bioRxiv preprint doi: https://doi.org/10.1101/2024.09.05.609098; this version posted September 7, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

Human ESC culturing Human gastruloid induction Early Late B
Gastruloid Gastruloid [ Filtered [ Unfiltered B Human [l Mouse
Naive Primed Primed -96h -72h -48h -24h Oh 24h 48h 72h 96h 120h ) 1
Ha HO  RUES? | | 1 1 | 1 1 1 | 1% Primed_rep3 | IE—
) \ 5 T T T T T T T T T ™ Primed_rep2 - I
StemFlex ¥ + Nutristem P;Jlrn_ed,rem: =
Neg2r Exse Nane_rope | E—
Phag o CHR s Naive.rep1 | IR
XAV939  omm RA 500nM 100M 7500 E 'e_ ep1] —
Go 2m Y-27632 10uM | M SuM ate_repd | —————
LF * Matrigel = Lato-rep | —
_ Early_rep3- I
5 Early_rep2 I
Mouse ESC culturing and gastruloid induction 8 . dHUEégz_reg;- [
5000 rimes ' _rep3 - NN
k= PrimedRUES2_rep2- |
Naive Primed Early Late g PrimedRUES2_rep1 | I
MESCs  ESCS/EpiLCs Gastruloid  Gastruloid | & ﬁ::m:g:g-;gpg: =
24n  48h Seeding 24h  48h 72h  96h 144h primeng}e& ]
I I » 1 ! ] l 1 e NaiveH9_rep3 - I
T T T T T gl 2500 NaiveH9_rep2 | I
—Pp | N2B27 NaiveH9_rep1 | NG
FD UM Late_rep3 | N
CHIR 3w 3um Late_rep2 | N
UF . Late_rep1 | I
KSR + Early_rep3 | I
bFGF + 0 Early_rep2 - N
ActivinA + . . Early_rep1 -j_—'_'i
Human Mouse 0 2500 5000 7500
Species Proteins quantified
RNA E Protein F Phosphosite
43 333
Human g8 gt
Nalve (H9) Primed (H9) Primed (RUES2) ‘éé‘ﬁﬁ % é 2388
10° R*=097 10° R*=097 10° R®=095 S B R EEEdge
- - - ITITTT b= TIIT
BE5ce EEEEEE
23%5¢ fex283
TT1 NaiveH3_rep2 T 11 PrimedRUES2_rep1
1T NaiveH3_rept 1T PrimedRUES2_rep2
NaiveH9_rep3 PrimedRUES2_rep3
10 10° 10° PrimedRUES2_rep2 NaiveH9_rept
PrimedRUES2_rep1 NaiveH9_rep2
H PrimedRUES2_rep3 NaiveH9_rep3
Early Gastruloid Late Gastruloid Naive uman ;rim:g:g_rsg; i’[mgng_mg;
rimedHo_rey imedHS_rey
10°1 42 _ og6 PrimedHI_rep3 L[ [ || PrimedH9_rep3
. Ealy repe Eary e
o Early_rep3 u Early_rep3
| Late_rep1 Late_rep2
1079y, Late_rep2 T Late_rep1
H H Late_rep3 | Late_rep3
: s -
10" 10" 10° 10 10° 10° ey ggg§%§_w A
BEe gy ERE ey ggEitase
Primed Early Gastruloid Lato Gastruloid 222RER .4 RS 8
10° A7 =096 10° A% =087 109, X 222¢5a 555 2222445558488
= = A" =096 Naive_rep1 [ [ Naive_rept
16¢ . laive_rep2 | | Naive_rep2
awzareps1 r;aweearep:l|
rimed_rey rimed_r
rimed, regz Prlmed_v:Z
o8 = Mouse rimed_rep3 Primed_rep3
g 10° 10° Late_rep1 Late_rep1
Late_rep2 Late_rep2
Iéalejepa \éabe,re
arly_rep1 arly_rep1 Pearson R
Early_rep2 Early_rep2
Eary 1op3 i NE s
G Human Mouse H
° Nucleoplasm (4867) | i [l Human
Cytosol (2993) | — Mouse
e e Vesicles (1568) | [ u
= 5 ] Plasma membrane (1525) | |
s v Mitochondria (961) |
c & o Golgi apparatus (835) - ——
S S Nucleoli (649) | | —
a a Endoplasmic reticulum (459) -
‘ & Nuclear speckles (406) | —
Nuclear bodies (319) | [
PC1 (42.93%) PC1 (56.07%) Centrosome (216) | | m—
Microtubules (204) | —
‘ Nucleoli fibrillar center (195) | —
z z Nuclear membrane (195) —
- Y & Cell Junctions (194) 1 —
s 2 = *® Actin fil
B < - in filaments (139) | | —
S o e Nucleoli rim (136) | | ——
a oy (N) Intermediate filaments (114) | ——
g £ Centriolar sateliite (101) | —
[ 4 ° Focal adhesion sites (90) | [
L] Cytoplasmic bodies (43) | E—
PC1 (44.98%) PC1 (49.96%) Mitotic chromosome (27) | I —
Cytokinetic bridge (27) | | —
L - Lipid droplets (26) | —
2 7 3 Peroxisomes (22) | | —
) & Mitotic spindie (19) 1 —
s 2|e 2 Midbody (19) -
< e Lysosomes (17) | I ——
o o o Endosomes (16) |
F-
g g Q Rods & Rings (6) | "
® Midbody ring (5) | I ——
Le L & Microtubule ends (4) |
PC1 (52.31%) PC1 (44.13%) Aggresome (4) | Se—
st Kinetochore (2) | | —
R ST
age 000 025 050 075 100

