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Short Abstract — We developed a new computational method
that couples regulatory information with dynamical system
behaviors to predict cellular state transitions at single-cell
resolution based on a set of regulatory interactions. Our
approach
allows
parameter-free
and
equation-free
investigation of state transition trajectories directly from single
cell gene expression data due to the fact that a regulator’s gene
activity precedes its target’s gene expression. Using this
algorithm, we correctly identified the directionality of single
cell state transitions of several simple circuit motifs and
identified phenotypic basins of attraction, bifurcations, and
oscillatory patterns in single cell gene expression data.
Keywords — Gene regulatory
transcriptomics, systems biology
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second state. As such, CCC measures the extent to which the
latter cellular state represents a reasonable time evolution of
the former state, given the topology provided.
In this study, we greatly extend the approach to allow the
inference of directionality of gene expression state
transitions at single cell level. To achieve that, we first
compute, for every cell, the CCC to all cells within a
specified distance in gene expression space. Then, we obtain
a gene expression vector towards increasing CCC using
multiple linear regression. Once a vector is inferred for each
cell, we perform vector field smoothing to improve the
interpretability of the results.

cell

I. INTRODUCTION

state transitions and their governing
regulatory mechanisms remain one of the fundamental
questions in many areas of biological study. Whereas
dynamical features of biological systems have only been
obtainable from time-series data collection, computational
advances now permit us to learn the same information from
static snapshots. RNA velocity, for example, achieves this
by relating quantities of unspliced and spliced transcripts to
infer rates of transcription [1]. We hypothesize that a gene
regulatory network (GRN) might provide a similarly
exploitable memory effect: if regulator expression precedes
target expression, we can use a GRN to infer the likelihood
of one gene expression state leading to another.
Here, we develop a method to infer gene expression
velocity of single cells based on a GRN with a parameterfree and equation-free approach. Building on a previous
study where we investigated state transitions in the cell cycle
[2], here we generate vectors at single-cell resolution for
several simulated [3] and experimental [4,5] networks.
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II. METHODS
To compute the likelihood of one cell transiting toward
another, we previously developed a metric called cross-cell
correlation (CCC)[2]. The CCC from one cellular state to
another represents the correlation of regulator activity in the
first state with the activity of corresponding targets in the

III. RESULTS AND DISCUSSION
We apply the method to several simulated datasets for
common circuit motifs, producing vector maps that identify
oscillatory, multi-stable, and bifurcating behaviors. By
omitting information on certain interactions in the ground
truth network, we can also identify the functional role of a
specific edge in the overall system behavior. We also
demonstrate that CCC accurately captures the cellular state
transitions for circuits driven by an external signal.
In multiple experimental single cell gene expression
datasets, we show that with a well-validated gene regulatory
network, our approach can recapitulate known cellular state
transition properties of biological systems. In particular, the
algorithm identifies oscillatory behaviors in a cell cycle
dataset, bifurcation during hematopoiesis, and a multi-state
transition during neurogenesis.
IV. CONCLUSION
Due to its parameter-free nature, we expect our method to
be useful in both understanding fundamental dynamical
behaviors of GRN motifs and in gaining insight into
regulatory mechanisms of complex biological processes, like
those involved in tumorigenesis and stem cell development.
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