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Bowen Shen?1 Leena R. Pade®!, Fei Zhou?, Peter Nemes?2
aDepartment of Chemistry & Biochemistry, University of Maryland, College Park, MD 20742

Abstract

Subcellular proteomics maps protein localization within restricted domains of a cell,
complementing high-resolution imaging by expanding the number of proteins that can be profiled
at once. Achieving this at depth from subcellular inputs remains challenging. Here, we advance
microprobe capillary electrophoresis—mass spectrometry (CE-MS) with trapped ion mobility
spectrometry and data-independent acquisition (diaPASEF) to quantify more than a thousand
proteins from opposite poles of an asymmetrically dividing embryonic blastomere in live Xenopus
laevis embryos. From ~200 pg of HelLa digest—approximately 80% of a cell—the technology
identified 1,035 proteins with high reproducibility in quantification (coefficient of variation <15%
across technical triplicates). With microprobe sampling in vivo, we quantified 808-1,022 proteins
from opposite poles of the dorsal-animal (D1) blastomere before division, and we traced how
these spatial distributions are retained or remodeled in the descendant D1.1 (neural-fated) and
D1.2 (epidermal-destined) cells. To decouple subcellular distributions from dorsal-ventral axis
cues, we perturbed patterning by ultraviolet ventralization. These results establish microprobe
CE-MS for deep subcellular proteomics in intact embryos and reveal spatially distinct protein
distributions during early fate specification. These spatial proteome differences appear consistent
with early lineage tendencies yet precede and likely bias, rather than fix, later fate decisions that
depend on gastrula-stage inductive signals.
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Cells are defined not only by which proteins they express but also by where those proteins
reside. Subcellular mapping of protein localization captures cell state; however, available
technologies often trade depth for spatial precision. Imaging captures exquisite spatial
details but probes only a few targets at a time (reviewed in refs. 1 and 2). Mass spectrometry
(MS) can quantify thousands of proteins but has traditionally lacked sensitivity and spatial
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context at the scale of tiny cellular niches. Bridging this technological gap remains a key
objective in cell biology.

Xenopus laevis offers a tractable and robust system for relating molecular organization

to fate. Decades of work in this model have defined canonical mechanisms of early
development and vertebrate body plan patterning (e.g., reviewed in refs. 3-5). After
fertilization, microtubule-driven cortical rotation establishes dorsal-ventral cues, which are
refined at gastrulation by bone morphogenetic protein (BMP) signaling. Large cell size,
precise manipulability, and stereotyped fates make Xenopus especially useful for studies
(e.g., reviewed in refs. 6-8). At cleavage, the dorsal-animal (called D1) blastomere (Fig.
1) reproducibly yields offspring cells that contribute to the neural ectoderm (e.g., D1.1, or
D11 lineage) or head epidermis (e.g., D1.2, or D12 lineage) (9), yet these tendencies are
conditional. For example, the epidermally fated D12 can adopt neural identity when BMP is
inhibited, and the neural-destined D11 can become epidermal if inductive cues are absent.
Whether asymmetric subcellular protein organization in a precursor such as D1 biases the
responses of its descendant cells remains a central question in the molecular logic of cell
differentiation.

Single-cell MS has rapidly advanced, increasing proteome depth from individual cells across
diverse contexts (e.g., reviewed in refs. 10-12). In Xenopus blastomeres, early analyses
reported ~800 proteins, (13, 14) rising to ~1,700 proteins with sensitivity gains in capillary
electrophoresis (CE) (13-17) and liquid chromatography (LC) (18, 19). Modern single-cell
MS can now quantify up to thousands of proteins per mammalian cell, including early
metastatic lung cells (20), monocytes/macrophages (21, 22), and neutrophils (23, 24).
Patch-clamp proteomics of identified neurons has detected ~160 proteins from the soma
(25) and ~1,400 proteins from whole cells (26). Progress toward subcellular proteomics

has also accelerated (reviewed in refs. 10 and 27-29). However, many current strategies
fractionate large populations, mapping more than 12,000 proteins across 13 organelles

(30) or ~7,600 proteins across 19 compartments (31) and tracking dynamics across
subcellular compartments (32), while sacrificing single-cell and cell-type specificity (33).
Microsampling CE-MS proteomics (15) has partially addressed this challenge by providing
access to single cells in tissues (e.g., reviewed in refs. 10, 34, and 35). However, in vivo
approaches that sample defined subcellular volumes within identified cells remain limited
in terms of proteome depth and throughput, particularly in fast-dividing blastomeres in live
embryos.

