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Abstract

Single cell analysis is required to understand cellular heterogeneity in biological systems. We
propose that single cells (blastomeres) isolated from early stage invertebrate, amphibian, or fish
embryos are ideal model systems for the development of technologies for single cell analysis. For
these embryos, although cell cleavage is not exactly symmetric, the content per blastomere
decreases roughly by half with each cell division, creating a geometric progression in cellular
content. This progression forms a ladder of single-cell targets for the development of successively
higher sensitivity instruments. In this manuscript, we performed bottom-up proteomics on single
blastomeres isolated by microdissection from 2-, 4-, 8-, 16-, 32- and 50-cell Xenopus laevis
(African clawed frog) embryos. Over 1,400 protein groups were identified in single-run reversed-
phase liquid chromatography-electrospray ionization-tandem mass spectrometry from single
balstomeres isolated from a 16-cell embryo. When the mass of yolk-free proteins in single
blastomeres decreased from ~0.8 g (16-cell embryo) to ~0.2 pg (50-cell embryo), the number of
protein group identifications declined from 1,466 to 644. Around 800 protein groups were
quantified across four blastomeres isolated from a 16-cell embryo. By comparing the protein
expression among different blastomeres, we observed that the blastomere-to-blastomere
heterogeneity in 8-, 16-, 32- and 50-cell embryos increases with development stage, presumably
due to cellular differentiation. These results suggest that comprehensive quantitative proteomics on
single blastomeres isolated from these early stage embryos can provide valuable insights into
cellular differentiation and organ development.
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Single cell analysis is required to study cellular heterogeneity in biological systems, and is
especially useful for neuroscience, developmental biology, and stem cell biology.1~3 Recent
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advances in our understanding of tumor heterogeneity further highlight the importance of
single cell analysis for identifying the “cancer code” to provide improved cancer therapy.*
The development of high-sensitivity analytical methods for single cell analysis will benefit
other sample-limited analyses, including the characterization of fine-needle aspirants and
circulating tumor cells.

Mass spectrometry (MS) provides rich information in the analysis of biomolecules, e.g.
proteins, peptides, and metabolites, in individual cells. MS based single cell peptidomics and
metabolomics have progressed significantly during the past decade.3:5-12 However, single
cell proteomics remains extremely challenging due to the limited protein content in most
cells. For example, a single human somatic cell contains only ~100 pg protein,! far below
the sensitivity of most MS techniques.

Progress has been made to improve the sensitivity of proteomics, including improvements in
sample preparation, the reduction of sample loss during peptide separations, and MS
detection.13-24 Chen er al. reported over 800 protein identifications (IDs) from 100 cells by
online integration of cell injection, lysis, protein digestion, and nano-reversed-phase liquid
chromatography (RPLC)-electrospray ionization (ESI)-MS/MS analysis; the estimated
detection limit of the system was 200 zmole of protein loaded onto the instrument.19 Murgia
and colleagues performed shot-gun proteomics on single muscle fibers and identified
thousands of proteins with an in-StageTip sample preparation method,2® and accurate mass-
and retention time-based peptide and protein identifications.2? The estimated mass of protein
in the single muscle fiber is at the 200 ng level.26 Recently, our group developed a
monolithic microreactor for online proteome concentration, reduction, alkylation and
digestion, followed by capillary zone electrophoresis (CZE)-MS/MS analysis, and identified
nearly 1,000 proteins from 50 ng of Xenopus laevis zygote homogenate.?* Low zmole
peptide detection limits have also been reported recently with CZE-MS and porous layer
open tube (PLOT) based nano-RPLC-MS,21-22

Significant improvements have been achieved in proteomics in terms of sample preparation,
peptide separation, and MS detection, but high nanogram amounts of protein materials are
required to achieve thousands of protein IDs with bottom-up approaches, so that deep
proteomic sequencing of a single human somatic cell is far beyond the state-of-the-art.
Several publications have reported detection of hemoglobin from single red blood cells.27:28
Giesen et al. reported a mass cytometry method employing rare earth metals as reporters on
antibodies and approached simultaneous imaging of 32 proteins at subcellular resolution.2°

In 2014, our group quantified 3,000 proteins from a single Xenopus laevis fertilized egg
using iTRAQ chemistry, which was the largest single cell proteomics dataset at that time.3°
We observed remarkable cell-to-cell homogeneity in protein expression levels for embryos
at the same stage of development, which makes Xengpus embryos valuable resources in the
development of single-cell proteomic technology. Smits and colleagues later reported over
5,800 protein IDs from single Xenopus laevis fertilized eggs.3! The large number of protein
IDs from this system is due to the large amount of protein materials in each egg (~130 pg
total protein, ~13 pg of yolk-free protein). Very recently, Lombard-Banek et a/. performed
single cell proteomics on single blastomeres isolated from 16-cell Xenopus laevis embryos,
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and reported 500-800 protein group identifications from single blastomere in single CZE-
MS runs with consumption of only 20 ng of the protein digest.32 On average, the mass of
yolk-free proteins in single blastomeres isolated from the 16-cell embryo is close to 1 pug.

