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SCIENCE ADVANCES | RESEARCH ARTICLE

DEVELOPMENTAL BIOLOGY

Assessing heterogeneity among single embryos
and single blastomeres using open microfluidic design

Elisabet Rosas-Canyelles'?*, Andrew J. Modzelewski**, Alisha Geldert'?, Lin He?, Amy E. Herr'*!

The process by which a zygote develops from a single cell into a multicellular organism is poorly understood. Advances
are hindered by detection specificity and sensitivity limitations of single-cell protein tools and by challenges in
integrating multimodal data. We introduce an open microfluidic tool expressly designed for same-cell phenotypic, pro-
tein, and mRNA profiling. We examine difficult-to-study—yet critically important—murine preimplantation embryo
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stages. In blastomeres dissociated from less well-studied two-cell embryos, we observe no significant GADD45a pro-
tein expression heterogeneity, apparent at the four-cell stage. In oocytes, we detect differences in full-length versus
truncated DICER-1 mRNA and protein, which are insignificant by the two-cell stage. Single-embryo analyses reveal
intraembryonic heterogeneity, differences between embryos of the same fertilization event and between donors,
and reductions in the burden of animal sacrifice. Open microfluidic design integrates with existing workflows and opens
new avenues for assessing the cellular-to-molecular heterogeneity inherent to preimplantation embryo development.

INTRODUCTION
The events that initiate cell fate commitment in preimplantation
blastomeres remain open questions in developmental biology. While
functional studies and embryonic plasticity suggest that blastomeres
remain equivalent until the compacted morula (I, 2), growing evi-
dence of interblastomeric differences in early-stage embryos points to
heterogeneity even at the earliest multicellular stages (3-10). Although
transcriptional profiling of single embryos and single blastomeres
has greatly advanced our knowledge of key developmental steps (4),
there is a disconnect between transcription and translation; this dis-
connect is especially apparent in the preimplantation embryo (11).
Holistic understanding of transcript-based predictions demands com-
panion phenotypic and protein-profiling analyses of the same embryo.
Same-cell mRNA and protein profiling capacities are emerging,
yet the study of mammalian preimplantation embryos presents novel
and long-standing challenges. At the protein level, immunofluorescence
(IF) does report protein abundance and localization in embryos.
Nevertheless, IF is stymied in three critical aspects. First, IF is un-
suitable for detecting small variations in protein expression and
multiplexing beyond ~5 targets (12) owing to cross-reactivity, a ubiq-
uitous problem with immunoreagents. Second, even when immuno-
reagents with a measure of selectivity do exist, proteoforms remain
“blind spots” because isoform-specific immunoreagents have limited
availability (13). Third, chemical fixation artifacts confound mea-
surement of endogenous intracellular protein targets (i.e., epitope
masking, cell morphology modifications, and perturbation of protein
localization by diffusional gradients in fixation) (14, 15). Given de-
pendence on immunoreagents, flow cytometry and mass cytometry
also suffer from specificity and fixation issues (16). While recent
advances in bottom-up mass spectrometry afford single-cell sensi-
tivity (17, 18), proteoforms remain a blind spot here as well. Bottom-
up mass spectrometry requires protein digestion, which obscures
proteoform stoichiometry. Top-down mass spectrometry of intact
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proteins has insufficient sensitivity, multiplexing, and protein iden-
tification to fill the gap (19). Further, benchtop approaches that
complement wide-coverage discovery tools are lacking (17, 18). Al-
though recently developed single-cell electrophoretic tools offer
higher specificity by separating proteins by mass or charge before
immunoreagent-based detection, they have primarily been designed
to handle suspensions of cultured cell lines (20-24). For developmental
biology questions, fundamental inconsistencies exist between cell lines
and mammalian embryos. Critical differences include cell composition
and size (i.e., oocyte volume is ~100x HeLa cell volume), membrane
structure, embryo handling, and low cell availability (~10 to 20 em-
bryos per mouse, depending on strain) (25-28).

Same-cell mRNA and protein analysis of single cells (3, 29)
shows that mRNA measurements very often do not correlate with
protein measurements (30). In the preimplantation embryo, tran-
scription and translation can be asynchronous for up to 15 hours
(11). To date, same-cell mRNA and protein analysis tools combine
either fluorescence in situ hybridization (31, 32), proximity ligation
(33), or standard single-cell mRNA sequencing approaches (34) to
quantify mRNA, with IF (32), flow or mass cytometry (31), or prox-
imity extension (30) to measure protein. Use of oligo-labeled im-
munoreagents allows both mRNA and protein to be amplified and
measured via quantitative polymerase chain reaction (QPCR) or single-
cell RNA sequencing workflows (34). Nevertheless, these protein
analyses rely on immunoreagents and, thus, do not overcome the
specificity issues outlined. In a different approach, capillary electro-
phoresis has measured both mRNA and protein from cell lysate (35),
but neither the cellular specificity (i.e., single-cell resolution) nor the
molecular specificity (i.e., distinguish specific mRNA sequences or
protein isoforms) has been addressed.

Our approach to provide developmental biologists with multimodal
profiles of preimplantation embryos is an open microfluidic tool
that reports cell phenotype (whole-cell imaging), protein and pro-
tein isoform expression (single-cell immunoblotting), and mRNA
expression [reverse transcription gPCR (RT-qPCR)] for the same
single cells. Open microfluidic design is key, as the unenclosed devices
integrate seamlessly with workhorse developmental biology ap-
proaches, including embryo preparation tools (pipettes) and whole-cell
bright-field and fluorescence microscopy, as well as integrate with
unique approaches introduced here, including release and retrieval
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of microscale gel pallets that shuttle nuclei off-chip for mRNA analysis
after immunoblotting of that same cell. Precision microfluidic de-
sign maps the molecular composition of each component blastomere
back to the originating murine embryo, providing datasets that are
suitable for quantitative examination of cellular and molecular rela-
tionships. To generate robust, quantitative relationships, we establish
and validate technical variation thresholds and expression normal-
ization approaches. We then examine relationships by subjecting
blastomeres from two-cell and four-cell embryos to protein analysis
of GADD45a, a protein involved in DNA damage repair reported to
show bimodal transcription levels at the two-cell and four-cell stages.
Within oocytes, but not two-cell embryos, we find significant ex-
pression differences between truncated and full-length isoforms of
DICER-1 (Dicer 1, ribonuclease type III) by both mRNA and direct
alternate protein isoform detection. In the more mature blastocysts,
we scrutinize dissociated blastomeres and—by integrating fluores-
cence imaging of intact blastomeres for internalized fluorescent
beads—we corroborate mutually exclusive expression of CDX-2
versus SOX-2 in cells acquiring trophectoderm (TE) versus inner
cell mass (ICM) state, respectively. Together, we see the study of
preimplantation development as uniquely well positioned to benefit
from multimodal molecular analysis tools offering single-blastomere
resolution.

RESULTS
Early- and late-stage embryos exhibit differences in
mRNA-to-protein correlation
We sought to examine the transition from maternally deposited tran-
scripts and proteins to postzygotically activated blastocysts (36, 37).
In early-stage preimplantation embryos, transcripts are maternally
inherited. In late-stage preimplantation embryos (i.e., blastocysts),
the zygotic genome is fully activated and maternal transcripts are
largely cleared by active and passive mechanisms (36, 37). With
maturation, we anticipate a strengthening correlation between mRNA
and protein levels. Consequently, we assessed two-cell embryos, four-
cell embryos and blastocysts by same-embryo immunoblotting and
mRNA analysis (Fig. 1A). The same-cell, multimodal analysis uses
an open microfluidic device designed for (i) precision cell isolation,
imaging, and fractionation of the cytoplasm from nucleus; (ii) single-
cell immunoblotting; and (iii) subsequent release and retrieval of
nuclei-laden gel pallets for RT-qPCR. Suitable for analysis of intact
embryos down to dissociated single blastomeres (100 to <5 pl), preci-
sion microfluidic handling indexes molecular and cellular information
back to the originating intact embryo, allowing for measurements
across multiple modalities to be compared. Given the wide range of
cellular volumes among the preimplantation specimens under study
(Fig. 1B) (25), at the protein level, we first established a dynamic
protein detection range spanning femtomoles (107'°) to tens of
attomoles (107"), with an assumed starting protein concentration
in the micromolar range (fig. S1) (38). At the mRNA level, nuclei
derived from single blastocysts and analyzed by gel pallets subjected
to RT-qPCR showed significantly lower cycle threshold (Cr) values
for B-actin than negative controls. Negative controls included blanks,
gel pallets with empty microwells, and samples lacking reverse tran-
scriptase (Mann-Whitney U Test, P = 0.0238, with n = 3 replicates
per sample; fig. S2).