Here, we develop a minimally invasive, sensitive workflow to profile opposite poles within
the same blastomere of live embryos to decipher protein differences during asymmetric
division. This report builds on our disclosure of the technology in 2023 (36, 37). Our
technological milestone was to advance microprobe CE-MS (15, 16) sensitivity to at

least 1,000 proteins in subcellular niches reliably. To mitigate chimeric MS?2 spectra
encountered previously using orbitrap MS (17), we leverage timsTOF MS (38) features:
rapid ion-mobility separation to reduce spectral interference, ion trapping to increase signal
accumulation, and full-duty-cycle MS? for efficient peptide sequencing. We then map how
the D1 blastomere proteome is partitioned across opposite poles, test inheritance versus
remodeling into the descendant D11 and D12 cells, and assess Spemann’s Organizer
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dependence by ultraviolet (UV) ventralization. The resulting in vivo subcellular proteome
maps provide a benchmark for targeted functional studies of protein distributions in early
embryos, which can be followed up in subsequent investigations.

Fig. 1 illustrates the integrated biological and analytical workflow. We scaled capillary-
microsampling (15) to collect subcellular proteome niches from the D11 and D12 poles
within the same D1 blastomere (8-cell stage), respectively referred to as ‘D11 and ‘D12, and
from the cytoplasm of the descendant D11 and D12 blastomeres (16-cell stage). Sampling
took ~10 s per aspiration in the live embryos, faster than the ~20 min developmental

time between the 8- and 16-cell stages at room temperature. The aspirates were processed
using a minimal-proteome workflow and analyzed by CE-MS. The proteome profiles were
evaluated by established multivariate and statistical analyses. Technical details are in SI
Appendix. Because the ‘D11 and D11 lie more dorsally than the ‘D12 and D12, we repeated
measurements in UV-ventralized embryos to test dependence on dorsal-ventral patterning.
This study was not designed to assign function to individual proteins. The resulting in

vivo protein maps provide hypotheses for targeted follow-up experiments. All protein
identifications and quantitative values are provided in SI Appendix for transparency and
reuse.

Enhancement of Proteome Sensitivity.

Proteome coverage was the key constraint for subcellular profiling. We benchmarked
technical performance using ~200 pg of HelLa proteome digest, equivalent to ~80% of

a cell. The samples were analyzed on a validated CE-timsTOF mass spectrometer (15)

(SI Appendix, SI Methods). diaPASEF acquisition was optimized using complementary
windowing schemes across technical quadruplets: “broad” (/2 400-1,200 Th, 15 m/z
windows, 4.80 s cycle time), “wide” (500-1,200 Th, 20, 2.74 s), extra-wide (400-1,200 Th,
25, 2.74 s), and “super-wide” (400-1,600, 50, 2.85 s). The extra-wide scheme yielded the
deepest coverage (Fig. 2A). Because library-based DIA can outperform library-free analysis
at low input (39), we built a project-specific spectral library from 28 ddaPASEF runs of 10
ng HeL a digest per run (~40 cells) and identified 1,035 proteins in 20-min CE separations.

We quantified 1,015 proteins across technical triplicates from ~200 pg input (Dataset S1).
Standard LFQ was performed to estimate protein concentrations (SI Appendix, SI Methods).
The median LFQ CV were <15% for all acquisition schemes and for both library-free

and library-based processing, indicating high reproducibility (Fig. 2B). Protein abundances
from library-based and library-free analyses correlated strongly (Fig. 2C, Pearson p =
0.81), revealing robustness, consistent with our recent work (40). Compared with our prior
CE-DIA on an orbitrap analyzer (17), CE-diaPASEF on the timsTOF PRO identified
~50% more proteins from single-cell-equivalent digests, broadly extending into the lower-
abundance range (Fig. 2D; £=9.27 x 10789). With a higher sensitivity, we selected

the 25 m/z extra-wide diaPASEF configuration, along with library-based analysis, for all
subsequent single-cell and subcellular measurements.
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Exploring Subcellular Proteome Niches.

