer 3.0 (Thermo Scientific) coupled with Chimerys. The raw data was 

searched against the swissprot proteome acquired from UniprotKB for corresponding species. The precursor tolerance was set 

at 10 ppm, and the fragment tolerance was set at 0.02 Da. Up to two miscleavages were allowed in the search, and only peptides 

within 7-30 amino acids were considered in the search. TMTpro (+304.207 Da) on lysine and peptide N-terminal was added as fixed 

modification, and oxidation (+15.995 Da) on methionine was added as variable modification. Carbamidomethylation (+57.021 Da) on 

cysteine was included as a fixed modification as requested by Chimerys search engine although no alkylation was made during the 

sample preparation. The search result was exported as excel files and was subjected to further analysis.

The search results were further analyzed using R code adopted from a previous publication. 41 Briefly, the data was normalized 

using median normalization, and imputed with a k-nearest-neighbor algorithm implemented by the impute.knn function from impute 

package in R. For each pair of cells/halves from the same embryo, the data was further normalized for each embryo. The data was 

further corrected by ComBat to mitigate the batch effect introduced by the TMT sets, and clusters were identified using a k-means 

clustering with k = 2. Differential expression analysis was performed between the two clusters using a Kruskal-Wallis test, and pro-

teins with a p value < 0.05 were identified as significantly differential expressed proteins between the two clusters. All the plots were 

first made using in-house python scripts and then rendered using Adobe Illustrator.
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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 6 AGC maximum, and 600 ms maximum injection time 

for both MS1 and MS2 scans.

Raw data was searched with DIA-NN (version 1.8) 93 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-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.

QUANTIFICATION AND STATISTICAL ANALYSIS

Image analysis and statistics

Images were processed with Fiji software 88 (2012, https://imagej.net/software/fiji/) to assess cell number and lineage allocation. Cell 

numbers were counted manually, using the multi-point counter function.

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/).

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.

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 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.
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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 data frame. 

That data frame 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 degra-

dation, 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.

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 abun-

dance 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 (q-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 (alpha-beta fold change greater than 0.05 or less than -0.05) based on their relative protein levels, 

as shown in Figure 4F. 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 cumu-

lative 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 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 cor-

relation, we also obtained a p-value. Protein sets were required to have more than two proteins and more than 50% of proteins quan-

tified. 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 hu-

man 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.

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. As zygote cutting may result in halves that are not exactly equal in 

volume, the peptide distribution of each sample (zygote half) was normalized for sample loading, thus accounting for any potential 

uneven sample distribution. This also aided the generation of one matrix of all samples to obtain relative protein quantitation. 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 bar plot. 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
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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 (Figure 2E).

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 0.45) and was highly significant (p-value = 1.39 x 10 -9 ).

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), 76 which was set up as described below, broadly following figure 

S4 from Huffman et al.

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 labelled 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 labelled 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, confi-

dence of identification and precursor ion fraction. The inclusion list is provided as a supplementary file.

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., 76 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, Figure 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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Supplemental figures

Figure S1. Data exploration, related to Figure 1

(A) Plot showing the number of clusters (k) plotted against the average silhouette width. In this case, k = 2 provides the best explanation for the data.

(B) Plot showing the probability of cells landing in the same cluster (alpha or beta) when changing the starting centroids in the k-means clustering approach 200 

times to obtain vectors of cell cluster classification for each iteration. The majority of embryos consistently fall into the same cluster, indicating that the clustering 

approach is stable.

(C) Representative density plot showing quantitation variability for peptides mapping to the same protein in each mouse blastomere.

(D) Plot showing the variance in alpha-beta protein quantitation for each blastomere of 4-cell-stage embryos. The y axis shows the variance of alpha and beta 

protein abundances in each blastomere.

(E) Plot showing the variability in alpha-beta protein fold changes among sisters from each 4-cell-stage embryo. The y axis shows the fold change between the 

mean abundances of alpha and beta proteins in each blastomere.

