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Abstract During early embryonic development, cell fate commitment represents a critical transition or “tipping point” of
embryonic differentiation, at which there is a drastic and qualitative shift of the cell populations. In this study, we presented
a computational approach, scGET, to explore the gene—gene associations based on single-cell RNA sequencing (scRNA-
seq) data for critical transition prediction. Specifically, by transforming the gene expression data to the local network
entropy, the single-cell graph entropy (SGE) value quantitatively characterizes the stability and criticality of gene regu-
latory networks among cell populations and thus can be employed to detect the critical signal of cell fate or lineage
commitment at the single-cell level. Being applied to five scRNA-seq datasets of embryonic differentiation, scGET
accurately predicts all the impending cell fate transitions. After identifying the “dark genes” that are non-differentially
expressed genes but sensitive to the SGE value, the underlying signaling mechanisms were revealed, suggesting that the
synergy of dark genes and their downstream targets may play a key role in various cell development processes. The
application in all five datasets demonstrates the effectiveness of scGET in analyzing scRNA-seq data from a network
perspective and its potential to track the dynamics of cell differentiation. The source code of scGET is accessible at
https://github.com/zhongjiayuna/scGET Project.

KEYWORDS Single-cell graph entropy; Critical transition; Embryonic differentiation; Dark gene; Cell fate commitment

Introduction of single-cell datasets has shed new light on the complex

mechanisms underlying cellular heterogeneity. In these

Complex systems may switch abruptly to a contrasting
state through a critical transition [1]. In recent years, de-
tecting critical transitions for general systems, such as
ecosystem systems [2,3], climate systems [4], financial
systems [5,6], and epidemic models [7], has drawn more
and more attention. In biomedical fields, the rapid growth
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single-cell experiments, the cell fate commitment re-
presents a critical state transition or “tipping point”, at
which complex systems undergo a qualitative shift. Chara-
cterizing and predicting such critical transition is crucial
for patient-specific disease modeling and drug testing [8].
Recent studies have provided a plethora of statistical
quantities, such as varia-nce, correlation coefficient, and
coordination of gene expression, to detect a cell fate
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transition of embryonic differentiation [8,9]. However,
these statistical quantities mainly focused on the analyses at
the gene expression level, while single-cell RNA sequen-
cing (scRNA-seq) may offer the opportunity to gain an
insight into the cell-specific network systems. In contrast to
gene expression of single-cell data, a cell-specific network
is a stable form against the time and condition [10] and thus
reliably characterizes the biological processes such as cell
fate commitment. Such a network system is viewed as a
nonlinear dynamical system with interacting variables/
biomolecules, whose dynamics can be roughly divided into
three stages: before-transition stage, critical stage at which
cell fate commitment occurs, and after-transition stage
[11,12]. However, to characterize the dynamics of the
biological system and accurately detect the tipping point or
critical stage from single-cell datasets is challenging.
Comparing with conventional bulk-cell information, sin-
gle-cell analysis suffers from high dimensional, noisy,
sparse, and heterogeneous samples.

During the past years, many tasks of critical importance
in the bioinformatics field had been addressed based on
entropies, which integrate the gene expression profiles of
samples with a protein—protein interaction (PPI) network.
For example, network entropy provides a proxy to the
elevation of the differentiation potential of a cell and has
revealed key genes and signaling pathways implicated in
the cancer metastasis phenotype [13,14]. Besides, the
previous studies have also explored drug sensitivity pro-
files in cancer cell lines, identified normal and cancer
stem cell phenotypes, and quantified the differentiation
potential of single cells by computing the entropy of
transcriptome of a cell in the context of PPI network
[15—17]. Such integration of gene expression profiles with
the biomolecular network is the need of the hour, which
better characterizes the dynamic changes of a biological
system. Inspired by these pioneer works, we developed a
computational approach from the cell-specific network
viewpoint, scGET, to detect the signal of a critical tran-
sition or cell fate commitment during the embryonic dif-
ferentiation process and identify non-differentially
expressed genes (non-DEGs) that may play important
roles in embryonic development. The utilization of single-
cell graph entropy (SGE) is based on rewiring the cell-
specific networks with statistical dependency, calculating
a network entropy score for each localized network, as
well as combining and analyzing the dynamical change of
the local indices (Figure 1). Such a method can be viewed
as data transformation from the “unstable” gene expres-
sion of single cells to the relatively “stable” SGE value of
gene associations (Figure 1A and B). This SGE value can
be analyzed by any traditional scRNA-seq algorithm for
dimension reduction and cell clustering analysis by sim-
ply replacing the original gene expression levels with the