With the optimized CE-MS configuration, we integrated capillary microsampling to probe
subcellular proteome heterogeneity. As shown in Fig. 3A, we microaspirated ~10 nL
(~5% volume) from the ‘D11 and ‘D12 within the same D1 blastomere and the ~90 nL
cytoplasmic content from the D11 and D12 descendants. The sampling was performed in
n =4 to 5 biological replicates (BRs) per condition, with each sample analyzed in 2 to

3 technical replicates (TRs). The BRtg identities were traced through the study. However,
access to this information was blinded during unsupervised analysis and was only revealed
for supervised data analyses and to aid in the interpretation of results.

The subcellular samples were processed at ~10- to 100-times lower amounts than typical
bottom—-up workflows, yielding ~3.5 pL digest per aspirate. Approximately 10 nL of

each extract, corresponding to ~0.015% of the D1 proteome, was finally analyzed on

the CE-timsTOF platform. We quantified 808 proteins in the ‘D11 and 1,022 in the

‘D12 (Dataset S2). STRING protein—protein interaction analysis of canonical functions
revealed enrichment for translation, mitochondrial respiration, glycolysis/gluconeogenesis,
proteostasis, amino acid metabolism, protein folding, and nuclear transport, consistent with
an active biosynthetic and metabolic organization within discrete subcellular niches.

The protein concentrations were compared. Supervised tests (two-sided Student’s ftest, P

< 0.05; fold change > 1.5) identified 158 differences: 27 proteins enriched in the ‘D11 and
131 toward the ‘D12 in the D1 cells. The remaining 755 proteins had comparable abundance
(Fig. 3 B, 7op; and Dataset S3). Unsupervised HCA of the top 45 differentially abundant
proteins (Fig. 3 B, Botton; and close-up in SI Appendix, Fig. S1) grouped the samples

by pole identity despite information on sample identities being withheld, with two clusters
enriched in the ‘D12 (groups #1 and #2) and one in the ‘D11 (group #3). Gene ontology
(GO) analysis using PantherDB (41) returned functions enriched in binding (86 proteins),
catalytic activity (85 proteins), and structural molecule activity (20 proteins).

We examined representative proteins for canonical roles using Xenbase.org (42) as the
search engine. Cytochrome c oxidase subunit 7A2 (Cox7a2) was 5.27-fold higher in the
‘D11 (cluster #3; £=0.002), consistent with roles in mitochondrial respiration (43) and later
neural expression at tailbud stages (44). Class Il B-tubulin (Tubb2b) was 5.05-fold higher in
‘D11 (P=0.0003), aligning with forebrain expression (45). In contrast, myosin heavy chain
9 (Myh9) was 1.48-fold higher in the ‘D12 (£ = 0.01), in line with its epidermal expression
in zebrafish (46). Additional D12-enriched examples included cathepsin D (Ctsd: 6.02-fold;
P=0.0016), elF2 alpha kinase activator homolog GCN1 (Gcn1l: 4.40-fold; A= 0.005), and
adenosylhomocysteinase (Ahcy: 2.4-fold, £=0.01), all of which are linked to epidermal,
retinal, or ectodermal fates (42), a stereotypical destiny of the D12 blastomere lineage (9).
These associations provide biological plausibility for the observed spatially distinct protein
distributions within a single blastomere; however, they do not assign function at cleavage
stages.

Proc Natl Acad Sci U S A. Author manuscript; available in PMC 2026 May 04.


http://Xenbase.org

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Shenetal. Page 5

Proteome Remodeling During Asymmetric Division.

We asked whether subcellular differences in the D1 precursor persist in the descendants.
We extended microprobe CE-diaPASEF to the descendant D11 and D12 blastomeres in n
=410 5 BRs, each from a different embryo, using unpaired statistical tests. The aspirations
were conducted in a random order. Approximately 5 ng total protein (~0.03% of the cell
proteome) was analyzed per run. We identified 1,220 proteins in D11 and 891 in D12
(Dataset S4). The measured protein LFQ concentrations (Dataset S5) were compared. Most
proteins were comparable between the D11 and D12 (864 with 2= 0.05 or fold change <
1.5), while 185 differed significantly. Of these, 114 were higher in the D12 and 71 were
higher in D11 blastomeres (Fig. 3 C, 7op).