In (D) and (E), each grouping of 4 blastomeres represents an embryo on the x axis, and all blastomeres that were part of the same embryo are colored in shades of 

the same color.
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Figure S2. Cleavage pattern analysis between alpha and beta cells, related to Figure 1

(A) Schematic of division patterns from the 2- to 4-cell stage and representative stills from live imaging to classify division pattern. E denotes an equatorial division 

and M a meridional in relation to the animal-vegetal axis of the fertilized egg, with the first letter denoting the first cleavage and the second letter the second. ME, 

M-division followed by E-division; EM, E-division followed by M-division; MM, consecutive M-divisions; EE, consecutive E-divisions. The position of the PB is 

indicated with an asterisk. Scale bar, 20 μm.

(legend continued on next page)
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(B) Schematic showing the experimental harvesting of single blastomeres from 4-cell-stage embryos, with classified division pattern and order. Division pattern 

and order were classified by live imaging, following injection of synthetic mCherry mRNA to label one of the two sisters at the 2-cell stage. After live imaging, the 

zona pellucida (ZP) was removed, and blastomeres were separated from each other and collected for SCoPE2.

(C and D) Plots showing the q value distributions for protein-level and GO term-level analyses. The dotted line indicates a q value of 0.05.

(E) Plot showing the fold changes for proteins within the 5% FDR threshold in determining differences between alpha and beta cell clusters among the cleavage 

patterns.

(F) Plot showing the fold changes for GO terms that passed the 5% FDR threshold in determining differences between alpha and beta cell clusters within the 

scope of cleavage patterns.
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Figure S3. Differential biological processes between alpha and beta blastomeres and temporal overview of differences between alpha and 

beta cells, related to Figures 1 and 2

(A–C) Density plots showing the results of PSEA analysis, which revealed differential abundance of proteins related to specific biological processes between 

alpha and beta cell clusters, namely protein transport (A), protein transport (B), and protein translation (C).

(D) Scatterplot of raw reporter ion intensities from one representative blastomere versus 200 ESCs on the log 10 scale. Green points correspond to peptides of 

proteins mapping to the subcortical maternal complex. Red points correspond to peptides of proteins mapping to ubiquitin ligases. The diagonal line represents 

the separation between the two clusters. Similar scatterplots were observed for blastomeres across all stages analyzed. Upon systematic analysis of all blas-

tomeres in all stages, we found proteins involved in protein degradation and transport to be heavily enriched in blastomeres as compared with ESCs.

(legend continued on next page)
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(E) Bar plot showing the p values of the topmost enriched processes in blastomeres relative to ESCs. Green font corresponds to protein degradation processes, 

while yellow font corresponds to protein transport processes.

(F) Boxplots illustrating the levels of significantly differential (1% FDR) ribosomal proteins (RPs) between alpha and beta cells. The color of the boxplots cor-

responds to the developmental stage. RPs were tested separately between alpha and beta cells and for each stage.

(G and H) Boxplots showing the correlation values of protein sets (by highest absolute correlation value) obtained from analysis across the stages to identify 

processes that are increasing in alpha or beta blastomeres, respectively.
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Figure S4. Validation of knockdown and assessment of knockdown of an alpha protein (PSMC4), related to Figure 3

(A) Schematic for validation of dsRNA-mediated knockdown. Embryos were injected with dsRNA targeting candidates (Nedd8, dsNedd8, Gps1, dsGps1, 

PSMC4, and dsPSMC4) or eGFP (control) and collected after 48 h for RT-qPCR at the 8-cell stage.

(B) Nedd8 mRNA expression was assessed relative to control embryos. Control, n = 14 embryos; dsNedd8, n = 14 embryos.

(C) Gps1 mRNA 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) Representative images of control (ds-eGFP) and of dsPSMC4 blastocysts, following the same experimental design as Figure 3A. Scale bar, 20 μm.

(F) Bar chart showing the average total number of cells and the number of RFP-positive or -negative cells in control and dsPSMC4 late blastocysts.