local SGE values. Notably, scGET has capabilities beyond
traditional expression-based methods, that is, scGET aims
at exploring the dynamically differential information at a
single-cell level, and thus identifying a critical stage
during the progression of a biological system (Figure 1C).
Specifically, we detect the signature of an imminent cri-
tical transition by a significant increase of the SGE value,
which indeed reflects the dynamic change of cell hetero-
geneity and coordination of gene expression. scGET has
been applied to five scRNA-seq embryonic differentiation
datasets downloaded from the NCBI Gene Expression
Omnibus (GEO) database. For these embryonic time-
course differentiation datasets, the predicted cell fate
transitions agree with the observation in original experi-
ments. In these applications, it is also demonstrated, from
the dynamic perspective, that scGET has a good perfor-
mance in temporal clustering of cells, that is, the clus-
tering analysis based on the SGE value accurately
distinguishes the cell heterogeneity over time at single-
cell resolution. Besides, in the analysis of these single-cell
datasets, the proposed method identifies a few “dark
genes”, which are non-differential in gene expression but
sensitive to the SGE value and may play important roles in
embryonic development (Figure 1D). The functional
analysis suggests that the synergy of dark genes and their
downstream targets may play a key role in various cell
development processes. It is found that the cumulative
expression of some dark genes such as growth factor /IGF'1
and extracellular matrix (ECM) LAMC2 and COL4Al
may act as a temporal factor that triggers cell fate deci-
sions and regulate a series of downstream molecules
essential for cell proliferation and differentiation. There-
fore, scGET provides a new way to analyze the scCRNA-
seq data and helps to track the dynamics of biological
systems from the perspectives of network entropy. The
successful application of scGET validated its effective-
ness in the single-cell analysis.

Method

Theoretical basis

A cell fate transition (cell fate commitment) occurs during
the dynamical process of the early embryonic differentia-
tion [18,19]. Generally, the dynamical process of early
embryonic development can be regarded as the evolution of
a nonlinear dynamical system, while the cell fate transition
is viewed as a drastic or qualitative state shift at a bifurca-
tion point [8]. Similar to disease progression [11,20], this
dynamical process is modeled as three states or stages
(Figure 1C): 1) a before-transition stage with high resi-
lience; 2) a critical stage, which is the tipping point or cell
fate transition with low resilience; and 3) an after-transition
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Figure 1 Schematic illustration of SGE

A. Drawing scatter diagrams for every two genes. In the diagram, each point represents a cell, whose location is determined by the expression levels of the

two genes that are mapped to the horizontal and vertical axis separately. For each gene pair {gi, gj}, there is an edge between g, and g in the cell-specific

network of C, if rl.(j) > ( in Equation 1. Constants n(k)(El.) and n(k)(E/.) represent the number of the points/cells within the vertical box and the horizontal

box, respectively. B. Constructing the cell-specific network by weight rl.(f) for

cell C, Based on each local network extracted from the cell-specific network,

a local SGE value is calculated from Equation 2. C. Illustrating signal of a critical transition by the significant increase of SGE. SGE remains low when the
system is in a before-transition stage, while it increases abruptly when the system approaches to the critical stage. D. Identifying the dark genes. Different
from traditional biomarkers based on DEGs, scGET identifies dark genes that are sensitive to the SGE value, but non-differential at the gene expression

level. SGE, single-cell graph entropy; DEG, differentially expressed gene.

stage, which is another stable state with high resilience.

In this study, the cell-specific networks are constructed
based on a recently proposed statistical model [10], which
provides a statistical dependency index (defined as in
Equation 1) to determine the gene associations at a single-
cell level. The statistic index ranges between —1 and 1. The
positive statistical dependency value infers the statistically

interacting relation between two genes, i.e., there is an edge
between such two genes in the cell-specific network.

Algorithm to detect the signal of critical transition
based on scGET

Given the time series of scRNA-seq data, the following
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algorithm is carried out to predict the critical transition.

The first step (Step 1) is to normalize the scRNA-seq
data. At each time point, the logarithm log(1 +x) is applied
to normalize the initial gene expression matrix with M rows/
genes and N columns/cells.