We next examined protein and mRNA expression of B-actin in two-
and four-cell embryos, where we observed no significant correlation
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between protein expression and B-actin Cr (Pearson correlation
coefficients 0f 0.437 and 0.674 with P = 0.279 and 0.212, n = 8 two-cell
embryos and #n = 5 four-cell embryos) (Fig. 1C). At the blastocyst
stage, on the other hand, B-actin Cr and protein expression showed
a significant, negative correlation (Pearson correlation coefficient =
-0.668, P = 0.0348, for n = 10 embryos), indicating that mRNA and
protein expression are positively correlated (Fig. 1, Cand D). For two-
cell and four-cell embryos, negative controls did not amplify. For
blastocysts, all B-actin Cr values were significantly lower than the
negative controls (Fig. 1E). For all murine embryo stages assayed,
interembryonic mRNA variation was higher than the Cr technical
variation threshold (CV¢r tech threshold = 0.77%; fig. S3), suggesting
that biological and not technical variation was detected (CV¢r =
7.2,7.8, and 10.8% for two-cell embryos, four-cell embryos, and
blastocysts, respectively).

These results are in line with the transitioning status of the em-
bryo from maternally deposited transcripts and proteins (actively
and passively degraded at different rates), to the more stable envi-
ronment of the postzygotically activated blastocyst at which point
maternal clearance is largely or totally complete (36). Given the
unpredictable relationship between transcripts and protein at very
early and unstable developmental stages, complementing transcrip-
tional profiling with same-cell protein profiling provides a more
comprehensive window into the biology governing preimplantation
development.

Sister-blastomere GADD45a expression uniformity
disappears between the two-cell and four-cell stages

The exact stage and circumstances by which blastomeres first acquire
certain fates remain unknown. On the one hand, embryonic plas-
ticity points to blastomere symmetry up to the eight-cell embryo,
where embryos can compensate for the loss of one blastomere as
early as the two-cell stage (39). On the other hand, studies showing
consistent bimodal expression of genes related to differentiation in
early-stage sister blastomeres suggest that the involved factors may
not be inherited equally by all blastomeres (8). Whether this hetero-
geneity is transcriptional noise or leads to functional heterogeneity
in the subsequent protein products remains an open question.

Consequently, we sought to inspect early-stage embryos for lineage
biases by dissociating two-cell and four-cell embryos and measuring
cell fate-related protein markers among the blastomeres of each
embryo stage. We assayed early-stage blastomeres for a protein in-
volved in DNA damage repair (GADD45a) that has been reported
to show bimodal transcription levels at the two-cell and four-cell
stages (Fig. 2A)(3). We controlled for variation arising from stochastic
factors, such as asymmetrical partitioning of proteins and mRNA
during cell division (10). To do this, we concurrently probed for
intracellular structural proteins expressed proportionally to cell vol-
ume (B-tubulin and B-actin; Fig. 2B) (3) and compared protein ex-
pression variation among the protein markers.

In four-cell embryos, where sister blastomeres were assayed in
parallel, we observed intraembryonic GADD45a expression varia-
tion that was significantly higher than both B-actin and B-tubulin
expression variation (CVgapp4sa = 29.9 + 12.7%; CVp.qqp = 11.1 *
3.1%; CVp.actin = 10.5 £ 4.6%; mean CV expression = SD, Mann-Whitney
U test, P = 0.0012 for CVGapD4sa VErsus CVip.tub and CVGApDa4sa Ver-
sus CVp_actin, and P = 0.805 for CVp.up versus CVp actin, for n =6
dissociated four-cell embryos, where all CVs > CVihreshold of 7.4%)
(Fig. 2C). Furthermore, normalization by B-tubulin expression did
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Fig. 1. Same-embryo mRNA and protein expression analyses show positive correlation for late-stage murine preimplantation embryos, but not two-cell and
four-cell embryos. (A) The same-embryo mRNA and microfluidic immunoblotting workflow begins with (1) sampling a single embryo or single blastomere into a micro-
well patterned on a polyacrylamide (PA) gel. (2) The cytoplasmic fraction of embryos sampled into wells is first lysed and electrophoresed across the PA layer, achieving
separation of proteins by molecular mass. EP, electrophoresis. Proteins are photoblotted, orimmobilized to the PA by UV-activated benzophenone chemistry, while a CO,
laser cutter is used to extract sections of the PA-polymer film device, termed “gel pallets,” that contain nuclei retained in the microwells. (3) The cytoplasmic proteins
are probed with fluorophore-conjugated antibodies. False-color fluorescence micrograph shows a deviceimmunoprobed for B-actin. (4) mRNA is isolated from gel pallets
and analyzed for targets by RT-qPCR. Micrograph of a gel pallet housing Hoechst-stained nuclei. DAPI, 4',6-diamidino-2-phenylindole. Scale bars, 50 um unless specified.
(B) Schematic illustrations of the expected correlations between mRNA and protein for early-stage versus late-stage preimplantation embryos (left), and relative dimensions
of embryos and blastomeres for the stages studied (right). (C) B-Actin mRNA Cy values and protein expression levels (AUC) for two-cell, four-cell, and blastocyst-stage
embryos. Dashed lines show best linear fits (Pearson correlation coefficients for two-cell embryos, four-cell embryos, and blastocysts: 0.437, 0.674, and —0.668; with P = 0.279,
0.212,and 0.0348, for n = 8, 5, and 10 embryos, respectively). AFU, arbitrary fluorescence units. (D) Bright-field micrographs show intact two-cell-, four-cell-, and blastocyst-
laden microwells. False-color fluorescence micrographs show resulting B-actin immunoblots, with rectangular perimeter of excised gel pallets visible in micrographs
and corresponding intensity profiles shown to the right. (E) RT-gPCR B-actin amplification curves for two-cell-, four-cell-, and blastocyst-stage embryos and corresponding
negative controls (—RT and blank controls consisting of empty gel pallets).

not decrease the GADD45a CVs (Wilcoxon match-paired rank test, Given that Gadd45a transcript levels have been shown to differ
P =0.156, n = 6). These findings suggest that blastomeres of four-  between sister two-cell blastomeres (3), we next determined if this het-
cell embryos show heterogeneous expression of GADD45a, as cor-  erogeneity in mRNA levels manifests as differential GADD45a pro-
roborated by mRNA- and IF-based findings (3). tein expression in the two-cell embryo (Fig. 2D). In contrast to the
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Fig. 2. Microfluidic immunoblotting measures intraembryonic heterogeneity in GADD45a expression in murine four-cell and two-cell embryos. (A) GADD45a
transcript levels have been shown to exhibit bimodality at the two- and four-cell stages. (B) Four-cell embryos are dissociated into individual blastomeres and immuno-
blotted for protein expression of B-tubulin, B-actin, and GADD45a, as shown in false-color fluorescence micrographs. (C) Dot plot of expression of B-tubulin (blue), B-actin
(cyan), and GADD45a (red) normalized to total expression by individual blastomeres from two representative four-cell embryos (top). Dot plot of intraembryonic coeffi-
cient of variation (CV) in protein expression for B-tubulin, -actin, and GADD45a (bottom, Mann-Whitney U test, P = 0.0012 for CVgappasa versus CVg.wup and CVeappasa
versus CVp.actin, and P = 0.805 CVp.typ Versus CVp actin, for n = 6 dissociated embryos). **P < 0.01. (D) Two-cell embryos are dissociated into individual blastomeres and as-
sayed for protein expression of B-tubulin, B-actin, and GADD45a, as shown in false-color fluorescence micrographs. (E) Dot plots of B-tubulin, -actin, and GADD45a ex-
pression by sister blastomeres, normalized to sum of expression of sister blastomeres, for six representative two-cell embryos (top). Dot plot of interblastomeric CV% in
expression of B-tubulin, B-actin, and GADD45a (bottom, Mann-Whitney U test, P = 0.0323 for CVappasa Versus CVg.tubulins P = 0.130 for CVGappasa versus CVg actin, and P = 0.598
for CVp.tubuiin Versus CVp.actin, for n = 11 dissociated two-cell embryos). Same marker for a given embryo in (C) and (E) indicates same blastomere. Horizontal bars in (C) and
(E) indicate mean + SD. Scale bars, 200 um.

