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Abstract

Mammalian preimplantation embryos provide an excellent opportunity to study temporal and spatial
gene expression in whole mount in situ hybridization (WISH). However, large-scale studies are made
difficult by the size of the embryos (~60 um diameter) and their fragility. We have developed a
chamber system that allows parallel processing of embryos without the aid of a microscope. We first
selected 91 candidate genes that were transcription factors highly expressed in blastocysts, and more
highly expressed in embryonic (ES) than in trophoblast (TS) stem cells. We then used the WISH to
identify 48 genes expressed predominantly in the ICM and to follow several of these genes in all
seven preimplantation stages. The ICM-predominant expressions of these genes suggest their
involvement in the pluripotency of embryonic cells. This system provides a useful tool to a systematic
genome-scale analysis of preimplantation embryos.
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Introduction

Preimplantation development encompasses the period from fertilization to implantation, and
is marked by a number of critical events, including the degradation of maternally stored RNAsS,
zygotic genome activation (ZGA), compaction, and blastocyst formation (reviewed in
(Edwards, 2003)). From the viewpoints of developmental potency (potential), fertilized eggs
are the ultimate totipotent cells, giving rise to all cell types. The loss of totipotency occurs
during preimplantation development, marked by the segregation of two distinct cell lineages
in the blastocyst: the inner cell mass (ICM), which gives rise to the embryo proper and is thus
pluripotent, and the trophectoderm (TE), which contributes to the trophoblast portion of the
placenta and is thus lineage-restricted (Fig. 1B). Genes that are important for cellular
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pluripotency, such as Pou5f1/Oct4 (Pesce and Scholer, 2000) and Nanog (Chambers et al.,
2003; Mitsui et al., 2003), are predominantly expressed in the ICM, and thus, the identification
of genes expressed in the ICM will be an important first step towards understanding the cellular
potency. Whether the emergence of such asymmetry between the ICM and TE originates from
an earlier event, such as fertilization, is still controversial (Gardner, 2001; Hiiragi and Solter,
2004; Piotrowska et al., 2001).

Large-scale systematic analysis holds great promise for understanding preimplantation
embryos as a whole (Ko, 2001). A large number of cDNA clones have been identified from
mouse preimplantation embryos and mapped to the mouse genome (Ko et al., 2000;Sharov et
al., 2003;Solter et al., 2002). Microarray analysis of the preimplantation embryos has provided
global picture of expression changes during preimplantation mouse development (Hamatani
etal., 2004;Tanaka and Ko, 2004;Wang et al., 2004;Zeng et al., 2004). The knowledge of genes
expressed in preimplantation mouse embryos has increased dramatically. However, because
RNA samples are taken from homogenized tissues, spatial information is lost, and thus,
questions of their asymmetric expression cannot be directly addressed. WISH allows
localization of gene transcripts in the individual cell, enabling the study of the heterogeneity
of cells and/or their polarity at very early stages of the embryo, in which no morphological
differences are seen among cells.

Large-scale in situ hybridizations have been performed on mouse intestine (Komiya et al.,
1997), E9.5 embryos (Gitton et al., 2002; Neidhardt et al., 2000), and E9.5 and E10.5 embryos
(Reymond et al., 2002), and mouse brain as well as on other species, such as Drosophila
(Tomancak et al., 2002), Zebrafish (Kudoh et al., 2001), Xenopus (Gawantka et al., 1998),
Medaka Fish (Quiring et al., 2004), Chick retina (Shintani et al., 2004), Ascidian (Mochizuki
et al., 2003), Chicken embryos (Bell et al., 2004). A robotic workstation is available, but due
to its larger filter pore size (35 um) it cannot be used for small embryos, such as mammalian
preimplantation embryos. Due to the technical difficulty of handling small embryos, WISH
data for mouse preimplantation embryos is scarce even with small-scale methods based on
individual genes. During the pipetting procedure, embryos are often lost. This has been
addressed by using a microcentrifuge tube, which was cut at the bottom and attached to a 20
um pore membrane (Newman-Smith and Werb, 1995). The method has successfully
circumvented laborious micropipetting work, but the microtubes were made by hand each time
and were not suited for parallel processing. While a pore size of 20 um is necessary for
achieving efficient drainage without special instruments, much smaller pores are preferable to
maintain the best morphology of small samples. As a result, transwell with pore size 12 um
which are originally designed for cell culture were introduced into WISH (Hanna et al.,
2002) to retain embryos. Although, solution changes were achieved by manually transferring
the transwell from one well to another, it is difficult to have good buffer exchange through
smaller pores without the assistance of a special device. Here we report the development of a
chamber system that utilizes both the transwell inserts for parallel processing and capillary
action for gentle buffer exchanges. Using this method, we have identified 48 genes that are
expressed predominantly in the ICM.