The second step (Step 2) is to calculate a statistical de-
pendency index rifjl-{). 1) We plot scatter diagrams for every
two genes in a Cartesian coordinate system where the ver-
tical and horizontal axes indicate the expression values of
the two genes. For example, there are N plots in the scatter

diagram for a gene pair (g;,&;) corresponding to the N cells.
Each plot represents a cell whose horizontal coordinate is

Ei(k ) (the gene expression of g, in cell C;) and the vertical

coordinate is Ej(k) (the gene expression of g in cell Cp)

(Figure 1A). Then totally M (M — 1)/ 2 scatter diagrams are
obtained by making a scatter diagram for every two genes.
2) In the scatter diagram of genes g, and g, for cell C;, we

set two boxes near gene expression values Ei(k) and E;k)
based on two predetermined parameters n* )(E[) =0.1N and
n )(E j) =0.1N, where n(k)(Ei) and n* )(E j) represent the
number of the points/cells in the green box of £* and the

blue box of £ j(k), respectively (Figure 1A). 3) The third box
is marked in red, which is the overlap of the two afore-

mentioned boxes. Let n(k)(Ei,Ej) denote the number of

points/cells in this overlapping box. 4) The statistical de-

pendency index rifj’-{) is designed based on the three statistics
( n"N(E), n(k)(Ej), and n(k)(Ei, Ej)) above and defined as
shown below.

w _ "OEE) ntE) n(E) 1
iy T TN N TN (0
The third step (Step 3) is to construct a specific network

(k)
A

for each cell. Based on the statistical dependency index 7,
defined in Equation 1, a cell-specific network for cell C;, is
constructed as follows. If riff) is greater than zero, there is

an edge between g, and g; in the cell Cy; otherwise, there is
no edge. In this way, we construct a cell-specific network
N® for cell C t» where each edge between two genes g,

and g; is decided by the dependency index rif;Q . The detailed

flowchart and description for constructing a cell-specific
network are provided in Figure S1 and Note 1 of File S1,
respectively.

The fourth step (Step 4) is to extract each local network/
subnetwork from the cell-specific network. Specifically,
there are M networks

for a cell C, local

LNi(k)(i =1,2,3,---, M) corresponding to its M genes. The
local network LN, l.(k) is centered at a gene g;, whose 1"-order
neighbors {gli,gzi, ,gsi} are the edges (Figure 1B).

The fifth step (Step 5) is to calculate the gene-specific

local SGE value H*) for each local network. Given a local
network LN i(k) centered at a gene g,, the corresponding

local SGE value Hl-(k ) is calculated as follows.

o __ 1 5w )
H,‘ lOg(S) Z/:lpi"i 1Og(pi,j ) (2)

® k)
p - T B 3)
i CRTSRT)

2t E

where &

;; represents the weight coefficient between the

center gene g, and a neighbor g]?. The value E j(k) represents

the gene expression of a neighbor g}.i in C,and constant S is

the number of neighbors in the local network LN,*.

Clearly, the local SGE value Hi(k) (Equation 2) has been
normalized to the number of nodes in a local network. After
this step, the sparse gene expression matrix from the
scRNA-seq data is transformed into a non-sparse graph
entropy matrix (Figure 1A and B) by taking the gene as-
sociation into consideration. Thus, the local SGE value H, l.(k)
is dependent not only on the expression of the center gene of
a local network but also on the contribution from the
neighboring genes.

The sixth step (Step 6) is to calculate the cell-specific
SGE value H ®) based on a group of genes with the highest
local SGE values, i.e.,

T
1o = a® (4)

i=1
where constant 7'is an adjustable parameter representing the
number of top 5% genes with the highest local SGE values.
In Equation 4, H#® can be considered as the SGE value of
the cell C;, and detect the early-warning signals of the cell
fate transition. At each time point #, the mean of the cell-
specific SGE values of a certain cell population is employed
as the SGE value H, of the dataset in the tipping-point
detection, i.e.,

_INY
H=xD, H 5)

where N represents the number of cells in the dataset. Figure
S2 shows that different choices of 7' do not alter the result of
identifying the tipping point.

When the system approaches to the vicinity of the critical
point, the signaling genes or dynamical network biomarker
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(DNB) molecules exhibit obviously collective behaviors
with fluctuations, leading to the property that the dependent
relations of DNB members in a critical state are different
from those in a before-transition state. Moreover, the local
SGE value Hi(k) sharply increases when the system is near
the tipping point (Figure 1C).