Unsupervised HCA of the 45 most differentially abundant proteins separated the two cell
types (Fig. 3 C, Botton, and close-up in SI Appendix, Fig. S2). One replicate (sample 17)
showed outlier behavior and is annotated in SI Appendix. Group #1 was enriched in the
D12 and included yolk-related proteins such as vitellogenin a2 (Vtga2: D12/D11 = 3.09; P=
0.0001) and vitellogenin bl (Vtgbl: D12/D11 = 3.47; £=0.0002). This pattern is consistent
with D12’s lateral position within the animal tier and with yolk accumulation being highest
in ventral-vegetal blastomeres (13, 14, 47). In contrast, Group #2 was enriched in the D11
and included proteins associated with neural development, consistent with the stereotypical
fate of this cell type. Examples include programmed cell death protein 4 (Pdcd4: D11/D12
=2.47; P=0.004), expressed during later neural plate and placode formation (Nieuwkoop—
Faber stages 15 to 32) (48), and developmentally regulated GTP-binding protein 1 (Drgl:
D11/D12 = 1.56; P=0.01), expressed in the eyes, brain, and spinal cord (49, 50). These
associations provide biological context and do not assign function at cleavage stages.

We next compared dorsal-to-near ventral ratios before and after division for proteins
measured at both stages. Fig. 4A correlates the ‘D11/°D12 ratio at the 8-cell stage with

the D11/D12 ratio at the 16-cell stage protein by protein (Dataset S6). Among 829 shared
proteins, 517 showed no significant change (P> 0.05) and clustered near the origin. Thirty-
seven differed at both time points and were distributed across four quadrants. Quadrant

#1 contained proteins enriched toward the dorsal side before and after division (higher

at ‘D11 and higher in D11), for example, Cox7a2 and Ras GTPase-activating protein-
binding protein 1 (G3bp1l) implicated in neural tissues (44) and CNS axon regeneration
(51). Quadrant #3 contained proteins enriched toward the near ventral side at both stages
(higher at ‘D12 and higher in D12), for example, Ctbs associated with endodermal and gut
tissues. Quadrants #2 and #4 contained 19 proteins that reversed relative enrichment across
division, indicating remodeling; for example, Ras GTPase-activating protein-binding protein
2 (G3bp2), implicated in neuronal maintenance (52), was more abundant at ‘D12 but became
enriched in the D11. In addition, 152 proteins changed only after division, whereas 123
initially differed but subsequently equalized. These patterns indicate active reorganization
of spatially distinct protein distributions during asymmetric division. D11 and D12 remain
plastic at gastrulation and depend on inductive cues, particularly BMP signaling (53). We
therefore interpret these early differences as molecular biases in competence rather than
fixed determinants of fate.
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Functional Test of an Asymmetric Proteome Dowry.

We asked whether early subcellular asymmetries depend on dorsal-ventral patterning. In
Xenopus, UV irradiation disrupts vegetal-cortex microtubules and blocks cortical rotation,
preventing transport of dorsalizing determinants (e.g., Dsh, p-catenin stabilizers) and
producing ventralized embryos with reduced head and neural structures and prominent
ventral structures like the characteristic “belly piece” (4). As shown in Fig. 4B, 15 of 15
experimental embryos exposed to 90 s UV (UV+) were indistinguishable from the controls
(UV-) at stages 5 to 6 (~2 h 15 min postfertilization, pf). By stage 32 (~2 d pf), UV+
tadpoles were severely ventralized, lacking eyes and brain (DAI = 1.5 £ 0.7, SI Appendix),
validating the perturbation for functional testing.