four-cell stage, dissociated two-cell sister blastomeres showed a
statistically significant increase in GADD45a protein expression CV
over B-tubulin, but not B-actin (CVgappasa = 16 * 6.0%; CVg.ubulin =
10 £ 6.5%; CVp.actin = 11 £ 7.0%; mean + SD, Mann-Whitney U test,
P=0.0323 for CVgappasa versus CVp.qbulin and P = 0.130 for CVgappasa
versus CVp_octin, for n = 11 dissociated two-cell embryos) (Fig. 2E).
Thus, while the expression of GADD45a at the four-cell stage
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shows higher heterogeneity than both B-tubulin and B-actin, the same
cannot be said about sister blastomeres from the two-cell stage.
Given the unique nature of the two-cell embryo, which is the
only “multicellular” stage of development undergoing both zy-
gotic genome activation (ZGA) and maternal clearance (37), single-
blastomere protein analysis complements our understanding of
heterogeneity observed at the mRNA level (3). While the exact nature
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of the transcriptional, translational, and degradation events occur-
ring within the two-cell embryos are not completely clear, deeper
scrutiny of the early two-cell state is essential.

Truncated DICER-1 isoform expression decreases

from the oocyte to the two-cell stage

Alternative splicing occurs frequently during early embryonic devel-
opment in mouse and human (40). However, efforts to investigate
whether the corresponding alternate protein isoforms are ultimately
and stably generated require pooling hundreds of collected embryos
from each stage, losing interblastomeric information (41). The role
of alternative isoform usage between sister blastomeres and what
role this has on cell fate specification are still unclear. Thus, resolv-
ing proteoforms generated by alternative splicing would benefit
from precision tools with single-embryo resolution.

To this end, we examined one of the earliest known examples
of a protein isoform that exists in mouse development: DICER-1.
DICER-1 is essential for small RNA-mediated gene expression reg-
ulation. By processing small RN As into their mature form, DICER-1
generates sequence-specific guides required by effector complexes
to target cognate mRNAs and regulate their translation (42). Bulk
analyses of mouse oocytes by others have found high expression of
an N-terminally truncated isoform, denoted DICER® (Fig. 3A) (42),
which demonstrates higher catalytic activity than its full-length ver-
sion and is believed to drive the high activity of endogenous small
interfering RNAs (endo-siRNAs) in mouse oocytes, but not in so-
matic cells (42). The DICER® transcript persists until the fertilized
zygote stage, but whether the DICER® protein isoform is exclusive
to oogenesis or is maternally inherited by the preimplantation em-
bryo remains unknown.

We asked if DICER® is specific to the oocyte stage by assaying
oocytes and two-cell embryos for isoforms of DICER-1 at the pro-
tein and mRNA level. We collected oocytes and two-cell embryos
and divided each sample for analysis of either protein or mRNA.
Samples destined for protein analysis were processed by single-cell
immunoblotting, while samples analyzed for mRNA were individ-
ually lysed and processed by single-embryo RT-qPCR. Using a pan-
specific DICER-1 antibody probe, single-embryo polyacrylamide gel
electrophoresis (PAGE) resolved multiple DICER-1 isoforms by
relative order of electromigration, detecting both the full-length
DICER-1 form (larger molecular mass band) and the truncated
form (smaller molecular mass band; Fig. 3B). We observed that
both oocytes and two-cell embryos expressed truncated isoforms of
DICER-1 (Fig. 3, B and C). Nonreducing slab-gel Western blotting
of 85 pooled oocytes also reported two DICER-1 protein bands,
with a smaller molecular mass peak of higher intensity, corroborat-
ing single-oocyte immunoblotting results regarding the truncated
DICER-1 isoform (Fig. 3D).

Within oocytes, we observed significantly higher expression
of the truncated isoform over the full-length DICER-1 for both
normalized mRNA and protein (for mRNA/RfxIpicgr-1 versus
mRNA/RfxIpicer’: Mann-Whitney U test, P = 0.0052 for n = 18;
for protein band AUCpjcgr.1 versus AUCpicgr”: Mann-Whitney
U test, P =0.0079 for n = 5; Fig. 3B). For whole two-cell embryos, we
found no significant difference between expression of truncated
and full-length isoforms of DICER-1 (for mRNA/RfxIpjcgr.] versus
mRNA/RfxIpicer’: Mann-Whitney U test, P = 0.9551 for n = 7 for
DICER-1 and = 8 for DICER®; for AUCpicgr.1 versus AUCpicer™:
Mann-Whitney U test, P = 0.20 for n = 4) (Fig. 3C).

Rosas-Canyelles et al., Sci. Adv. 2020; 6 : eaay1751 22 April 2020

When comparing full-length DICER-1 expression levels between
the oocyte and two-cell stages, expression was not significantly dif-
ferent by mRNA or by protein expression (mRNA/RfxIpicgr-1:
Mann Whitney U test, P = 0.084 for n = 18 oocytes and 7 whole
two-cell embryos; AUCpjcgr-1: Mann-Whitney U test, P = 0.9048 for
n =5 oocytes and 4 two-cell embryos). When comparing the truncated
DICER-1 isoform expression levels, however, we observed a sig-
nificant decrease from the oocyte to the two-cell stage in both mRNA
and protein levels (mRNA/Rfx1 DICERO: Mann-Whitney U test, P =
0.0004 for n = 18 oocytes and 8 two cells; AUCDICERO: Mann-Whitney
U test, P = 0.0159 for n = 5 oocytes and 4 two-cell embryos).

Precision analyses of oocytes and two-cell embryos report a no-
table decrease in the truncated DICER-1 protein isoform and mRNA
expression between the stages, but no notable decrease in full-length
DICER-1 across the same development stages. Our results support
a role for Dicer® being maternally generated and available at the
time of fertilization. In line with previous studies (42), Dicer® ap-
pears to have a critical role in oocyte maturation and spindle assembly
before fertilization. The observed clearance of the truncated isoforms
after fertilization suggests a role limited to the oocyte that does not
extend into the preimplantation embryo.

Integrating phenotypic information with precision
molecular profiling of cell lineage

We sought to achieve a more comprehensive understanding of cell
state by integrating phenotype profiling of intact cells with subsequent
single-cell analyses of mRNA and protein. First, we asked whether
the TE or ICM state could be determined among blastomeres disso-
ciated from blastocysts using a multimodal assay that integrates
intact cell imaging with relative expression of protein markers un-
derstood to be specific to TE versus ICM (i.e., CDX-2 versus SOX-2,
respectively) (Fig. 4A). Here, internalization of fluorescent beads
acted as a proxy for TE or ICM cell type within a blastocyst (43), on
the basis of the originating location of the blastomere.

To obtain phenotypic information, we selectively stained the
outer TE cells by incubating blastocysts (3.5 to 4 dpc) with a solu-
tion of fluorescent microspheres (43). With bead-based staining,
ICM cells (inner cells) do not fluoresce, while TE cells (outer cells)
do fluoresce, indicating internalization of fluorescent microspheres
(43). Blastocysts were then dissociated into single cells, settled into
microwells, and imaged for the presence of microspheres (Fig. 4A).
Subsequent immunoblotting for B-tubulin, SOX-2, and CDX-2 re-
vealed negligible levels of SOX-2 and high levels of CDX-2 in blasto-
meres that were positive for microsphere signal, indicating TE cell
type (Fig. 4A). Blastomeres with no detectable microsphere signal,
suggesting ICM cell type, expressed high levels of SOX-2 and negli-
gible levels of CDX-2 (Fig. 4A).