(G) Boxplot showing the RFP-positive proportion of total cells in each blastocyst. Decreased contribution of dsPSMC4 cells can be seen. Mann-Whitney test, 

***p < 0.001.

(H) Bar plot showing the contribution of RFP-positive cells to the trophectoderm (TE, Cdx2 positive), primitive endoderm (PE, Sox17 positive), and epiblast (EPI, 

double-negative), with dsPSMC4 contribution assessed relative to controls. dsPSMC4 cells show decreased contribution to all three lineages. Mann-Whitney 

test, *p = 0.0449 (PE), *p = 0.0475 (EPI), **p < 0.0017. Control, n = 10 embryos; dsPSMC4, n = 16 embryos.

Data are shown as mean ± SEM. For (F)–(H), data are shown as individual data points on a box and whiskers plot.
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Figure S5. Sister 2-cell blastomeres show differences in their development, related to Figure 4

(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 one twin has more (high) or fewer (low) epiblast (EPI) cells. Images are maximum projections 

showing the composition of the ICM.

(C) Plots showing the number of cells in each lineage (trophectoderm [TE, Cdx2-positive], EPI [Nanog-positive], and primitive endoderm [PE, SOX17-positive]) for 

twin embryos classified as high or low EPI within the blastocyst pair. n = 32 pairs of blastocysts.

(D) Density plot showing the alpha-beta protein fold changes following global (across all embryos) normalization. The blastomere type (‘‘alpha’’ or ‘‘beta’’) was 

defined by K-mean clustering following within-embryo normalization for the 2-cell-stage samples in which the proteomes of both sisters were analyzed. The 

alpha-beta fold change was then computed for each blastomere following normalization to the mean across all single 2-cell blastomeres rather than within each 

2-cell embryo. Color 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.

(legend continued on next page)
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(E and F) Plots showing the cell number in each lineage and proportion of each lineage, respectively, in blastocysts from Figures 4A–4D. n = 81 embryos.

(G) Scatterplot of the total number of cells in each paired blastocyst versus the alpha-beta polarization of the sister cell analyzed by MS. No correlation is 

observed.

(H) Scatterplot of PE proportion in each paired blastocyst versus the alpha-beta polarization of the sister cell analyzed by MS. A negative correlation that is not 

statistically significant is observed.

In (G) and (H), circle size indicates the total number of cells in the imaged blastocyst, and circle color indicates the number of lineages present in each blastocyst.
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Figure S6. Alpha-beta polarization does not relate to cell cycle asynchrony as assessed by PCNA expression, related to Figure 4

(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 h post hCG, during the transition from S to G2 phase, before being collected for single-cell 

proteomics.

(B) Representative still images of live imaging with 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 min. Scale bar, 10 μm.

(C) Boxplots of alpha-beta polarization (derived from normalization across all single blastomeres) as distributed between blastomeres that exited S phase either 

early or late. n = 30 blastomeres from 15 embryos.

(legend continued on next page)
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(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 live imaging, split embryos were cultured to the blastocyst stage, and lineage composition was assessed by 

immunofluorescence.

(E) Epiblast and total cell number in blastocysts do not show any relation to S/G2 transition. Live imaging was used to determine which sister had exited S phase/ 

entered G2 first or second. n = 38 blastocysts from 19 2-cell-stage embryos.
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Figure S7. Immunofluorescence-based approach to assess proteome asymmetry, related to Figure 1

(A) Representative immunofluorescence staining of asymmetrically distributed proteins in late 2-cell-stage embryos, following fixation and labeling with the 

corresponding antibodies. Scale bars, 20 μm.

(B) Quantification of immunofluorescence signal intensity. Sister blastomeres were classified based on signal intensity as ‘‘high’’ or ‘‘low,’’ as indicated on the x 

axis. Dppa5a, n = 81 embryos; Ncl, n = 23 embryos; Cdc42, n = 17 embryos; Nedd4l, n = 18 embryos; Ube2m, n = 11 embryos; Sap18, n = 14 embryos.

(C) Comparison of fold changes as quantified by mass spectrometry (MS) (top) and immunofluorescence (IF, bottom). For MS data, fold changes were calculated 

between alpha and beta cells as defined by clustering. For IF data, Dppa5a signal intensity was used to classify sisters, and fold changes were calculated 

between Dppa5a-high and Dppa5a-low sisters. Overall, IF was unable to detect intensity differences that corresponded to the MS data.
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