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SUMMARY

In silico three-dimensional (3D) reconstruction of
tissues/organs based on single-cell profiles is required
to comprehensively understand how individual cells are
organized in actual tissues/organs. Although several
tissue reconstruction methods have been developed,
they are still insufficient to map cells on the original
tissues in terms of both scale and quality. In this study,
we aim to develop a novel informatics approach which
can reconstruct whole and various tissues/organs in
silico. As the first step of this project, we conducted
single-cell transcriptome analysis of 38 individual cells
obtained from two mouse blastocysts (E3.5d) and
tried to reconstruct blastocyst structures in 3D. In
reconstruction step, each cell position is estimated by
3D principal component analysis and expression profiles
of cell adhesion genes as well as other marker genes.
In addition, we also proposed a reconstruction method
without using marker gene information. The resulting
reconstructed blastocyst structures implied an indirect
relationship between the genes of Myh9 and Oct4.

INTRODUCTION

Three-dimensional (3D) tissue construction from
induced pluripotent stem (iPS)-derived cells using cell
sheet technology and/or 3D bioprinting systems is
one of the most attractive approaches in regenerative
medicine. However, to generate artificial and functional
tissues/organs in 3D manner is still challenging due
to their structural complexity. Recently, the single-cell
analysis technology has evolved to obtain cell profiles
at much higher resolution than ever before, which
enables us to investigate cellular heterogeneity in such
complex tissues/organs in more details [1–3]. To
date, several computational methods to reconstruct
tissues from single-cell gene expression data have
been reported. Durruthy-Durruthy et al. analyzed
382 individual mouse otocyst and neuroblast cells and
reconstructed a mouse otocyst structure by 3D principal
component analysis (PCA) [4]. This method was also
applied to early and late human blastocysts in [5].
However, each cell was mapped to only the surface
of a sphere and it was still insufficient to map cells
on the original tissue structure. On the other hand,
Satija et al. used 851 single-cells dissociated from
zebrafish embryos and inferred their spatial positions

by combining gene expression patterns and in situ
hybridization patterns obtained from a database [6].
Similarly, Achim et al. also proposed another in situ
hybridization based reconstruction method and applied
it to 213 single-cell RNA-seq data of a developing brain
of a marine annelid (P. dumerilii) [7]. Nevertheless,
both approaches require in situ hybridization data as a
reference map for accurate mapping of cells, which limits
applicability of the approaches.

In this study, we aim to develop an in silico 3D
tissue reconstruction method which can be applied to
whole and various tissues/organs. As the first step of
the project, we reconstruct blastocyst structures based
on single-cell transcriptome data obtained from mouse
blastocysts. The main contributions of this study are as
follows. (i) We obtain at least 18 cells from a blastocyst
(E3.5d) in contrast to average 8 cells from a blastocyst
(E5.0d - E6.0d) in [5] towards an in silico 3D tissue
reconstruction from one individual tissue transcriptome
data. (ii) We propose an in silico reconstruction method
which can map cells not only to the surface but also
to the inner side of a sphere structure by referring
expression levels of known marker genes. (iii) We also
develop another reconstruction method without using
marker gene information.

RESULTS

Cell dissociation and sequencing

We dissociated two mouse blastocysts (E3.5d) and
obtained single-cell transcriptome of 38 individual cells,
where 20 cells (Cell.1 1 - Cell.1 20) were from a
blastocyst cultured for 0 hour (Blastocyst 1) and
18 cells (Cell.2 1 - Cell.2 18) were from the other
blastocyst cultured for two hours (Blastocyst 2). Sample
preparation was done by the following procedures: (i)
weaken cell adhesion in the blastocysts by trypsinization
after removing the zona pellucida, (ii) dissociate the
blastocysts into single-cells by mouth pipetting and
collect them into cell lysis buffer containing barcode
oligos with manual picking, (iii) incorporate the barcode
sequences into the mRNAs by template switching
method during reverse transcription, (iv) run sequencing
and obtain single-cell transcriptome data using Illumina
HiSeq 2500 after sequence library preparation.
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Figure 1: Heatmap of expression levels of TE marker genes.

Mapping of sequence reads

The resulting sequence reads were mapped to the
mouse (C57BL/6J) genome sequence data downloaded
from Ensembl database (GRCm38, release 85) [8]. We
employed Bowtie2 [9] and HTSeq [10] as a mapping tool
and a read counting tool, respectively. The total number
of reads which passed quality control was 74,235,305,
and the average mapping rate was 94.40%. However,
we removed two cells from the 20 cells of Blastocyst
1 for the following data analysis and reconstruction
procedures since the numbers of sequence reads of the
two cells were quite small (around only 1,000).