In a corollary study, we considered modulation of preimplantation
development through membrane proteins (44). In both morula and
blastocysts, we profiled the cell adhesion protein E-cadherin and
the cell surface receptor fibroblast growth factor receptor 1 (FGFR-1;
Fig. 4B). For both proteins, expression did not significantly differ
between the morula and blastocyst stages (Mann-Whitney U test,
n =3, P=0.400 for E-cadherin; n = 6 and 5 for morula and blastocysts,
respectively, P = 0.465 for FGFR-1; Fig. 4B).

Second, we sought to integrate knowledge that cellular con-
centration is understood to be a more accurate indicator of cell
phenotype than total abundance (45). The transcriptional profile of
housekeeping genes (e.g., B-actin and B-tubulin) is often not stably
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Fig. 3. Higher DICER-1 isoform expression in murine oocytes than in two-cell embryos correlates with mRNA levels. (A) DICERO, a truncated isoform of DICER-1,
appears at the oocyte stage and is a product of alternative promoter usage. aa, amino acid. Bright-field micrographs of (B) a settled oocyte, **P < 0.01 and (C) a settled
two-cell embryo, with corresponding overlaid false-color fluorescence micrographs and intensity profiles showing protein bands for loading controls (a-actinin and
B-tubulin) and DICER-1. Oocyte immunoblot demonstrates presence of a full-length DICER-1 (top arrow) and a lower molecular mass isoform (bottom arrow). Under
these, dot plots of DICER isoform mRNA levels normalized by endogenous control Rfx1 (top) and protein expression (AUC, bottom). Expression of the truncated isoform
is higher than the full-length DICER-1 for both mRNA and protein in oocytes (MRNA/RfxTpicer-1 versus mRNA/tpicer”: Mann-Whitney U test, P = 0.0052 for n = 18; for AUCpicgr-1
versus AUCpicer”: Mann-Whitney U test, P = 0.0079 for n = 5), but not in two-cell embryos (for mRNA/Rfx1picer-1 versus mRNA/RfxTpicer”: Mann-Whitney U test, P = 0.9551
for n = 7 for DICER-1 and n = 8 for DICER®; for AUCpicer-1 versus AUCpcer”: Mann-Whitney U test, P = 0.20 for n = 4). Oocytes show higher mRNA and protein expression
than two cells for the truncated isoform (mRNA/foImchoz Mann Whitney U test, P = 0.0004 for n = 18 oocytes and 8 two cells; AUCD|CER°: Mann Whitney U test, P=0.0159
for n =5 oocytes and 4 two-cell embryos), but not the full-length DICER-1 (mRNA/Rfx1pjicer-1: Mann Whitney U test, P = 0.084 for n = 18 oocytes and 7 two-cell embryos;
AUCpicer-1: Mann Whitney U test, P = 0.9048 for n = 5 oocytes and 4 two-cell embryos). Horizontal bars indicate mean + SD. Scale bars, 200 um. (D) Fluorescence micro-
graph of a single oocyte immunoblotted for DICER-1 with corresponding fluorescence intensity profiles and Gaussian curve fits to the DICER® isoform (low molecular mass,
R? = 0.83, solid black line) and DICER-1 full-length isoform (R? = 0.89, dotted black line). To the right, slab-gel Western blot analysis of pooled oocytes (n = 85 oocytes) and
corresponding grayscale value profile show two DICER-1 protein bands. Oocytes were pooled, lysed, and assayed by nonreducing SDS-PAGE followed by immunoprobing.
Buffers and immunoprobing reagents matched the single-cell protocol. Black arrowheads mark the position of the DICER-1 bands.
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Fig. 4. Whole-cell imaging adds phenotypic content to protein analysis of single embryos and blastomeres. (A) Cell type-graded expression of CDX-2 and SOX-2in
blastomeres from dissociated blastocysts. Bright-field and fluorescence micrographs of dissociated blastocysts after incubation with fluorescent microspheres and corre-
sponding micrographs of blastocysts immunoblotted for B-tubulin, CDX-2, and SOX-2. Scale bars, 50 um. (B) Detection of membrane proteins in morula and blastocysts.
Bright-field micrographs showing embryos settled into microwells before lysis, with resulting false-color micrographs immunoblots for B-tubulin, E-cadherin, and FGFR-1,
with corresponding fluorescence intensity profiles shown to the right. Scale bars, 100 um. Dot plots of E-cadherin (left) and FGFR-1 (right) expression for morula and
blastocysts (for E-cadherin: n = 3 and 3 morula and blastocysts, for FGFR-1: n = 6 and 5 morula and blastocysts). Horizontal bars represent mean + SD. (C) Microscopy and
single-blastomere immunoblotting identifies correlations between cell volume and marker expression in dissociated morula blastomeres. False-color fluorescence micro-
graphs show B-tubulin, B-actin, and SOX-2 protein bands, with intensity profiles adjacent to micrographs. Arrows mark the position of protein bands. Scale bars, 100 um.
To the right, bivariate plot of blastomere cell volume and loading control expression (B-tubulin and B-actin) shows significant positive linear correlation (Pearson correlation,
n=8,p=0.883 and 0.908, P = 0.00366 and 0.00018, respectively). Bivariate plot of cell volume versus SOX-2 expression normalized by B-tubulin and B-actin expression
show a negative, but nonsignificant, association (Pearson correlation, n = 8, p = —0.487 and —0.315, P = 0.221 and 0.447, respectively).

and homogeneously expressed across different cell samples, ex-
perimental conditions, or treatments (46). To understand if this ob-
served variability prevails at the protein level, we scrutinized the
assertion that—at the protein level—both B-tubulin and B-actin can
be used as proxies for cell volume. Dissociated morula blasto-
meres were first interrogated by whole-cell bright-field imaging and
subsequently by single-cell immunoblotting (Fig. 4C). We observed
a significant, positive correlation between cell volume and protein
expression of both B-tubulin and B-actin (Fig. 4C; Pearson correla-

Rosas-Canyelles et al., Sci. Adv. 2020; 6 : eaay1751 22 April 2020

tion, p = 0.883 and 0.908, P = 0.00366 and 0.000138, respectively, for
n = 8 blastomeres).

We further scrutinized dissociated blastocysts to establish if
smaller blastomeres express higher levels of SOX-2, the transcrip-
tion factor involved in pluripotency gene expression (47). We disso-
ciated blastocysts into single blastomeres, measured the diameter of
each by bright-field microscopy, and then assayed each for SOX-2 by
single-blastomere immunoblot. For blastomeres expressing SOX-2,
we compared SOX-2 expression to the measured cell volume and
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found a significant, negative correlation (Pearson correlation, p =
—0.899, P = 0.00589 for n = 7 single blastomeres; fig. S4), as ex-
pected at the blastocyst stage (47, 48). We then performed the same
analysis for morula and again observed an expected negative cor-
relation (48) between SOX-2 expression and volume of morula
blastomeres for both B-tubulin and B-actin normalization (Fig. 4C;
Pearson correlation, n = 8, p = —0.487 and —-0.315, P = 0.221 and
0.447, respectively).

DISCUSSION

The exact timing and mechanism by which the first cell fate deci-
sions occur during mammalian preimplantation development re-
main unknown. Pivotal open questions include whether developing
blastomeres remain homogeneous and functionally equivalent until
the compacted morula stage (1) or if blastomeres exhibit symmetry-
breaking configurations, perhaps as early as the two-cell stage
(5,7,9). Yet, transcript abundance is not an accurate determinant of
protein abundance. The asynchrony observed between mRNA and
protein expression may reflect the uncoupled relationship between
transcription and translation in the early embryo (up to 15 hours
between transcription and translation), synchronizing more tightly
in later cleavage stages (11).With both the now-understood loose
correlation between mRNA and protein expression levels and criti-
cal shortcomings of the de facto standard for direct measurement of
endogenous, unmodified proteins (i.e., immunoassays), we describe
a multimodality microfluidic platform optimized for the study of
murine preimplantation embryo development.

