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Summary (Abstract) of doctoral thesis contents

At the early stage of embryogenesis of animals, embryonic cells are arranged into
species-specific pattern in a robust manner. The patterns of cell arrangements are
diverse among different organisms, so | wondered how the diversity and robustness
are achieved in developing embryos. The purpose of the present study is to reveal a
common mechanistic framework that accounts for the diversity and robustness of cell
arrangements. As model organisms, | focused on nematode embryos because the
patterns of cell arrangements are diverse even at the four-cell stage. All the nematode
embryos | examined took one of the four following arrangements: “diamond-type,”
“pyramid-type,” “T-character-type,” or “linear-type.” | hypothesized that the diversity
is caused by differences in parameters of a common framework. As a candidate of
such parameters, I initially focused on the shapes of the eggshell that surrounds
embryos, because | noticed that there seems to be a correlation between eggshell
shapes and the patterns of cell arrangements. To test this hypothesis, | changed the
eggshell shapes of Caenorhabditis elegans, the best-studied model nematode species.
C. elegans embryos take the diamond arrangement at the four-cell stage in the
ellipsoidal eggshell.

| searched for genes that affect eggshell shapes. | succeeded in collecting embryos
with rounder or slender shapes from mutants as well as RNA interference
(RNAI)-treated strains. In rounder eggshells the pyramid arrangement was dominant,
and slender eggshells embryos could take the T-character or linear arrangement. The
results support my hypothesis that eggshell shapes contribute to produce diverse
patterns of cell arrangements. At the same time, | found that the diamond arrangement
was robust against deformations of the eggshell, because the arrangement was still
dominant even in highly slender eggshell shapes.

To reveal a common mechanistic framework that accounts for the diversity and
robustness of cell arrangements, | used a computational modeling approach.
Previously, a mathematical model that accounts for the diamond arrangement in the
normal eggshell shape in C. elegans was reported. This model considers two repulsion
forces: repulsion from neighboring cells, and repulsion from the eggshell. By
changing a parameter of the eggshell shape in the model, the linear arrangement as
well as the pyramid arrangement was reproduced. However, the T-character
arrangement was not reproduced, indicating that the existing model cannot fully
account for the diversity of cell arrangements. In addition, the model failed to
reproduce the diamond arrangement in slender shapes, as observed in my experiments
that changed the eggshell shapes of C. elegans embryos. Therefore, the model was not
enough to account for the diversity and robustness of cell arrangements. To unravel
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missing mechanisms, | observed physical interactions between cells by removing the
eggshell of the embryos. The cells attached each other to some extent and the degrees
of their attachments looked different depending on the cell types. From the
observations, | concluded that not only repulsion forces but also attraction forces exist,
and the strengths of the attraction forces are anisotropic in C. elegans embryos. Next,

I introduced anisotropic attraction forces into the existing model, by which I

succeeded to account for both diversity and robustness of cell arrangements.

| further found that cell adhesion molecules were involved in the molecular
mechanisms underlying the anisotropic attraction forces as follows. First, when |
knocked down cadherin expression by RNAI, the attraction forces were significantly
reduced. Second, the pattern of cadherin localization was consistent with the
anisotropic attraction forces. Next, to test whether the attraction forces are required
for the robustness, | reduced the attraction forces experimentally. By knocking down
both cadherin and B-catenin simultaneously, most embryos did not take the diamond
arrangement in slender eggshell shapes. | concluded that attraction forces are
necessary to produce the robustness of the diamond arrangement against the
deformations of the eggshell.

Thus, | succeeded to produce diverse patterns of cell arrangements observed in other
nematodes in C. elegans embryos by changing the eggshell shapes. Additionally, I
found that the C. elegans embryos take the diamond arrangement in different eggshell
shapes, which suggests the robustness of cell arrangements against eggshell
deformations. The robustness assures proper embryogenesis and hence, is critical for
the survival of the embryos. Additionally, | demonstrated that the attraction forces
derived from cell adhesion molecules are necessary for the robustness. The
mechanistic framework that | proposed here accounts for the diversity and robustness
of cell arrangements. Therefore my study will advance our understanding of how
diversity and robustness are achieved in developing embryos.
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Summary of the results of the doctoral thesis screening
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