1.1. Design and fabrication of WISH chamber system

To perform a high-throughput WISH for preimplantation embryos (up to 100 um diameter),
we developed a chamber system that can run multiple probes in parallel without microscope-
assistance (Fig. 1A). Embryos can be placed in plastic Transwell-inserts with 8 um pore-size
membrane on the bottom. Up to 20 inserts can be placed in one aluminum chamber, which
allows analysis of up to 20 different probes in parallel. The small pore size helps maintain good
embryo morphology while minimizing the chance of embryo loss during the WISH procedure.
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However, the small pore size makes it difficult to drain the solution through the bottom
membrane. Initial design used negative air pressure by vacuum pump, resulting in poor
morphology of embryos. We then devised a chamber system so that the distance between the
bottom of the insert holder and the bottom of the solution container formed a small gap of 0.5
mm. This turned out to be the most effective way of draining the solution from the bottom of
the transwell by capillary action. Solutions were exchanged through the port and the drainage
was completed within seconds in every insert simultaneously.

One run of a WISH experiment takes only two days: one hour for the first day and six hours
for the second day including the incubation time. Because multiple embryos of various stages
can be processed in parallel, literally hundreds of embryos can be analyzed, and thus the
collection of embryos becomes the actual rate-limiting step. Time-consuming microscopy and
micropipetting are limited only to the step for transferring embryos into inserts. Overall, this
new device and new protocol dramatically increased the throughput of WISH on
preimplantation embryos over the conventional micropipetting method.

1.2. Test of the WISH chamber system

The WISH protocol was optimized by using antisense and sense cRNA probes for three
representative genes. Pou5f1 (Oct3/4) is known to be expressed specifically in ICM of
blastocysts, Krt2-8, in TE, and Actb, ubiquitously. The morphology of blastocyst was
maintained relatively well and all results were consistent with previous reports (Fig. 2). It
should be pointed out that because the ICM forms a dense clump inside the blastocysts, for
genes that are ubiquitously expressed in both the ICM and TE, the staining of the ICM would
look more intense compared to TE. On the other hand, genes that appear to be stained uniformly
(e.g., Krt2-8) are in reality expressed predominantly in TE. This makes it difficult to distinguish
genes that are predominantly expressed in ICM from genes that are ubiquitously expressed.
After some trial and error, we decided to use a scoring system that utilized the staining patterns
of Krt2-8, Pou5f1, and Actb as the standards. The pictures for individual genes were always
compared to the pictures of these genes.

1.3. Informatics selection of candidate genes

We used a series of informatic criteria to select candidate genes that are most likely expressed
predominantly in the ICM (Fig. 1C). First, we identified 6484 genes that are highly expressed
in mouse blastocysts by examining EST frequency data (Sharov et al., 2003) and microarray
data (Hamatani et al., 2004). We then attempted to identify candidate genes that are expressed
more highly in the ICM than in TE cells. Due to difficulty of collecting the ICM and TE from
blastocysts separately, we exploited the cultured cells derived from these cell types in our
previous study (Tanaka et al., 2002). Mouse ES cells are cultured from the ICM (Evans and
Kaufman, 1981;Martin, 1981), whereas mouse TS cells are cultured from the TE (Tanaka et
al., 1998) (Fig. 1B). Although these cells have been cultured in vitro, they represent the in
vitro equivalents of the ICM and TE. Therefore, genes which are expressed more highly in ES
than TS in microarray studies were good candidates for genes predominantly expressed in the
ICM in blastocysts.

