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(DHomeostasis and Adaptability of Cells

(1-1)Dynamic survival strategy against diverse stress environments — Adaptation driven by
fluctuation

(a) We quantified growth noise of Escherichia coli under various constant environmental conditions
using long-term single-cell measurement methods. The results showed that the means and the
variances of generation time of single cells are linearly related across environments, and that the
characterized relation might indicate the upper bound of growth rate that . coli can achieve in any
environments. We also uncovered the spontaneous death rates of fission yeast .S. pombe are strongly
correlated with the growth rates, suggesting the fast-growth trade-off.

(b) We examined the relationships between the tolerance of bacterial clonal population against
antibiotic exposure and fluctuation of gene expression levels, and showed that the slow fluctuation
may cause higher efficiency of adaptation.

(c) We developed a method to determine the parameter values in a mathematical model of
Iintermittent hormone therapy for each patient in a personalized way from short-term data of PSA
time series on the basis of the dataset of many other patients.

(1-2)Construction of cellular-state theory that distinguishes growth from sleep or death.

(a)Towards the construction of the cellular state theory, we made a progress to establish a theory
linking thermodynamics with the reaction system of proliferating cells. We constructed a cell model
showing phase transitions among exponential growth, dormant state, and cell death. In particular,
we have proposed a theory that explains how the autocatalytic process cannot be maintained with the
depletion of the nutrient and the transition to a state with suppressed growth follows. We have also
elucidated that when the nutrition is insufficient, transitions to a state with diverse components with
suppressed growth follows.

(b)We showed reciprocity relationship between period robustness and phase sensitivity in biological
clocks.

(1-3) Spontaneous membrane motion and diversity in cellular shapes

(a)Model protocells based on liposomes have been developed in the constructive approach.
Fluorescence imaging and microfluidic device techniques for these model protocells were developed.
Especially these techniques enabled us to obtain time-course of multiple and highly precise
information on a single liposome or a cell, as well as to manipulate the interaction among liposomes

or cells which are aligned in highly defined positon.



(b)Previous studies demonstrated that chemotaxis of Dictyostelium discoideum to extracellular cAMP
depends on its temporal change (increase/decrease) in concentration. The effective filtering out of
temporally decreasing concentration gradient provides means for the cells to migrate up the cAMP
gradient which propagates as traveling waves. To test generality of the rectified response to dynamic
gradients, chemotaxis of human neutrophil-like HL60 cells exposed to dynamic concentration
gradients of chemoattractant fMLP. It was found that chemotactic response in the HL60 cells to
dynamic gradients is adaptive in nature and that, similar to dictysotelium, temporally increasing
chemoattractant concentration was essential for a transient directional response.
Additionally, we have developed photoswitching proteins that allow to manipulate cellular signaling
processes by light, such as gene expression and apoptosis. Using the photoswitching proteins, we also
have developed a molecular technology to control genome editing by light and thereby created a novel
system to analyze genotype-specific alternation of cellular phenotype.

(1-4)Information thermodynamics of cellular adaptation: By generalizing the information-
thermodynamics, we derived quantitative relation between robustness of adaptation and information
flow in bacterial chemotaxis. Moreover, we also obtained fundamental fluctuation relations between

fitness of a population and information obtained by sensing environment.

(@Robustness of collective stability in a multi-cellular system

(2-1)Theory of cell differentiation based on intra-inter cellular dynamics

Extending the cell-differentiation model we proposed, we showed how changes in expression levels by
gene-regulation dynamics are consolidated into modification levels through epigenetic process, and
irreversibly fixed. From the theory, we obtained the condition for reprogramming.

(2-2) Collective changes in cellular states

We obtained and analyzed massive transcriptome covering early to late embryos of chordate species,
and clarified that species diversified to variety of environments still retain the well-conserved mid-
embryonic developmental system.

By multi-level dynamical systems, we discussed the origin of multi-cellular organism and formulated

1t as symbiotic state achieved through differentiation of cellular states by cell-cell interaction.

@Dynamics of genome and epigonme with relationship to phenotypic plasticity
(3-1) Relevance of phenotypic fluctuation to plasticity or adaptability

(a) By using drug-tolerant strain of Escherichia coli, we found that drug tolerance is memorized as

epigenetic information.

(b)We have succeeded in rapidly producing a "bispecific antibody" by the sequential multi-step
evolution of antibody genes in DT40. The designed bispecific antibodies recognize different antigens
in each of light and heavy chains. About the plasticity / robustness aspects of gene expression, we
have newly developed "time series gene expression analysis tool" for long noncoding RNA (IncRNA)
transcription during stress response and a mathematical tool to easily visualize 3D chromosome
structure in a single cell.

(3-2) Plasticity and development



(a)We obtained by de novo RNA-sequencing the list of epigenome modulators in a small honed beetle,
Gnatocerus cornutus, which exhibits marked phenotypic plasticity of weapon morphology depending
upon environmental conditions during larval stage. By comprehensive RNAi experiments, we
revealed that a couple of HDACs specifically contribute to the phenotypic plasticity of the beetle
weapon, suggesting the epigenetic control of plastic phenotypes of insect arms for sexual selection.
(b) To investigate complex evolution of developmental system during macro-evolutionary time scale,
we have selected 8 species across chordates, and started to profile massive gene expression dataset
along their embryonic development. Through in-silico evolution experiments, we uncovered the
evolution-development congruence and explained it in terms of dynamical-systems theory.
(3-3)Fluctuations and evolution

Under the postulate of steady-growth of cells, we showed theoretically that logarithmic change across
all expression levels are proportional upon environmental stress or evolution. The theory was partly
confirmed by the evolution-experiments of bacteria, by the colloabrative study with Chikara
Furusawa at RIKEN QBiC. Further, proportionality between expression fluctuations by noise and

by genetic variations are confirmed in simulations and theory.

@ Education program: By the seminars and program on dynamical-systems biology for

undergraduates and graduates, we cultivated researches in the field.
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