Naive @ Primed Early ® Late Fraction detected


https://doi.org/10.1101/2024.09.05.609098
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.09.05.609098; this version posted September 7, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

Supplementary Figure 1. Mapping the dynamics of gastruloid development using multi-omics. (A) Timeline and
conditions for human and mouse ESC culturing and gastruloid induction. (B) Total numbers of proteins quantified across
all human or mouse samples. Protein identifications were filtered to a 1% FDR and required summed TMTpro reporter ion
signal-to-noise ratios >100 for quantitation. (C) Total number of proteins quantified within each sample/replicate. (D)
Scatterplots comparing the RNA counts between biological replicates for each sample. (E-F) All-by-all sample similarity
matrices of pairwise Pearson correlation coefficients (rpearson) Calculated from summed protein (E) or phosphosite
intensities (F) across human (top) or mouse (bottom) samples. (G) PCA plots of PC1 vs. PC2 using RNA (top), protein
(middle) or phosphosite (bottom) data across human (left) or mouse (right) samples. (H) Fraction of proteins assigned to
each of 34 subcellular localizations by the Human Protein Atlas that were successfully detected here. Numbers within
brackets indicate the total numbers of proteins within each class shown.
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Supplementary Figure 2. Mapping differentially expressed biological processes across gastruloid development.
(A) Heatmap indicating the number of differentially expressed proteins (DEPSs) between pairs of human samples. DEPs
fitered to an absolute log, fold change >= 1 and BH-adjusted p-value < 0.05. (B) Volcano plot depicting the DEPs
between primed H9 vs. primed RUES2-GLR ESCs. (C) Dot plot indicating the GO terms enriched in DEPs between
primed H9 vs. primed RUES2-GLR ESCs. (D) Dot plots indicating the GO terms enriched in DEPs between adjacent
stages of human samples. Color scales for dot plots indicate the BH-adjusted p-value and sizes of dots indicate the
number of genes detected within each term. (E) Volcano plots depicting the DEPs between adjacent stages of mouse
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samples, where x-axis represents the log, fold change between two adjacent timepoints and y-axis represents the
negative log,o of the BH-adjusted p-value. (F) Scatter plots comparing mouse and human proteomes across adjacent