To supplement the data (Tanaka et al., 2002) and update to the latest microarray platform, we
performed hybridizations of ES and TS RNAs onto the NIA 22K 60-mer oligonucleotide
microarrays in triplicate (Carter et al., 2003a). This glass-slide microarray platform contains
genes from preimplantation and stem cells (for experimental design, see ref (Tanaka et al.,
2002); for all the array data set, see http://lgsun.grc.nia.nih.gov/data, and also Supplementary
Material 3). By this criterion, we identified 1388 genes that were expressed more highly in ES
cells than in TS cells. Because we were interested in transcription factors, we further narrowed
down the list and identified 95 genes, which have “transcription factor activity” in GO terms
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(Ashburner et al., 2000). During the course of this work, however, the assignment and GO
annotation of genes have been changed and at present 65 genes out of these 95 genes can be
classified as transcription factors.

1.4. Genes expressed predominantly in ICMs

Out of 95 genes, we were able to find 91 cDNA clones from the NIA mouse cDNA collection
(Sharov et al., 2003). We attempted to prepare probes for these 91 genes, but two probes did
not pass the quality check. After adding Actb and Krt2-8 genes as controls, a total number of
probes became 91. Results of the WISH using antisense probe for the 91 genes are shown in
Fig. 2 and summarized in Table 1. The list included three genes (Nanog, Pou5f1, Otx2) which
have been reported to be expressed specifically in ICM by WISH (Chambers et al., 2003;
Kimura et al., 2001; Mitsui et al., 2003). When the chamber system was used on these genes,
Nanog, and Pou5f1 had signals only in the ICM, whereas Otx2 showed weak, but rather ICM-
predominant expression (Fig. 2).

Overall, out of 91 genes, 48 genes were scored for higher signals in the ICM than the TE.
However, there was no gene that showed clear-cut ICM-dominant expression like Pou5f1
(Oct3/4). Rather, they showed differential expression, with some expression still detectable in
TE. Among these genes, 14 genes showed particularly high-contrast signals between the ICM
and TE: Csda, E2f5, Gmebl, Gtf2e2, Gtf2i, Kif22, Mybl2, Nanog, Nmycl, Smarca4, Sox13,
Sox15, Thp, and Zfp143.

1.5. All stage analysis of selected genes

To test whether this chamber system can be applied to all preimplantation stages, we selected
seven genes with apparent ICM-predominant expression. We performed WISH on embryos
from unfertilized eggs to blastocysts. All-stage WISH confirmed that the seven genes that we
selected indeed showed the ICM-predominant expression. The expression patterns of Pou5f1
(Hanna et al., 2002; Pelton et al., 2002) and Nanog (Chambers et al., 2003; Mitsui et al.,
2003) confirmed previously published results. Two new genes identified here were Mybl2 and
Gtf2e2. Mybl2 (also called B-Myb) is myeloblastosis oncogene-like 2 and is known to play a
major role during S phase (Joaquin and Watson, 2003). In the microarray analysis of
preimplantation mouse development, Mybl2 gene is grouped in Cluster 2 together with
Nanog, Lefty, Pcaf, and Dnmt3a (Hamatani et al., 2004). These WISH results confirmed this
microarray-based finding. It is reported that Mybl2~/~ mice die at around E4.5 - E6.5 and in
vitro culture of Mybl2 7/~ blastocyst indicates that Mybl2 is required for ICM formation (Tanaka
et al., 1999). The ICM-predominant expression of Mybl2 is thus consistent with this null
phenotype.

