Spatiotemporal stochastic modeling reveals a hidden
compensation mechanism for robust daily rhythms
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ABSTRACT
Circadian (daily) physiological events, such as sleep and cell division, are essential for survival
of humans. Their robust timekeeping capabilities are controlled by an endogenous pacemaker,
the circadian clock. Its key molecular oscillatory mechanism has been identified by
experimental work over the past decades whose significance was appreciated and thus the 2017
Nobel Prize in Physiology or Medicine was awarded to the three pioneer researchers. However,
our understanding of this mechanism remains far from complete. How are the robust rhythms
generated within a single cell with a heterogeneous cytoplasmic environment, which directly
influences the manifestation of these rhythms? To address this question, which is challenging
because it requires to consider time, space and stochasticity together, we have developed a
spatiotemporal stochastic mathematical model of the system for the first time. By analyzing
the model, we identified a potential mechanism for how the clock generates the robust rhythms
over a wide range of cytoplasmic congestion levels: spatially coordinated collective behaviors
of clock molecules. This provides a clear mechanistic insight into why sleep disorders arise
under clinical conditions, such as Alzheimer’s disease, obesity and aging, where the
cytoplasmic environment can be severely disrupted. Surprisingly, these model predictions have
been confirmed experimentally. This study sheds light on novel molecular dynamics for robust
cellular rhythms and provides theoretical frameworks which can be broadly applied in cell
physiology.