Detecting trophectoderm-like cells

A blastocyst of E3.5d is mainly composed of
trophectoderm (TE) and inner cell mass (ICM). Although
cells of TE and ICM are located on the surface and
inner side of the blastocyst structure respectively, their
spatial information was lost during cell dissociation. In
order to detect cell types of individual cells from the
transcriptome data, we performed clustering analysis of
the 36 cells according to expression levels of TE marker
genes selected in [11]. The clustering result (Figure 1)
shows that TE markers are relatively highly expressed in
the seven cells (TE-like cells hereafter).

3D reconstruction of mouse blastocyst using marker
gene information

Mapping of the 18 cells from Blastocyst 1 and 18
cells from Blastocyst 2 into a 3D space was done
by 3D PCA based on gene expression levels of 46
marker genes of TE, ICM, primitive endoderm (PE),
pluripotent epiblast (EPI) cells as well as 544 cell
adhesion associated genes. Then, we generated
sphere models by applying the whitening/sphering
transformation employed in original 3D PCA-based
reconstruction method [3]. Here, each cell is mapped
only to the surface of the sphere. In order to map the
cells not only to the surface but also to the inner side
of the sphere, we adjusted distance from the center
point of the sphere to each cell position according to
average expression levels of TE marker genes (e.g.,
Cdx2, Gata3, and Id2) and ICM marker genes (e.g.,
Oct4 and Nanog) so that TE-like cells are mapped
outer side while ICM-like cells are mapped inner side
of the sphere. The resulting reconstructed blastocyst
structures indicate that our proposed method generates
a mouse blastocyst structure reflecting the different gene
expression patterns between TE and ICM cells (Figure
2).

3D reconstruction of mouse blastocyst without
using marker gene information

The 3D reconstruction method described above used
the already known marker gene information (i.e., TE and
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Figure 2: Reconstructed mouse blastocyst structures and an actual mouse blastocyst. Each point in the upper panels
indicates individual cell. TE-like cells are colored red/yellow while ICM-like cells are colored green/blue. The bottom panel indicates
immunostaining of Hoechst (blue), Cdx2 (red), and Oct3/4 (green).

Figure 3: Reconstructed mouse blastocyst structures without using known marker gene information. Color strength
indicates expression level of Myh9 (green) and Oct4 (blue). Dashed circles indicate expression domains in which cells have
similar expression levels.
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ICM marker genes). However, such marker information
is not always available, so that development of a
3D reconstruction method without using marker genes
information will be required for various tissues/organs
reconstruction.

Thus, in order to reconstruct a blastocyst without
using marker gene information, we focused on the
non-muscle myosin heavy polypeptide 9 gene (Myh9)
since Maı̂tre et al. reported that actomyosin contractility
is deeply involved in cell positioning and fate decisions
of blastomeres in mouse embryo by using a 3D physical
model of embryo morphogenesis and Myh9-knockout
chimaeric embryos [12]. We performed partial least
squares (PLS) regression of Myh9 and selected the
top 716 genes having high regression coefficients for
Blastocyst 1 and Blastocyst 2 respectively, which are
equivalent to 5% of the total number of expressed
genes. After that, for Blastocyst 1 and Blastocyst 2, we
generated sphere models based on 3D PCA using the
716 genes (Figure 3). The distances from the center
of the sphere to cells were determined by expression
levels of Myh9, and color strength indicates expression
levels of Myh9 (green) and Oct4 (blue). In both cases
of Blastocyst 1 and Blastocyst 2, cells having similar
expression levels of Myh9 were mapped near each
other. On the other hand, there was no correlation
between the expressions of Oct4 and Myh9. However,
in Blastocyst 2, we can see domains in which cells
have similar expression levels of Oct4, although Oct4 is
not included in the 716 genes. These results imply an
indirect relationship between Myh9 and Oct4.

DISCUSSION

We developed an in silico 3D tissue reconstruction
method based on PCA with/without marker gene
expressions information. However, it is still not
sufficient to reconstruct whole and various tissues. For
further improvement of the method using marker gene
information, to obtain accurate cell positions of specific
cell types by immunostaining of marker proteins such as
Oct3/4 and to use them as a reference map are needed.
On the other hand, for the method without using marker
information, to select more effective set of genes which
may associate with controlling cell positioning and cell
fate other than Myh9 such as actin and cytoskeleton
associated genes is left as future work.
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