During cell fate determination, we scrutinized two-cell and four-
cell embryos for GADD45a heterogeneity at protein level; GADD45a
is a gene shown to be bimodally transcribed in early embryonic
stages. By scrutinizing the blastomeres that comprise four-cell
embryos, we detected higher heterogeneity in GADD45a protein
expression than loading controls B-tubulin and B-actin, providing
the protein-based validation of recent single-cell RNA sequenc-
ing (RNA-Seq) predictions. At the oocyte and two-cell embryo
stages, we observed a truncated DICER-1 protein isoform as domi-
nant in the oocyte stage with significantly lower truncated DICER-1
mRNA and isoform levels at the two-cell stage. The observation
suggests inheritance from the oocyte stage and corroborates studies
suggesting that the higher-activity truncated DICER-1 isoform is
oocyte-specific.

Simultaneous measurement of mRNA and protein from embryos
of the same donor enhances the biological accuracy of correlations
between mRNA levels and protein expression at different stages of
the preimplantation embryo. Such insight into the expression dynam-
ics would clarify how modulation in transcription dictates cellular
phenotype. Our findings more accurately characterize the discrep-
ancy between transcript abundance and protein presence in the early
preimplantation embryo, a phenomenon that is ameliorated by the
blastocyst stage, which coincides precisely with the maternal-to-
zygotic transition experienced by all preimplantation embryos of all
studied species. Companion functional competency measurements
guided by the ever-increasing resolution of single-cell transcript ap-
proaches will help in determining the proteins and isoforms in-
volved in key cell fate decisions. Further, given the importance of
secreted proteins in lineage segregation (44), a study is underway to
advance same-cell microfluidic tools to assess both intraembryonic
proteins and secreted proteins.
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As detailed here, the ~10 to 20 embryos harvested from a single
mouse donor are sufficient not just for one immunoblot but for
multiple single-embryo and single-blastomere immunoblots. The
precision in sample handling and enhanced sensitivity notably reduces
the conventional PAGE sample requirements of several hundreds or
thousands of embryos (41, 42). The implications are multifold. First, as
single-embryo immunoblots inherently and markedly lower sample
requirements, the burden of animal sacrifice is likewise reduced. Cur-
rent gold standard protein measurements consist of conventional
western blotting, which, depending on expected protein abundance,
requires combination of 50 to 100 embryos to ensure a detectable
signal (49). These issues are made further dismal in cases involving
subfertility or when a specific genotype is required. For wild-type
mouse conditions, conventional western blotting would require the
sacrifice of 5 to 10 mice per lane (or measurement). If a specific
genotype is needed, then this value is multiplied by the difficulty
in procuring the needed samples. With the strategy described here,
a single mouse could provide sufficient material for up to 10 to
20 individual measurements. Second, statistical interpretation of
single-embryo and single-blastomere immunoblot results is feasible,
revealing intraembryonic heterogeneity, as well as significant differ-
ences between embryos of the same fertilization event and between
donors. Last, immunoblots can be stored and reprobed for addi-
tional proteins as previously unidentified, important targets emerge
in the rapidly advancing field of developmental biology.

Open questions remain; although nuclear mRNA and whole-cell
mRNA are strongly correlated (50), specific exceptions do exist, in-
cluding genes involved in splicing (50, 51). Biological interpretation
of correlation (or lack thereof) between mRNA and protein expres-
sion levels should include consideration of whether nuclear mRNA
levels (measured here) reflect whole-embryo mRNA levels. Under-
standing of nuclear versus whole-cell mRNA distributions in the
preimplantation embryo is currently lacking. Reports on ZGA and
maternal clearance suggest that, as maternal transcripts are degraded
(52), the whole-cell mRNA, thus, comprises a mixture of old (cyto-
plasmic) transcripts and new (nuclear) transcripts. After fertilization,
nuclear transcripts should largely represent the total and zygotically
active transcriptome, while most of cytoplasmic transcripts are in-
herited and no longer actively contribute to the newly active zygotic
proteome; however, the kinetics of this transition have been diffi-
cult to study. Using approaches like that described here, we seek to
boost understanding of questions such as if and when the nuclear
mRNA fraction constitutes an accurate representation of the embryo’s
emerging proteome.

In mice, ZGA occurs shortly after fertilization and is not fully
realized until the two-cell stage, at which point nascent mRNA pop-
ulates the embryonic transcriptome (52). At the same time, maternally
inherited transcripts and proteins are being actively and passively
cleared and degraded at different rates, further confounding results
and interpretations of early preimplantation studies (36). While recent
single-cell RNA-Seq experiments reveal sister blastomere transcrip-
tome heterogeneity as early as the two-cell embryo in both humans
and mice (3), functional studies suggest these differences may not
be relevant until the four-cell stage or later (if at all) (2, 6). There-
fore, careful assessment of exact fertilization times is needed to
compare early embryos (pronucleus and two-cell), while sister blas-
tomere comparisons are ideal for later stages. Biological variation
such as the exact timing of fertilization can potentially be more
tightly controlled using in vitro fertilization, at the risk of introducing
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technical artifacts. The use of in vitro culture could additionally
complicate analysis as sibling embryos can spontaneously respond
poorly to identical culturing conditions (53).

Last, with the advent of new gene editing technologies (e.g.,
CRISPR, genomic screening methods including targeted, exome, or
whole-genome sequencing), screening for on-target and off-target
activity has become critical, as unintended editing events can lead to
exon skipping, alternative splicing, and deletions that occasionally
lead to active versions of supposedly “knocked out” targets (54).
Protein assays that can complement genomic screening, such as the
one described in this study, will be crucial for screening embryos for
protein-level effects of both on-target and off-target mutations,
even when the latter occur in noncoding regions.

MATERIALS AND METHODS

Animals and ethics statement

As a matter of caution and compliance, all appropriate authoriza-
tions have been acquired from institutional and/or federal regulatory
bodies before performing this protocol. All mouse use, including
but not limited to housing, breeding, production, sample collection
for genotyping, and euthanasia, is in accordance with the Animal
Welfare Act, the American Veterinary Medical Association (AVMA)
Guidelines on Euthanasia and are in compliance with the Institute
of Laboratory Animal Resources (ILAR) Guide for Care and Use of
Laboratory Animals, and the University of California Berkeley In-
stitutional Animal Care and Use Committee (IACUC) guidelines
and policies. Our animal care and use protocol has been reviewed
and approved by our IACUC for this project.

Chemical reagents

Tetramethylethylenediamine (TEMED; T9281), ammonium per-
sulfate (APS; A3678), B-mercaptoethanol (M3148), 30%T/2.7%C
acrylamide/bis-acrylamide (37.5:1) (A3699), bovine serum albumin
(BSA; A9418), Tyrode’s solution (T1788), trypsin 10x (59427C),
Accutase (A6964), and 3-(trimethoxylsilyl)propyl methacrylate
(440159) were purchased from Sigma-Aldrich. Triton X-100 (BP-151)
and phosphate-buffered saline (PBS; pH 7.4; 10010023) were pur-
chased from Thermo Fisher Scientific. Premixed 10x tris-glycine EP
(electrophoresis) buffer [25 mM tris (pH 8.3), 192 mM glycine] was
purchased from Bio-Rad. Tris-buffered saline with Tween-20 (TBST)
was prepared from 20x TBST (sc-24953, Santa Cruz Biotechnology).
Deionized water (18.2 megohms) was obtained using an ultrapure water
system from Millipore. Alexa 555-labeled BSA (A34786) was purchased
from Invitrogen. N-[3-[(3-benzoylphenyl)formamido]propyl] meth-
acrylamide (BPMAC) was custom synthesized by Pharm-Agra Labo-
ratories (Brevard, NC). GelSlick (50640) and Lonza GelBond PAG
Film for Acrylamide Gels (BMA54746) were purchased from Lonza.

