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Low—-input Proteomics Reshapes Our Understanding
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Development’
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Abstract

been inferred primarily from transcriptomic and translatomic analyses. Recently, a study by Zhu et al. (2025) based on low-input

Early mammalian embryogenesis represents a central question in life sciences, yet its molecular regulation has long

proteomic approaches systematically charted protein dynamics from oocytes to blastocysts in both mice and humans, further
interrogating molecular signatures of developmentally compromised human embryos at the single-embryo level. This work not only
substantially expands proteome coverage during early development, but also reveals a pervasive uncoupling between transcriptional
activation, translational initiation, and protein accumulation. These findings provide new perspectives on the relationship between
zygotic genome activation (ZGA) and lineage specification. This paper discussed the central role of low-input proteomics in this

study, highlighted its implications for reshaping current paradigms of early embryonic development, and considered its potential

applications across broader areas of biomedical research.
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Over the past decade, single-cell transcriptomic
and low-input translatomic profiling have profoundly
advanced our understanding of early embryonic
development. These approaches have enabled detailed
characterization of transcriptional activation and
zygotic
activation (ZGA)!". However, the direct executors of

translational regulation during genome
developmental processes are proteins, rather than
mRNAs

proteins cannot be amplified, span a wide dynamic

or ribosome-bound transcripts. Because
range, and are present at extremely low abundance in
early embryos due to low cell numbers, systematic
analyses of single embryos at the protein level have
long been technically challenging™*. As a result, it

remains  unclear  whether  transcriptional  or
translational signals can reliably reflect functional
output.

Recent advances in low-input proteomics by Zhu

low-input proteomics, early embryonic development, zygotic genome activation (ZGA), protein dynamics, single-

CSTR: 32369.14.pibb.20260069

et al.® (2025) have made it possible to obtain deep,
reproducible, and reliable protein quantification from
single embryos or very limited embryonic material.
The study discussed here
technological

leverages  these

developments to  generate an
unprecedented proteomic characterization of early
human and mouse embryos. By doing so, it moves the
field beyond transcriptional potential and toward
direct interrogation of protein behavior during early

development!!.
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. ) delayed accumulation or remain relatively stable

1 Systematic uncoupling between despite active or silent translation. This observation
translational  activation and  protein indicates that protein homeostasis during early
accumulation development is subject to finely tuned regulation
through  both  synthesis and  degradation.

By integrating proteomic, transcriptomic, and Consequently,  transcriptional  or  translational

translatomic datasets, the study demonstrates that in
early embryos, translationally activated genes do not
necessarily exhibit a concomitant increase in protein
abundance (Figure 1). Instead, many proteins display
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information alone is insufficient to accurately predict
functional protein output, underscoring the unique
value of low-input proteomics in revealing these
otherwise hidden regulatory layers.
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Fig. 1 Schematic illustration of molecular regulation from the oocyte to the blastocyst in mice

Layer I depicts the well-established transcriptional dynamics of the maternal-to-zygotic transition, including the progressive clearance of maternal

RNAs and the onset of minor and major ZGA. Layer 2 represents translational engagement, reflected by ribosome occupancy, which is initiated early

during ZGA but exhibits relatively modest changes across subsequent developmental stages. Layer 3 illustrates protein abundance dynamics,

highlighting a delayed and progressive accumulation of proteins encoded by ZGA transcripts, together with gradual turnover of maternal proteins.

Collectively, the schematic emphasizes the temporal uncoupling among transcriptional activation, translational engagement, and functional protein

output, a central insight emerging from low-input proteomic analyses of early mouse embryos.

2  Redefining the functional timing of
zygotic genome activation

ZGA has traditionally been viewed as a discrete
developmental event dominated by transcriptional
activation. Proteomic data from this study, however,
suggest that protein products of many ZGA transcripts
do not exert immediate functional roles. Instead, they
accumulate progressively and reach functional
relevance at later stages, particularly during blastocyst
This ZGA as a

preparatory phase that establishes a protein reservoir

formation. finding reframes

for subsequent lineage specification, highlighting a

multiscale temporal structure in early developmental
regulation.

3 From transcriptional and translational
inference to functional single—embryo
heterogeneity

Using single-embryo proteomic analyses, the

authors  systematically  characterize = molecular
heterogeneity among developmentally compromised
embryos at the level
Remarkably, embryos derived from the same patient

exhibit substantial differences in protein regulatory

of functional execution.

states, differences that cannot be adequately explained



2026; 53 (4)

PR E: REEIAE (low-input) FEBRAFHENNRHERELEEZENHIANR

+1105-

by transcriptional or translational inference alone.
These observations demonstrate
provides

information for dissecting the molecular basis of

that proteomics

direct and indispensable functional
embryonic developmental failure and its embryo-

specific characteristics.
4 Open questions and future directions

Despite its conceptual and technical advances,
the application of low-input proteomics raises several
important questions. At the biological level, how the
stability and turnover of different classes of proteins
are precisely regulated in early embryos remains
poorly understood. It is also unclear whether protein
dynamic features become further amplified across
distinct cell fates during subsequent lineage
specification. In addition, the extent to which these
regulatory principles are conserved across species or
recapitulated in in vitro embryo models warrants
systematic investigation.

At the same time, continued methodological
improvements in low-input proteomics will be critical
for addressing these questions, particularly with
respect to sensitivity, quantitative accuracy, and
proteome coverage. Further integration with spatially
resolved and time-resolved approaches may enable
more precise mapping of protein dynamics during
in both

biological interrogation and analytical technology will

early development. Together, advances

be essential for refining the molecular frameworks of
early embryonic regulation.

5 Outlook:
development

extending beyond embryonic

From a broader perspective, the significance of
low-input proteomics extends well beyond -early
embryogenesis. This approach holds considerable

promise for studies of stem cell differentiation,
embryo-like models, rare cell populations, and early
disease mechanisms. As analytical depth, throughput,
and standardization continue to improve, low-input
proteomics is poised to serve as a critical bridge
linking gene expression information to functional
biological outcomes.

6 Concluding remarks

In summary, the study discussed here uses low-
input proteomics as a central analytical framework to
gain new molecular insights into early mammalian
embryonic development. By complementing and
refining models derived primarily from transcriptomic
and translatomic data, it offers a more functionally
grounded view of early developmental decision-
making. Additionally, it proposes a new way to
understand how poor-quality embryos are formed.
With continued technical refinement, proteomics is
poised to play an increasingly indispensable role
across diverse areas of biomedical research, much like
single-cell sequencing has done over the past decade.
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