Next, we compared the subcellular ratios before and after UV-treatment (n = 4, Fig. 4C)
along the dorsal-near ventral direction. We identified 875 proteins in the ‘D11 and 832 in
the ‘D12 (Dataset S7); 609 were quantified in both UV- and UV+ conditions (Dataset S8).
Unsupervised HCA of the top 50 proteins clustered technical duplicates and separated ‘D11
from ‘D12 (SI Appendix, Fig. S3), indicating that subcellular differences persist even after
UV treatment. Across the shared dataset, 467 proteins were unchanged by UV (P> 0.05).
Notably, 118 proteins that differed in UV- became indistinguishable in UV+, consistent
with Organizer dependence. For example, Cox7a2 shifted from higher in D11 in the control
(D11/D12 =5.27, P=0.002) to comparable after UV (0.95, A= 0.617), as did Tubb2b (ratio
from 5.05 to 1.04). In general, a substantially lower number of proteins exhibited differences
after UV irradiation (SI Appendix, Fig. S4). STRING analysis linked the UV-sensitive set

to amino-acid biosynthesis, respiratory electron transport, fatty-acid degradation, and protein
folding.

We also examined the most dorsal niche, the ‘D11, which we anticipated to be most
sensitive to ventralization. Of 927 quantified proteins, 734 were unchanged, 83 increased,
and 110 decreased after UV (SI Appendix, Fig. S6 and Dataset S9). Ingenuity pathway
analysis (IPA) of the downregulated set (SI Appendix, Fig. S7), mapped to human orthologs,
indicated reduced categories related to cellular assembly and organization (IPA score 55),
cell signaling (score 39), and cell morphology (score 17). Embryonic development and
nervous system development were also reduced (score 10). Twenty-seven downregulated
proteins had transcripts reported as high in the brain, eye, or spinal cord, which arise from
D11 lineage tissues. Examples include Ranbp1, linked to neural crest migration (54) (UV+:
D11/D12 = 0.64, £=0.04), and Nap1ll1, a regulator of neural progenitor proliferation (55)
(0.61, P=0.002). Several 14-3-3 isoforms important for neuronal development (56) (Ywhae,
Ywhaq, Ywhaz) also decreased (0.38 to 0.60, 2= 0.002 to 0.04).

Few differentially regulated proteins are canonical dorsal-ventral components, yet several
intersect processes that influence Wnt/BMP signaling and patterning. They include
cytoskeletal regulation (Actb), membrane dynamics (Anxal, Anxa5), chromatin regulation
(Asfla), and energy production (multiple Atp5 subunits). Ubiquitin C-terminal hydrolase
L1 (Uchll1), which stabilizes p-catenin by deubiquitination (57), was significantly reduced
(UV+: D11/D12 = 0.29, P=0.0006), as was S-phase kinase-associated protein 1 (Skp1),

a p-catenin stabilizer with documented roles in neural crest induction (58). These results
suggest that ventralization blunts a subset of dorsal-biased proteins and remodels others,

Proc Natl Acad Sci U S A. Author manuscript; available in PMC 2026 May 04.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Shen et al. Page 7
consistent with organizer-dependent control of early proteome organization. We interpret
these changes as shifts in competence rather than fixed fate determinants and view them as
hypotheses for targeted functional tests.

Discussion

We established in vivo subcellular MS proteomics for asymmetric division. From ~200

pg of digest, ~80% of a HeL a cell, the workflow consistently identified > 1,000 proteins
with median CVs < 15%, with and without a spectral library. The CE-diaPASEF platform
maintained this sensitivity for subcellular aspirates from the poles of the D1 blastomere and
their descendant whole D11 and D12 offspring. This enabled a direct test of inheritance
versus remodeling across division in X. /aevis.

The results support a competence-based view of early fate specification. UV ventralization
blunted a subset of dorsal-biased proteins and equalized others in abundance, indicating
dependence on dorsal-ventral patterning. The D11 and D12 cells differed in proteins linked
to metabolism, cytoskeleton, and RNA regulation in ways that align with later neural vs.
epidermal outcomes. Cleavage-stage blastomeres remain plastic and depend on gastrula-
stage induction, particularly BMP antagonism, to realize those outcomes. We therefore
interpret early asymmetries as molecular biases that tune responsiveness to induction rather
than fixed determinants of fate.

This study was not designed to assign function to individual proteins. Orthogonal validation
of localizations and causal tests is the next logical step. Imaging of candidates and
perturbations that modulate competence to neural induction would directly evaluate whether
early proteomic asymmetries influence lineage decisions. The maps provided here offer
rational starting points for such targeted studies.