Gtf2e2 encodes one of the two (beta) subunits of general transcription factor 11E (TFIIE), which
recruits TFIIH to the initiation complex and modulates its kinase and helicase activities
(Enkhmandakh et al., 2004). Interestingly, one of the subunits of the TFIIH (Gtf2h3), TATA
box binding protein (Thp/TFIID), one of the subunits of RNA polymerase Il (Polr2i),
transcription elongation factor A (SIlI) 3 (Tcea3), and one of the TATA box binding protein
(TBP)-associated factor (Taf7) were also identified here for ICM-predominant expression.

2. Discussion

The high-throughput WISH system described here has provided spatial and temporal
expression patterns of many genes during preimplantation development. This rather simple
system is expandable to increase the number of probes tested in one session. The device can
be used for embryos or organs in a similar size range (~100 um diameter) without any
modification. Materials with larger size ranges, such as postimplantation mammalian embryos,

Gene Expr Patterns. Author manuscript; available in PMC 2007 April 10.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Yoshikawa et al.

Page 5

Xenopus embryos, Zebrafish embryos, can also be done, probably with slight modification.
Of course, the WISH will tell us only the expression patterns of RNAs, but not proteins, and
there are differences between the localizations of RNAs and proteins. For example, Smarca4
showed ICM-predominant expression of RNASs in this study, but an earlier
immunohistochemical study showed the protein localizing in both ICM and TE (LeGouy et
al., 1998). Similarly, immunohistochemistry showed that the protein GTF212 is localized in
both ICM and TE (Enkhmandakh et al., 2004), but our in situ study showed ICM-predominant
RNA localization. However, RNA localization provides a valuable entry point for further
study. The in situ images have been incorporated into the Open Microscopy Environment
(OME), which will allow web access of these images (Swedlow et al., 2003). An automatic
image classification system that is being developed (1.G., unpublished) can eventually facilitate
the automatic analysis of these images. The genes that have been identified for the ICM-
predominant expression will be good candidates for further analysis of their role in
preimplantation development and cellular pluripotency.

3. Experimental Procedures

3.1. Gene Selection and Annotation

We combined the following public database's Gene Ontology terms and eliminated redundancy
in each ‘U’ cluster member sequences to generate Gene Ontology terms for each ‘U’ cluster.
1. Based on Fantom2 sequence membership in NIA Mouse Gene Index (version 1). 2. Based
on InterPro domain names. 3. Based on LocusLink. We searched the above databases in April
2003.

3.2. Design and fabrication of aluminum chamber

3.3. Embryo

Parallel micro WISH system consists of four aluminum parts and disposable Transwell-inserts
(Corning) (Fig. 1A, 1B). Our device follows standard 24-well format and can hold up to 20
inserts. Solutions were exchanged through “port” shown in the figure. Exact dimensions of the
chamber are available for its fabrication (Supplementary Material 1 or http://
Igsun.grc.nia.nih.gov/data). Transwell-inserts were placed in the insert-holder, which was then
placed in the solution container. There is a 0.5 mm gap between the bottom of the insert and
the bottom of the solution container. We add 20-25 ml solution through the port of the insert-
holder. The solution fills the space between the insert-holder and the solution container and
then enters each transwell-insert through the microporous membrane on the bottom of inserts.
Embryos in the insert were suspended in about 100 - 200 pl solution. The whole chamber is
agitated on a shaker during washing steps. We drain solutions by suction through the same port
of the insert-holder. Because of the capillary pressure generated in the gap, the same negative
pressure was applied to all Transwell-inserts and the drainage was completed within seconds
simultaneously in all inserts.

collection

We collected one-cell embryos and blastocysts from super-ovulated mice at 0.5 dpc and 3.5
dpc, respectively. Oocytes were collected from unmated super-ovulated females. We collected
in vitro cultured two-, four-, eight-cell stage embryos, and morula.