We believe that single blastomeres isolated from early stage Xenogpus laevis embryos are a
superior model system for single cell analysis. This system offers several important
advantages:

. First, the blastomeres can be isolated from Xenogpus laevis early stage
embryos via microdissection. The protein content of those embryos is
remarkably homogeneous, providing outstanding embryo-to-embryo
reproducibility for evaluation of technical precision of single cell
measurements.30

. Second, the protein mass in an intact embryo is about 130 ug and remains
essentially constant through early development.33 As a result, the amount
of protein per blastomere decreases monotonically through early stage
development. As a complication, ~90% (w/w) of the total protein content
is yolk proteins, with only ~13 pg of yolk-free proteins, in single early-
stage embryos. When the embryos grow from 2-cell stage (stage 2) to
4,000-cell stage (stage 8), on average the mass of yolk-free proteins in
single blastomeres declines geometrically from ~6.5 pug to ~3 ng,
generating a three order of magnitude ladder in protein content.

. Third, at the 16-cell stage, the blastomere-to-blastomere heterogeneity is
significant because those blastomeres have differentiated and form the
basis for the development of different organs.34 Comprehensive
quantitative proteomics on single blastomeres isolated from early stage
embryos will provide valuable insights into cellular differentiation during
early embryo development.

. Finally, Xenopus laevis s a vertebrate, and results obtained from this
organism may provide insight into the development of other vertebrates.

Experimental

In this proof-of-principle work, bottom-up single cell proteomics was performed on single
blastomeres isolated from 2-, 4-, 8-, 16-, 32- and 50-cell Xenopus laevis embryos
(development stages 2, 3, 4, 5, and early and late stage 6), Fig. 1. Briefly, several
blastomeres (2-5) were isolated from embryos at each stage via microdissection. Each
blastomere was lysed and single blastomere proteome was extracted with an optimized
buffer system,33 followed by proteome cleanup and digestion with a filter aided sample
preparation (FASP) method.3° The resulting digest was directly analyzed by nano-RPLC-
ESI-MS/MS (90-min RPLC gradient, Q-Exactive HF mass spectrometer) without sample
cleanup or prefractionation, followed by peptide and protein identification with MaxQuant
software based on MS/MS spectra and also accurate mass and retention time (AMT).36-37
The protein content in single blastomerers isolated from 50-cell embryo is very low (0.2 ug
yolk-free proteins/blastomere), so we employed the “Match between runs” function in
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MaxQuant software to improve the protein IDs from those blastomeres. The “Match
between runs” function uses aligned RPLC retention time and precise masses to transfer
peptide IDs from the 2-cell stage blastomeres, where a given peptide is more likely to have
high quality MS/MS spectra, to the 50-cell stage blastomeres, where lower abundance
peptides are not fragmented due to low intensity, and only their accurate mass has been
determined. Label-free quantification was also performed with the MaxLFQ method
integrated in MaxQuant software in order to evaluate the blastomere-to-blastomere
heterogeneity.38 The experimental details are illustrated in Supporting Material 1.

Results and discussion

On average, over 1,100 protein groups were identified from single blastomeres isolated from
2-, 4-, 8- and 16-cell embryos based on MS/MS spectra with false discovery rates (FDRs)
less than 1% on both peptide and protein levels, Fig. 2A and S-Table 1 in Supporting
material I. Roughly 770 and 160 protein groups were identified from single blastomeres
isolated from 32-and 50-cell embryos based on MS/MS spectra, respectively. The dramatic
drop in the number of protein group IDs is due to the roughly four times lower protein
materials in single blastomeres from 50-cell embryos compared with that that from 16-cell
embryos (~0.2 pug vs. ~0.8 ug).

When both MS/MS spectra and AMT were used for identifications, the number of protein
group IDs improved significantly compared with MS/MS spectra alone, Fig. 2A and S-Table
1 in Supporting material I. Over 1,400 protein groups were identified via single run RPLC-
MS/MS analysis of submicrogram amounts of protein materials from single balstomeres
isolated from a 16-cell embryo based on MS/MS spectra and AMT. Very recently, CZE-
MS/MS was also employed for proteomic analysis of single balstomeres isolated from a 16-
cell Xenopus embryo, and 500-800 protein groups were identified by single run CZE-
MS/MS analysis of 20 ng of protein materials from single blastomeres.32 In our work,
roughly 640 protein groups were identified from single balstomeres isolated from a 50-cell
embryo based on MS/MS spectra and AMT, which is four times higher than that identified
based on MS/MS spectra alone. It is worth noting that we also performed a blank run before
sample runs, and the blank run produced only nine protein IDs based on MS/MS spectra and
AMT. To our knowledge, this is the first proteomic work on single blastomeres isolated from
embryos beyond the 16-cell stage. The protein groups identified in this work are listed in
Supporting material II.