stages. Comparisons were filtered to proteins with an absolute log, fold change >= 1 across both species. Mitochondrial
proteins highlighted in yellow.
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Supplementary Figure 3. Mapping pairwise protein co-regulation onto known protein
cooperative protein associations across gastruloid development. (A) Number of observed edges (y-axis) in the
correlation network as a function of absolute rpeqrson (X-axis). (B) Summary of correlated and anticorrelated edges in the
network. (C) Fraction of correlated and anticorrelated edges stratified by GOBP, GOCC, Localization, Pathway, GOMF,
BioPlex PPI, and Complex databases. Dashed line indicates the fraction of positively correlated edges in the trimmed
network. (D) Fraction of correlated edges in the trimmed network explained by at least one database (y-axis) as a function
of Ipearson (X-axis). Horizontal and vertical dashed lines respectively indicate the fraction of edges explained in annotated
network and rpearson at 0.95. (E) Summary of correlated edges in the trimmed network explained by shared membership in
a Gene Ontology biological process (GOBP), cellular component (GOCC), molecular function (GOMF), localization,
pathway, protein-protein interaction (BioPlex) or protein complex. Dotted line indicates the cumulative number of edges
explained within the observed (circles) and annotated (triangle) networks. (F) Distribution of rpeason fOr protein pairs in
CORUM and ComplexPortal complexes. (G) Fraction of complexes detected in correlation network (x-axis) versus size of
protein complex (y-axis). Dots colored by database used to curate the protein complexes. (H) Workflow to map
cooperative proteins associated with detected modules. (I) Number of cooperative proteins detected (y-axis) as a function
of complex size (x-axis). (J) The number of annotated ComplexPortal complexes that were found to be cooperative with
each individual protein in the correlation analysis (x-axis), e.g. ZZZ3 was assigned as a cooperative protein to 32
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ComplexPortal protein complexes. (K) Venn diagram indicating the number of cooperative proteins with physical protein-
protein interaction evidence to at least one subunit of their associated complex.
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Supplementary Figure 4. Identifying patterns of RNA-protein discordance across gastruloid development. (A) The
temporal dynamics of the HOX gene expression cluster. Rows indicate genes, while columns signify samples. Color scale
represents the log2 fold change of transcripts normalized to each sample’s respective species mean. (B) Representative
examples of RNA vs. protein abundance correlation for SOX2 (red) and LAMTOR?2 (teal). (C) Distributions of RNA-protein
correlations (rpearson) fOr gene sets grouped by protein class (curated from Human Protein Atlas). (D) Scatterplot of RNA
(x-axis) and protein (y-axis) abundance across stages of mouse or human gastruloid development. (E) Hierarchical
clustering of patterns of RNA-protein discordance ratios across genes during mouse gastruloid development. (F) Protein
complexes whose RNA abundances differ significantly from their protein abundances when comparing early vs. late
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mouse gastruloids. (G) Workflow for identifying putative downstream targets of stage-specific transcription factors. (H)
Stage-specific protein expression of Sox2, Sox3, Tfap2c and Gata6. (I) Representative heatmap depicting the rpearson
correlation coefficients of transcription factor protein abundance (columns) to downstream target transcripts (rows) (J)
RNA abundance distributions (y-axes) of target transcripts to aforementioned transcription factors (top). Colors indicate
the enriched (cyan) or background (gray) target transcripts to the corresponding transcription factor. Significance
estimated using ANOVA (n.s. denotes not significant; * denotes p < 0.05; **** denotes p < 1.3e-8).
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Supplementary Figure 5. Mapping phosphorylation states across gastruloid development. (A) The temporal
dynamics of phosphorylated peptides across mouse gastruloid development. (B) Number of phosphorylated sites (y-axis)
identified per amino acid residue (x-axis). (C-D) Distribution of Pearson correlation coefficients (rpearson) from comparing
the abundances of phosphosites to their respective (C) human or (D) mouse proteins. (E) Effects of temporal Chiron
treatment on protein and/or phosphorylation dynamics of Gsk3a, Gsk3b, Ctnnal, and Ctnnbl. (F) Distribution of rpearson
computed from comparing temporal abundances of conserved phosphorylation motifs between human and mouse (left).
Representative tile plots of conserved and diverged phosphosite profiles across motifs shared between humans and mice
(right). Detected peptide (bold) and phosphorylated residue (magenta) are highlighted above each tile plot. (G) Volcano
plots comparing differentially expressed phosphosites between primed RUES2-GLR vs. late gastruloids (left) or between
H9 vs. RUES2-GLR primed ESCs (right). X-axis represents the log, fold change between 2 samples and the y-axis
represents the negative log;o of the BH-adjusted p-value. (H) Proportion of human protein kinases detected by kinase

group. Kinase annotations curated from KinMap explorer
pairs detected across human gastruloid development. Pairs curated from PhosphositePlus.
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Supplementary Figure 6. (A) Number of cooperative disease proteins with physical evidence in BioPlex or BioGrid to
known protein complexes. (B) Oxidative phosphorylation co-regulatory network (pathway associations curated from
WikiPathways). Proteins associated with Leigh syndrome (blue stars) were enriched in the oxidative phosphorylation co-
regulation network (Pathway curated from WikiPathways). (C) Temporal protein profiles of the Commander complex
across human and mouse gastruloid development. (D) Histogram of quantified phosphopeptides, kinases and
phosphorylated proteins associated with developmental disorders. (E) Temporal phosphorylation states and protein
profiles of CDK13, TCF20, and NONO broadly associated with intellectual disability and related developmental disorder.
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