Materials and Methods

Full methods are in SI Appendix. All procedures for the humane care and use of X.

laevis were approved by the University of Maryland Institutional Animal Care and Use
Committee (R-FEB-21-07 and R-FEB-24-05). Identified blastomeres were sampled in vivo
with precision microcapillaries to aspirate small aliquots from opposite subcellular poles

of the same blastomere, followed by a minimal-loss bottom—-up proteomics workflow.
Proteomes were separated by CE and analyzed by trapped-ion-mobility time-of-flight MS
using DIA. BR numbers were set a priori from pilot studies. Each BR was measured in TRs.
Statistical controls and data processing are detailed in SI Appendix.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Significance

Asymmetric division partitions molecules into restricted cellular domains that shape
future identities, yet protein profiling in these domains has been limited. We introduce

a microprobe capillary electrophoresis ion mobility mass spectrometry workflow that
guantifies over one thousand proteins from opposite poles of a single Xenopus laevis
blastomere before it divides to offspring cells with different tissue fates. The maps reveal
spatially distinct protein distributions associated with neural and epidermal trajectories
and show partial disruption after perturbation of dorsal to ventral patterning. Because
these cell fates remain plastic at gastrulation, we interpret the asymmetries as molecular
biases that may shape competence to induction rather than deterministic markers.

Proc Natl Acad Sci U S A. Author manuscript; available in PMC 2026 May 04.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Shen et al.

Page 12

@Mlcroprobe the CeII Process
the Proteomes
‘D"Control ‘Dxentrallzed < Pairs [@Measure \
D1 CE
‘D12 ‘D12‘ _’l Wy o)
i -/ g
¥ Cell Aspirates ?
> S
L ; 1
D11 D11 AsyrEmQDi\‘/. Separate Identify
'\D12 D12 /&) Diff. t Quantify
«¥ - Pattern.
Anal ze
f @New Knowledge ‘ y
St. 5
—
Stats
St. 32 Multivariate
Morphology and Lineage

Fig. 1.

Li?/e—embryo workflow for subcellular proteomics during asymmetric division. We capillary-
microaspirated ~10 nL (~5%) from the ‘D11 (midline) and ‘D12 (lateral) poles within

the same dorsal-animal (D1) blastomere of 8-cell X. /aevis embryos, then sampled the
cytoplasm (~90 nL) of the descendant D11 and D12 blastomeres at the 16-cell stage. The
proteomes were processed and measured by CE-MS on a timsTOF PRO mass spectrometer
optimized for sensitivity (tuned with ~200 pg HeLa proteome digest; SI Appendix, Sl
Methods). The proteome profiles were quantified and analyzed using multivariate and
statistical chemometrics. Dependence on dorsal-ventral patterning was tested by ultraviolet
(UV) ventralization. The resulting in vivo maps reveal spatially distinct protein distributions
and their remodeling across division (partially created with BioRender).
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Fig. 2.

Tugning CE-diaPASEF for sensitivity on low-input proteomes. Ca. 200 pg HelLa proteome
digest (~0.8 cell) was analyzed to benchmark acquisition schemes. Four diaPASEF
windowing strategies were tested: broad (scan m/z400-1,200 Th, 15 Th windows isolation,
4.80 s cycle), wide (m/2500-1,200 Th, 20 windows, 2.74 s), extra-wide (/m/z 400-1,200

Th, 25 windows, 2.74 s), and super-wide (/m/z400-1,600 Th, 50 windows, 2.85 s).

(A) Protein identifications for library-based and library-free processing; the extra-wide
yielded the deepest coverage. (B) Label-free quantification (LFQ) reproducibility across the
schemes, shown as coefficient of variation (CV); median CV < 15% for both processing
modes. (C) Correlation of protein abundances from library-based vs. library-free analyses
using the extra-wide scheme (Pearson p = 0.81). (D) Sensitivity gain relative to our prior
CE-DIA method: proteins uniquely quantified by CE-diaPASEF occupy the lower end of the
abundance range. Statistics are two-sided; see SI Appendix, SI Methods. Key: ***/P< 0.001,
Mann-Whitney.
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Fig. 3.