Device fabrication

Devices for protein immunoblotting were fabricated using SU-8
microposts patterned on silicon wafers to mold the PA gel microwells,
as previously reported (55). Briefly, polyacrylamide precursor solution
including acrylamide/bis-acrylamide (7 to 12%T) and 3 mM BPMAC
was degassed with sonication for 9 min. APS (0.08%) and TEMED
(0.08% ) were added to the precursor solution, and the solution was
pipetted between the SU-8 wafer (rendered hydrophobic with Gel
Slick solution) and either (i) a glass microscope slide functionalized
with 3-(trimethoxylsilyl)propyl methacrylate (to ensure covalent
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grafting of PA gel to glass surface) for immunoblotting alone, or
(ii) a GelBond polymer cut to the size of a standard glass slide for
same-embryo immunoblotting and mRNA measurement devices.
After chemical polymerization (20 min), devices (glass or GelBond
polymer with grafted PA gel layer) were lifted from the wafer, rinsed
with deionized water, and stored dry until use.

Microwell diameter and height were optimized for each sample,
where microwell diameter approximates the average blastomere or
embryo diameter (from 20 to 30 um for dissociated blastocyst blasto-
meres to 150 pm for whole embryos), and the diameter-to-height
ratio was kept at approximately 3:4 to prevent convection stream-
lines from dislodging settled cells during the pouring of lysis buffer
(20). In devices for same-embryo immunoblotting and mRNA mea-
surements, microwell diameter and height were 200 um, to allow
alignment of laser over the area containing the microwells.

Mouse embryo isolation and culture

Three- to five-week-old female C57BL/6] mice (000664, the Jackson
laboratory) were superovulated by intraperitoneal (IP) injection of
5 IU of pregnant mare serum gonadotropin (PMSG; Calbiochem,
367222, Millipore), and 46 to 48 hours later, IP injection of 5 IU
human chorion gonadotropin (hCG; Calbiochem, 230734, Millipore).
Superovulated females were housed at a 1:1 ratio with 3- to 8-month-
old C57BL/6] males to generate one-cell zygotes at 0.5 day after coitum.
Using forceps under a stereomicroscope (Nikon SMZ-U or equiva-
lent), the ampulla of the oviduct was nicked, releasing fertilized zy-
gotes and oocytes associated with surrounding cumulus cells into
50 ul of M2 + BSA medium [M2 medium (MR-015-D, Millipore)
supplemented with BSA (4 mg/ml; A3311, Sigma-Aldrich)]. Using
a handheld pipette set to 50 ul, zygotes were dissociated from cumulus
cells after the cumulus oocyte complexes were transferred into a
200-pl droplet of hyaluronidase/M2 solution (MR-051-F, Millipore),
incubated for up to 2 min, and passed through five washes in the
M2 + BSA medium to remove cumulus cells.

From this point on, embryos were manipulated using a mouth-
controlled assembly consisting of a capillary pulled from glass
capillary tubes (P0674, Sigma-Aldrich) over an open flame attached
to a 15-inch aspirator tube (A5177, Sigma-Aldrich). Embryos were
passed through five washes of M2 + BSA to remove cumulus cells.
Embryos were then transferred to KSOM + BSA medium (KCI-
enriched simplex optimization medium with amino acid supplement,
ZEKS-050, Zenith Biotech) that was equilibrated to final culturing
conditions at least 3 to 4 hours before incubation. Embryos were
cultured in 20-pl droplets of KSOM + BSA overlaid with mineral oil
(ES-005-C, Millipore) in 35 x 10-mm culture dishes (627160, CellStar
Greiner Bio-One) in a water-jacketed CO; incubator (5% CO,,
37°C, and 95% humidity).

Single-embryo RT-qPCR for DICER-1

All single-embryo cDNA was prepared using a modified version
of the single cell-to-Ct RT-qPCR kit (4458236, Life Technologies).
Whole embryos were isolated at the desired developmental stage.
Using a mouth pipette, embryos were then passed through three
washes of PBS. With a handheld pipette set to 1 ul, a single embryo
was collected and transferred to one tube of an 8-well PCR strip.
Presence of embryo was visually confirmed in each tube before com-
plementary DNA (cDNA) synthesis. To account for the larger sample
input, twice the protocol-recommended volume of lysis buffer/
deoxyribonuclease (20 pl) was added to each embryo and allowed to
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incubate at room temperature (RT) for 15 min. Then, 2 pl of Stop
Solution was added and incubated for 2 min. At this point, half of
the reaction was stored in —80°C conditions as a technical replicate,
and the remaining sample (11 pl) continued through the original
single cell-to—Ct protocol. All RT-qPCRs were performed using
SSO Universal SYBR Green SuperMix, as per the manufacturer’s
instructions (1725275, Bio-Rad). Primer sequences used were Rfx1
(5’ AGT GAG GCT CCA CCA CTG GCC G, 5TGG GCA GCC
GCT TCT C), Dicer-1 (5GGA TGC GAT GTG CTA TCT GGA,
5'GCA CTG CTC CGT GTG CAA), and DICER-1 (5CTC TTT CCT
TTG AAT GTA CAG CTA C, 5'CAG TAA GCA GCG CCC CTCQ).
All RT-qPCR analyses were performed on the StepOnePlus Real-
Time PCR System (437660, Thermo Fisher Scientific).

Single-embryo and single-blastomere
microfluidicimmunoblotting

Once the desired developmental stage was reached, embryos were
transferred to a ~50-pl droplet of acid Tyrode’s solution (T1788,
Sigma-Aldrich) and incubated at 37°C for up to 2 min to remove the
zona pellucida. If dissociation into blastomeres was required, embryos
were incubated with a 1:1 solution of Accutase and 10x trypsin
(15090046, Thermo Fisher Scientific) at 37°C (time varied with de-
velopment stage, ranging from 5 min for two-cell embryos to up
to 5 hours for blastocysts). Embryos were then mechanically dis-
rupted by passing each embryo through a capillary repeatedly
until dissociation. Single embryos or blastomeres were washed
with PBS and deposited into microwells of the PA gel. Microwells
were imaged by bright-field microscopy to collect data on size,
morphology, and ensure occupancies of one embryo or blastomere
per microwell.

Once isolated in each microwell, cell samples were chemically
lysed. Lysis conditions, including buffer composition, temperature,
and treatment time, were optimized for each developmental stage
(table S1). To minimize diffusive losses during lysis, cylindrical
microwells are designed to approximate the volume of our samples
and, thus, maintain the high local protein concentrations that exist
inside cells. Thus, as described previously, for each stage, we de-
signed microwells with diameters that approximate the diameter
of the individual embryo or blastomere we wish to isolate (20 to
150 um). After lysis, an electric field (E = 40 V/cm) was applied to
drive PAGE in a 3-mm-long separation lane abutting each lysate-
containing microwell. Electrophoresis was performed at 40 V/cm
for varying times (from 20 s to 2:17 min, depending on develop-
mental stage and protein targets; table S1).

Immobilization of proteins by photoblotting was carried out
by illumination with an ultraviolet (UV) light source (100% power,
45 s; Lightningcure LC5, Hamamatsu). Gels were washed in 1x
TBST for at least 1 hour before probing with antibodies. Primary
antibodies were incubated at 1:10 or 1:5 dilution (40 pl per gel, in
2% BSA in 1x TBST), while fluorophore-conjugated secondary
antibodies were incubated at 1:10 or 1:20 dilution (40 ul per gel, in
2% BSA in TBST). To strip bound antibodies and reprobe for new
targets, gels were treated with 2% SDS, 0.8% B-mercaptoethanol,
and 62.5 mM tris base at 55°C for 1 to 3 hours, washed in TBST (1 hour)
twice, and then reprobed.

In terms of throughput, we concurrently assay up to 40 samples
(blastomeres or embryos) on one device, with the possibility of up to
100 samples per device if all microwells are used. Primary limitations
to throughput include (i) sample availability, with ~20 embryos col-

Rosas-Canyelles et al., Sci. Adv. 2020; 6 : eaay1751 22 April 2020

lected per mouse (25-27), (ii) and sample preparation, including
serial microtransfer of one cell to each microwell.