When the mass of yolk-free proteins in single blastomeres decreases from ~0.8 pg (16-cell
embryo) to ~0.2 ug (50-cell embryo), the number of protein group identifications declines
from 1,466 to 644 (Fig. 2A), suggesting that proteomics on single blastomeres isolated from
later-stage embryos challenges the sensitivity of current proteomics. To obtain deep
proteomic analysis of single blastomeres isolated from embryos beyond the 50-cell stage,
sample loss during preparation and separation must be reduced and the sensitivity of MS
detection must be improved. Capillary zone electrophoresis (CZE)-MS has been
demonstrated to produce better sensitivity than RPLC-MS for analysis of mass-limited
proteome digests, 3940 and the on-line integration of proteome sample preparation and CZE-
MS/MS has also been reported for pg-ng amounts of complex proteome analysis.23-24
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Accordingly, coupling online proteome sample preparation with CZE-MS/MS is a promising
method to improve the depth of single cell proteomic analysis.

Very recently, Lombard-Banek et a/. performed the first quantitative proteomics on single
blastomeres isolated from 16-cell Xenopus laevis embryo.32 Using CZE-MS/MS and
tandem mass tags method, Lombard-Banek et a/. quantified 150 protein groups between
blastomeres, and demonstrated significant cellular heterogeneity in terms of protein
abundance at the 16-cell stage.32 In our work, one embryo was used for each stage when
single blastomeres were isolated via microdissection from 8-, 16-, 32- and 50-cell embryos.
We used label free quantification (LFQ) to evaluate the blastomere-to-blastomere protein
heterogeneity within an embryo. We quantified 808 protein groups across the three
blastomeres isolated from the 8-cell embryo, and 799, 596, and 161 protein groups for
blastomeres from the 16-, 32- and 50-cell embryos, respectively. The relative standard
deviation (RSD) of protein LFQ intensity from single blastomeres isolated from the same
embryo gradually increases as the embryo develops, Fig. 2B, which presumably is due to
cellular differentiation. The quantified proteins from the blastomeres isolated from embryos
at 8-, 16-, 32-, and 50-cell stages are also listed in Supporting material I1. By further
analyzing the quantified proteins with very high RSD of protein LFQ intensity, we observed
that yolk proteins, VTGB1 and VTGAZ, tend to have high abundance heterogeneity across
the analyzed blastomeres from 8-cell, 16-cell, and 32-cell embryos, which is expected
because vegetal blastomeres have much higher level of yolk proteins than animal
blastomeres. Fourteen proteins quantified across blastomeres isolated from 50-cell embryo
have higher than 70% RSD of protein LFQ intensity, suggesting the significant abundance
heterogeneity across those blastomeres, S-Figure 1 in Supporting material I. Gene Ontology
enrichment results (P value better than 0.05) on those 14 proteins demonstrate that the
biological process of those proteins are highly enriched in regulation of protein and RNA
localization to the Cajal body (>100-fold enrichment), regulation of telomerase activity
(>100-fold enrichment), and protein folding and stabilization (>40-fold enrichment); their
molecular function are enriched in unfolded protein binding (90-fold enrichment) and
nucleotide binding (7-fold enrichment); and their cellular component are highly enriched in
endoplasmic reticulum chaperone complex (>100-fold enrichment), chaperonin-containing
T-complex (>100-fold enrichment), zona pellucida receptor complex (>100-fold
enrichment), melanosome (86-fold enrichment) and myelin sheath (42-fold enrichment).

In summary, we performed single cell proteomics on blastomeres isolated from 2-, 4-, 8-,
16-, 32- and 50-cell Xenopus laevis embryos via microdissection. The mass of yolk-free
proteins from single blastomeres isolated from these successive developmental stages
gradually decreases from 6.5 g (2-cell stage) to 0.2 pug (50-cell stage), and the number of
protein group IDs from those single blastomeres declines from nearly 1,600 (2-cell stage) to
~640 (50-cell stage). Label free quantification data demonstrates an expected blastomere-to-
blastomere heterogeneity in 8-, 16-, 32- and 50-cell embryos in terms of protein
expression,32 suggesting that further comprehensive quantitative proteomics on single
blastomeres isolated from those early stage embryos can provide valuable insights into cell
differentiation.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

A) Micrographs of the Xenopus laevis embryos used in this experiment. B) The workflow of
single cell proteomics on single blastomeres isolated from the embryos.
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Figure 2.
(A) Protein group identifications (IDs) from single blastomeres isolated from 2-, 4-, 8-, 16-,

32-, and 50-cell embryos based on only MS/MS spectra and both MS/MS spectra and AMT.
AMT: accurate mass and time. (B) Cumulative relative standard deviation (RSD) of protein
LFQ intensity distributions of all the proteins quantified from different blastomeres isolated
from 8-, 16-, 32-, and 50-cell embryos.
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