3.4. Whole Mount In Situ Hybridization (WISH)

For each gene in the list, we identified a cDNA clone that contains approximately 1 kb 3’-end
sequence from the NIA mouse cDNA collection (Carter et al., 2003b) (http://
Igsun.grc.nia.nih.gov/cDNA). All the EST clones are available through ATCC (individual
clones) and the designated academic centers (Tanaka et al., 2000; VVanBuren et al., 2002). In
this mouse cDNA collection, cDNAs were cloned at the Sall/Notl site of vector pPSPORT1 or
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pCMV-SPORT® (Invitrogen). We prepared the DIG-labeled RNA probes by digesting
plasmids followed by in vitro transcription using SP6 or T7 RNA polymerase.

Preimplantation embryos were kept in a Transwell-insert (Corning, Catalogue #3422) during
the entire WISH procedure. It has a polycarbonate membrane with pore size of 8.0 um at the
bottom, and thus can retain embryos and allow sufficient solution exchange with the aid of the
Chamber System. The insert (6.5 mm diameter) fits to a well of a 24-well plate and a well of
our custom-made aluminum chamber device (see below for more details). This chamber device
enables us to change solutions simultaneously for all inserts placed in the chamber. WISH was
performed essentially as described (Wilkinson and Nieto, 1993). Detailed step-by-step WISH
protocol is available (Supplementary Material 2; http://lgsun.grc.nia.nih.gov/data). Here we
highlight major steps. (1) Fix embryos in 4% paraformaldehyde in PBT (phosphate buffered
saline with 0.1% Tween-20) at 4 °C for 30 min. — overnight. (2) Treat embryos with Proteinase
K. (3) Fix embryos again in 4% paraformaldehyde, 0.2% EM-grade glutaraldehyde in PBT at
room temperature for 20 minutes. (4) Treat embryos with prehybridization buffer (4X SSC
[pH7.0], 50% deionized Formamide, 100 pug/ml Heparin, 250 ug/ml Yeast tRNA, 100 pug/ml
Salmon Sperm DNA, 2X Denhardt's solution, 0.1% Tween-20) typically at 60 °C (or up to
~70 °C) for 3 — 8 hrs. (5) Treat embryos with DIG-RNA probe in hybridization buffer for
overnight at the same temperature used for prehybridization. (6) Wash embryos with a buffer
(50% Formamide, 2X SSC, 0.1% Tween-20) at least three times at the hybridization
temperature. (7) Follow the manufacturer's recommended procedure to detect DIG-labeled
probes. (8) Transfer embryos suspended in PBS (phosphate buffered saline) containing 1 mM
EDTA and 20% glycerol to a 24-well plate for brightfield photographing with 20X objective
lens.

Supplementary Material

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

Assembly A Assembly 8

EScells

(@)

39,678 U-IDs

\J

14582 U-IDs in NIA 22K Microarray

6484 genes expressed in blastocyst
(EST and/or Log10 Intentisy > 3.0)

1388 genes that were expressed more highly
in ES cells than in TS cells

Annotated as Transcription Factor by
Gene Ontology (GO)

91 candidate genes

Figure 1.

(A) Assembly A: Washing chamber. Assembly B: Hybridization chamber. (B) Schematic
drawings of mouse preimplantation development. At blastocyst stage, there are two different
cell types: Trophectoderm (TE) and Inner Cell Mass (ICM). ES cells are derived from the ICM,
whereas TS cells are derived from the TE cells. (C) Bioinformatic selection of candidate genes.

Gene Expr Patterns. Author manuscript; available in PMC 2007 April 10.



Yoshikawa et al. Page 10

Figure 2.
WISH results of 91 genes: Each image is accompanied with a gene symbol and a cDNA clone

name used as a probe. Panel A, genes identified for their ICM-predominant expression
(including Pou5f1). Panel B, genes that were not expressed in ICM-predominant manner
(including Actb and Krt2-8).
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Gtf2i
(H3140H12)
Pou5f1
(H3028H01)
Smarcad
(C0402B01)
Nanog
(H3050A07)
Sox15
Mybi2 (H3081C12)
(H3144E01)
Gtf2e2
(H3144B01)
Figure 3.
WISH results of 7 genes during preimplantation development. AS; antisense probe, S; sense
probe
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