Optimization of lysis and electrophoresis times depends on (i)
target markers and (ii) starting sample. The molecular mass range
of the target markers determines how long the lysate must be sepa-
rated to resolve protein markers in a given gel composition (%T, or
acrylamide monomer concentration). For the protein targets, the
design of single-embryo PAGE aims to achieve needed separation
resolution while maintaining sufficient analytical sensitivity. Here,
these two critical performance metrics depend on (i) target marker
characteristics and (ii) starting sample type. The molecular masses of
the target markers determine the electrophoresis duration needed
to resolve protein targets using a given gel composition (%T, or
acrylamide monomer concentration). The starting sample type
dictates available mass of protein available for analysis, where
small-volume samples (e.g., blastocyst blastomeres) have lower
starting mass than samples with larger volumes (e.g., oocytes). In
the open microfluidic geometries used here, proteins diffuse out of
the gel during the lysis and electrophoresis steps, thus diluting the
lysate sample until the limit of detection is, eventually, passed
(~27,000 copies of protein target) (20). Migration distances for the
same protein may therefore also vary between different starting
samples.

Same-embryo mRNA analysis and immunoblotting

Embryos were prepared as described above and transferred to
same-embryo mRNA and immunoblotting devices (GelBond™-
grafted PA devices). Embryos were chemically lysed with fraction-
ation lysis buffer [digitonin (0.125 mg/ml), 1% v/v Triton X-100,
and 0.5x tris-glycine) at room temperature for 60 s. An electric field
(E =40 V/cm) was applied for 2 min and 17 s, followed by UV light
illumination (100% power, 45 s; Lightningcure LC5, Hamamatsu).
Devices were immediately placed in nuclei wash buffer (320 mM
sucrose, 5 mM MgCl,, and 10 mM Hepes) at 4°C and kept over ice,
with buffer exchanged three times.

A CO; laser cutter (HL40-5G-110, Full Spectrum Laser) was
used to excise 2 x 3-mm sections of the PA-polymer device encom-
passing single microwells, called gel pallets. Gel pallets containing
the fractionated nuclei were placed in PCR tubes containing 20 ul of
DNA/RNA shield buffer (R1100-50, Zymo Research) and stored at
-80°C. Devices were washed with TBST and probed following the
same protocol as described under the previous section.

The mRNA was isolated from gel pallets using Quick-DNA/
RNA, Microprep Plus (D7005, Zymo Research). All of the extracted
mRNA was used for cDNA synthesis (SuperScript4, 18091050,
Thermo Fisher Scientific). cDNA was amplified with PerfeCTa
PreAmp SuperMix (95146, QuantaBio), and RT-qPCRs were per-
formed using SSO Universal SYBR Green SuperMix, as per the man-
ufacturer’s instructions (1725275, Bio-Rad). Primer sequences used
were as follows: B-actin F: GGCTGTATTCCCCTCCATCG,
B-actin R: CCAGTTGGTAACAATGCCATGT. All RT-qPCR anal-
yses were performed on the StepOnePlus Real-Time PCR System
(437660, Thermo Fisher Scientific).

Antibody probes forimmunoblotting

Antibodies used for analysis of embryos include rabbit anti-3-tubulin
(Abcam, ab6046, polyclonal, lot: GR31927-5), mouse anti-DICER-1
(Santa Cruz Biotechnology, sc-136981, A-2, lot: 11817), mouse anti—
CDX-2 (Abcam, ab157524, CDX2-88, lot: GR300552-6), anti-rabbit
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anti-CDX2 antibody (Abcam, ab76541, lot #GR300552-18), rabbit
anti-SOX-2 (EMD Millipore, AB5603, polyclonal, lot: NG1863962
and 3254559), goat anti-glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) (Sigma-Aldrich, SAB2500450, polyclonal, lot: 6377C2),
rabbit anti-GADD45a (Invitrogen, MA5-17014, D.81.E, lot: R12274975),
Alexa Fluor 647 anti-mouse/human CD324 (E-cadherin) anti-
body (BioLegend catalog no. 147307, lot no. B254794), Alexa Fluor 594
FGFR-1 antibody (Santa Cruz Biotechnology, catalog no. sc-57132
AF594, lot no. J0218), Rhodamine anti-B-actin immunoglobulin G
(Bio-Rad, 12004163, lot: 64219909), hFAB Rhodamine anti-tubulin
primary antibody (Bio-Rad, 12004165, lot no. 64210670). Donkey sec-
ondary antibodies Alexa Fluor 647-conjugated anti-mouse (A31571,
lot #1903516), Alexa Fluor 594-conjugated anti-mouse (A21203,
lot #2066086), and Alexa Fluor 488-conjugated anti-rabbit (A21206)
were purchased from Thermo Fisher Scientific, CA, USA. All bands
migrated to approximate molecular masses stated by manufacturers
or previously published studies (table S2).

Validation of SOX-2/CDX-2 expression by dissociated
blastocyst blastomeres

Fluorescent microspheres (0.2 um) (Polysciences cat. no. 17151,
lot #671952) were provided by D. Fletcher’s laboratory at UC
Berkeley. Selective fluorescence labeling of outer (TE) blastomeres
was performed as previously described (43). Briefly, blastocysts
(3.5 to 4 dpc) were incubated with a 1:100 dilution of 0.2 um of
fluorescently labeled microspheres for 1 min and then rinsed in me-
dium before dissociation. Cells were then settled into microwells,
imaged (bright-field and 488 nm), and assayed for B-tubulin, CDX-2,
and SOX-2.

Conventional western blotting of pooled oocytes

Oocytes (N = 85) collected from five super ovulated C57BL/6]
female mice were isolated and placed into 16 pl of harsh lysis buffer
(table S1), heated to 55°C for 60 s to mimic immunoblotting lysis
conditions, and stored at —80°C until required. To this sample, 4 ul
of 5x Laemmli buffer was added and mixed by brief vortexing and
centrifugation. The sample was loaded onto a 10% polyacrylamide
gel and electrophoresed for 30 min at 50 V and 1 hour at 150 V.
After transfer, the membrane was blocked with 5% milk in 1x
TBST, and then probed overnight at 4°C with an antibody against
DICER-1 (Santa Cruz Biotechnology, sc-136981; 1:500 dilution in
blocking buffer). The membrane was washed three times with 1x
TBST and then probed with goat-anti-mouse secondary antibody
(Rockland, 18-8817-33; 1:5000 dilution) for 1 hour at room tem-
perature. Three additional washes were made before detection using
enhanced chemiluminesence (Millipore WBKLS0100) and imaged
on a Bio-Rad GelDoc XR+. Given that sample preparation for single-
embryo PAGE is not equivalent to that of bulk, slab-gel SDS-PAGE
(i.e., amount of protein in both cases varies considerably), we do not
expect equivalent protein sizing for all targets between the methods.

Determination ofimmunoblotting detection range,
multiplexing, and separation resolution

We first sought to directly measure protein expression in cells rang-
ing from single oocytes (~80 um in diameter) to single blastomeres
from dissociated blastocysts (<20 pm in diameter at 3.5 to 4.0 days
after coitus, dpc) (fig. S1A). Single oocytes and single blastomeres
from dissociated blastocysts were immunoblotted for the protein
loading control B-tubulin (fig. S1A). By detecting B-tubulin band
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passing the quality control metrics of signal-to-noise (SNR) ratios
above the threshold of 3 and Gaussian fit with R* > 0.8 for both
samples, we determined a dynamic detection range spanning fem-
tomoles (107'°) to tens of attomoles (107%7), with the assumed start-
ing protein target concentration in the micromolar range (38).

We next assayed single morula (3.0 dpc) for the loading control
GAPDH and two transcription factors that are key regulators of
pluripotency and differentiation (56, 57), SOX-2 and CDX-2. Multi-
plexing is granted by the four spectral channels available with our
current microarray imaging system (Genepix 400A, Molecular De-
vices) in combination with availability of antibodies raised in four
different species. With stripping and reprobing, up to nine rounds
have been reported (20). By using a combination of (i) primary anti-
bodies raised in different animals (goat-anti-GAPDH, rabbit-anti-
SOX-2, and mouse-anti-CDX-2) and (ii) secondary antibodies
conjugated to different fluorophores (donkey-anti-goat, rabbit, and
mouse conjugated to Alexa Fluor 555, 488, and 594, respectively),
the microfluidic immunoblot resolved the three targets, with mo-
lecular masses of 37, 38, and 39 kDa, from intact morula without
chemical stripping and reprobing of the gel (fig. S1B). The observed
log-linear relationship between molecular mass and migration dis-
tance distinguishes target protein bands from nonspecific antibody
signal and demonstrates that single-morula PAGE resolves protein
targets with molecular mass as close as 1 to 2 kDa. Electromigration
of protein targets with known molecular mass displays an expected
log-linear relationship across a wide molecular mass range (from 50 to
100 kDa; fig. S5). As with slab-gel SDS-PAGE, membrane proteins
are known to be difficult to size accurately, and the same behavior is
expected with single-cell protein electrophoresis (58).