Sugbcellular and whole-cell proteome profiling across asymmetric division. (A4) Sampling
scheme. Within the same dorsal-animal (D1) blastomere at the 8-cell stage, ~10 nL (~5%)
was microaspirated from the D11 (midline) pole (‘D11) and D12 (lateral) pole (‘D12). At
the 16-cell stage, the ~90 nL cytoplasm of the descendant D11 and D12 blastomeres were
microsampled. (B) Quantitative protein profiling between the subcellular poles (8-cell). 7op:
two-sided Student’s #test of protein concentrations comparing ‘D11 vs. ‘D12. 158 proteins
differ (27 higher toward ‘D11, 131 toward ‘D12). 755 are comparable. Bottom: unsupervised
hierarchical cluster analysis (HCA) of the top 45 differences separates ‘D11 and ‘D12 poles
(close-up in SI Appendix, Fig. S1). Heat-map clusters are annotated as groups #1 to #3. (C)
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Quantitative profiling between the whole blastomeres (16-cell). 7op: two-sided Student’s ¢
test comparing the D11 vs. D12. 185 proteins differ (71 higher in D11, 114 in D12). 864
are comparable (close-up in SI Appendix, Fig. S2). Bottom: unsupervised HCA separates
the cell types (outlier: 1, sample). Samples are labeled in the BRtr format (BR, biological
replicate embryo; TR, technical replicate). Significance threshold (dashed lines) A< 0.05
(horizontal) with fold-change > 1.5 (vertical) unless noted.

Proc Natl Acad Sci U S A. Author manuscript; available in PMC 2026 May 04.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Shen et al.

Page 16

A Dorsal-Ventral Profiles C Dorsal-Ventral Profiles
On Division (UV-) On UV-Ventralization
—~ a4 J#2: Reversed : ~ 12 :
& 41 D11 #1: Retained = 443
o 2d- o D11 Bias (o] o B ! #1: Retained
Q 24= T W = -Reversed " 11 Bias
T o]g o Te B = 2{  toD11
S [C ° “®EmReesed Tl .- ...
8"_2' ;3_ Bfsire] to D12 =) ' 3"0 © . #4:Reversed
Sl 5 Beita'”e S, ]#3 Retaifed 1 toD12
=plas o ACBCell D12 Bias__: UV-
-6 -4 -2 0 2 4 6 -2 0 2 4
Log,('D11/'D12) Log,('D11/'D12)
B e UV Eye§ Control
5] —= e ; ’M‘-‘ .
4 r .
—_ - |
=33 % Z <] st32
n2d t @
1 8 + T gNo Eyes Ventralized
of > .
0 30 60 90 fvag o
UV Exp. (s) L e
e _Jn=15-18 “Belly’ —
~2 h 15 min

Fig. 4.

Efgfect of ventralization on spatial proteome differences. (A) Control (UV-). For each protein
quantified at both stages, the ratio is plotted between the D11/D12 poles (‘D11/°’D12) at

the 8-cell stage vs the descendant D11/D12 cells at the 16-cell stage (data in Dataset S8).
Positive values indicate higher at ‘D11 or in D11; negative values indicate higher at’D12

or in D12 (ventral/lateral). Dashed lines mark no change on both axes. Key to data color
code: gray, not significant (n.s., two-tailed Student’s ftest)) at either stage (= 0.05 or |fold
change| < 1.5); red, significant (s.) at both stages (s.—s.); blue, significant between the poles
but not after division (s.—n.s.); orange not significant at the poles but becomes significant
after division (n.s.—s.). (B) Same analysis after 90 s UV ventralization (UV+). Same key

to data color code used; for example, proteins that were significant between dorsal-ventral
in UV~ and become not significant in UV+ are highlighted in blue, indicating organizer
dependence. (C) Morphological UV treatment validation (N = 15 to 18 tested). Dorsal—
anterior index (DAI) boxplots for UV-and UV+ embryos and early-stage morphology
(Nieuwkoop-Faber stage 5) show comparable cleavage. DAI: 1, complete ventralization;

5, none. Representative tadpoles at stage 32 show severe ventralization with UV+ (no eyes/
brain; “belly piece”). Key: SEM, standard error of the mean (1x displayed). [Scale bars, 250
um (black), 1 mm (gray).]
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