Validation of biological variation detection in dissociated
versus intact embryo immunoblotting

Given our ability to immunoblot dissociated blastomeres, we exam-
ined (i) if embryo dissociation artificially alters the protein abundance
of the whole embryo and (ii) if we can reconstruct the expression
profile of the whole embryo, even when constituent blastomeres are
individually assayed. We first inquired if loading a predetermined
increase in protein in the microfluidic immunoblot would yield a
concomitant increase in protein signal. We, thus, performed titra-
tions where we controlled loaded protein by using individual blas-
tomeres from dissociated four-cell embryos (2.0 dpc) as discrete
and easily manipulable loads of protein. We loaded either one or
two blastomeres into microwells and assayed the microwell lysate
for B-tubulin (fig. S1C). We observed an increase in B-tubulin ex-
pression [area under the curve signal (AUC)] from microwells loaded
with two blastomeres as compared with microwells loaded with one
blastomere (Mann-Whitney U Test, P = 6.28 x 10>, with n = 7 and
11 microwells, respectively; fig. S1C). The observation corroborates
the supposition that two blastomeres would contain twofold more
protein than a single blastomere.

To assess if the protein profile of a whole embryo could be re-
constructed from immunoblots of individual, dissociated blastomeres,
to rule out the concern of material loss during disaggregation, lysis,
or electrophoresis. To do so, we simultaneously assayed (i) intact
four-cell embryos and (ii) blastomeres from dissociated four-cell
embryos (each blastomere contained in a separate microwell) (fig. S1D).
We observed that protein bands for whole embryos had larger peak
dispersion than protein bands for dissociated blastomeres, where
we attribute the larger peak dispersion from whole embryos to the
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four-fold larger starting sample mass than in dissociated blas-
tomeres. All protein peaks passed the quality control metrics of SNRs
above the threshold of 3 and Gaussian fit with R? > 0.8. (fig. S1D).
The resulting AUC:s for B-tubulin were normalized to the summed
immunoblot signal from the four dissociated blastomeres (fig. S1D).
While the interembryonic variation showed an average embryo-to-
embryo variation in total B-tubulin of 8%, we observed no signifi-
cant difference between the sum of the contributions of dissociated
blastomeres and signal obtained from a four-cell embryo (Wilcoxon
matched-pairs signed rank test, P = 0.5, n = 3 independent experi-
ments) (fig. S1D). For all dissociated four-cell embryos studied, the
interblastomeric B-tubulin expression CV exceeded the technical
variation threshold (CVs = 8.3, 19.6, and 11.3% for embryos; fig.
S1D). We observed similar results with additional protein mark-
ers B-actin and GADD45a (fig. S1E). These results suggest that
immunoblotting of individual blastomeres can reconstruct the pro-
tein profile of the originating intact four-cell embryo.

Determination of immunoblotting technical variation

To assess if the source of the observed interblastomeric variation in
B-tubulin AUC was attributable to biological variation or con-
founding technical variation, we first sought to deconvolve sources
of variation arising from preparatory steps (e.g., cell lysis) from
those arising from analytical steps (e.g., PAGE, photoblotting, and
immunoprobing). Variation in measured protein expression levels
originates from biological sources, technical sources, or a combina-
tion. In the analytical steps, the sources of variation are predomi-
nantly technical. Consequently, to estimate the technical variation
threshold for these downstream analytical steps, we used a well-
characterized method using purified proteins (20, 21) (bead-based
delivery of protein ladders is also possible (59)) that allows us to
establish a technical variation threshold by quantifying immuno-
blots of microwells uniformly loaded with purified protein. Given
that endogenous loading control protein targets (i) show significant
cell-to-cell variation (60) or (ii) form dimers that are difficult to sol-
ubilize (61), we utilize purified protein to estimate technical varia-
tion as we have previously reported (62). Briefly, we partitioned a
solution of purified bovine serum albumin (BSA) (1 uM in PBS) into
the microwells by incubating PA gels in BSA solution for 30 min.
We then performed the immunoblotting assay and quantified the
AUC for each BSA protein band. We calculated the coefficient of
variation in BSA AUC (CVayc % = AUC SD/mean AUC x 100)
and computed a technical variation threshold defined as >3 x SD of
the mean CVayc (CVinreshold = mean CVayc + 3 SD = 7.4%, where
mean CV yc = 4.69% and SD = 0.92%; fig. S6) (62) .

In single-cell resolution assays, sources of variation in cell prepa-
ratory steps become nuanced. Cell lysis is the dominant preparatory
step for the single-cell immunoblot, and lysis behavior is influenced
by the biochemical (e.g., fluidity or membrane composition (63))
and biomechanical (e.g., changes in viscoelasticity (64)) properties
of each cell, which can vary extensively in embryos (64). Conse-
quently, given the established link between cellular properties and
cellular lysis behavior, we primarily attribute variation in cell lysis
behavior to biological sources. As such, including cell lysis variabil-
ity in estimates of the technical variation threshold is likely to be
overly conservative. Nevertheless, a more conservative technical
variation threshold, at 11%, can be estimated when the impact of
variable lysis behavior is included in protein expression variation of
an enhanced green fluorescent protein-expressing cell line (62).
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When comparing the intraembryonic variation in B-tubulin expres-
sion to the conservative average coefficient of variation of 11% (in-
cludes variation from cell lysis, which is arguably biological in origin),
we observe a majority of embryos having variation larger than the
threshold value (two of three embryos, n = 4 blastomeres per em-
bryo; fig. S1D).

Determination of mRNA technical variation threshold

mRNA was extracted from mouse embryonic stem (ES) cells using
TRIzol reagent, as per the manufacturer’s instruction. mRNA was
titrated to the expected mRNA content of embryos with low, medium,
and high mRNA content (0.05, 0.4, and 1 ng per reaction, corre-
sponding to two-cell embryos, oocytes, and blastocysts, respectively).
Samples were processed as described and analyzed by RT-qPCR for
B-actin, with 24 replicates per concentration. Cr values were calcu-
lated from amplification curves. The technical variation threshold
CVCT tech threshold Was computed as the average CVcr plus three SDs
for a 99% confidence interval (CVcr tech threshold = 0.77%; fig. S3).

Image processing, signal quantification,
and statistical analysis
The datasets generated and analyzed during this study are available
from the corresponding author on reasonable request. Statistical
tests were performed using GraphPad Prism 7.0b and MATLAB
(R2017a, MathWorks). Quantification of fluorescence signal of
protein immunoblots used in-house scripts written in MATLAB
(R2017a, MathWorks) (62). Briefly, Gaussian curves were fit to pro-
tein band fluorescence intensity profiles using MATLAB’s Curve
Fitting Toolbox. Gaussian fit parameters of protein peak location
and ¢ were used to compute AUC by integrating the fluorescence
intensity profile for the peak width, defined as 4. We applied quality
control metrics during quantification and identification of protein
target peaks: (i) SNRs above the threshold of 3 and (ii) Gaussian fit
with R* > 0.7. For assays exhibiting immunoreactivity on the perimeter
of the microwell, we classified lysis as sufficient, if we observed that
(i) all antibodies probed showed the same immunoreactivity and that
(ii) all protein peaks passed the aforementioned quality control metrics.
Fiji (Image]) was used to false color fluorescence micrographs
and overlay channels to create composite images. ImageJ] was used
to compute cell volume (65). Briefly, cell boundaries were traced
using the freehand selection tool. We first computed cell diameter
(0) from traced area, followed by cell volume from cell diameter.
For figures requiring stringent single-cell microwell occupancies,
given the spherical shape of dissociated blastomeres (8), we excluded
area traces with circularity factor of <0.8.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/17/eaay1751/DC1

View/request a protocol for this paper from Bio-protocol.
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