The seventh step (Step 7) is to identify the critical tran-
sition by the one-sample ¢-test. To quantify how well the
SGE value recapitulates the critical behaviors, the one-
sample -test [21] is applied to determine whether there is a
significant difference between the before-transition and the
critical states. To determine whether the constant x is sta-
tistically different from the mean of an n-dimensional vector
X =(x,x,,--,x,), the one-sample #-test statistic S is de-
fined as shown below:

X —x

Cs/An (6)
where X represents the mean of vector X and constant s
represents the standard deviation of the vector X. To esti-
mate the statistical significance between X and x, the P
value associated with S is obtained from the z-distribution.
There is a statistical significance between X and x if
P < 0.05. In this study, the time point 7 = ¢ is regarded as a

critical point if the SGE value H, satisfies the following two
conditions—1) H, > H, ; and 2) H, is significantly different
(P <0.05) from the prior information.

In the algorithm above, the statistical dependency index

r,»fj]f) is necessary. Actually, to test how important the factor

)

;;  is in identifying the critical transition point, we ana-

lyzed the forms of different probabilities pl.(j.‘) generated by
r,»f) -E j(k) (the combination of statistical dependency index

r,-fj]-c) and the cell’s gene expression value £ /-(k)) %

ey alone, or

Ej.(k) alone, which is presented in Figure S3, and also illu-

strated in detail in Note 2 of File S1. The source code of the
algorithm and related data are all publicly available at
https://github.com/zhongjiayuna/scGET_Project.

Dataset

Five unrelated real datasets have been downloaded from
GEO database. These include mouse embryonic fibroblast
(MEF) to neuron (MEF-to-neuron; GEO: GSE67310),
neural progenitor cell (NPC) to neuron (NPC-to-neuron;
GEO: GSE102066), human embryonic stem cell (hESC) to
definitive endoderm cell (DEC) (hESC-to-DEC; GEO:
GSE75748), mouse hepatoblast cell (MHC) to hepatocyte
and cholangiocyte cell (HCC) (MHC-to-HCC; GEO:
GSE90047), and mouse ESC (mESC) to mesoderm pro-
genitor (MP) (mESC-to-MP; GEO: GSE79578).

Results

Detecting the signal of cell fate commitment

To demonstrate the effectiveness of scGET, the proposed
method has been applied to five time-course datasets of
embryonic differentiation downloaded from GEO database
(http://www.ncbi.nlm.nih.gov/geo/), including MEF-to-
neuron data [22], NPC-to-neuron data [23], hESC-to-DEC
data [24], MHC-to-HCC data [25], and mESC-to-MP data
[26]. The detailed description and sources of the datasets are
provided in Note 3 of File S1. The cell-specific SGE value
(Equation 4) of each single cell was calculated according to
the algorithm described in the Method section. At each time
point, the mean SGE value was taken to quantitatively
measure the criticality of the cell population. An SGE curve
across all time points was then employed to illustrate the
detection of cell fate transition. The successful detection of
the cell fate transitions during embryonic cell differentiation
in these five datasets validates the effectiveness and accu-
racy of scGET.

For MEF-to-neuron data, there is a significant increase of
the SGE value from day 5 to day 20 (P = 0.0168), as shown
as the red curve in Figure 2A. This significant change of
SGE value provides the early-warning signal to an up-
coming cell fate transition after day 20. This computational
result agrees with the observation in the original experi-
ment, i.e., the differentiation of mouse embryonic inter-
mediate cells into the induced neuron occurs at day 22 [22].
Besides, to demonstrate the robustness of the proposed
method in terms of the cells, the box plot of the cell-specific
graph entropy was shown based on the samples of each time
point. It is seen that the median values of the box plot in
Figure 2A also present a clear signal for the tipping point,
suggesting that the SGE value is featured with high ro-
bustness against the sample noise. Therefore, the signature
of a critical transition from embryonic fibroblasts to neu-
rons is identified by SGE at the single-cell resolution of the
cell populations.

When applied to NPC-to-neuron data, i.e., a 30-day time-
course differentiation experiment of human neural pro-
genitor cells into mature neurons (Figure 2B), there is a
significant difference at day 1 (P = 0.0362), suggesting a
cell fate transition thereafter. This signal also coincides with
the observation in the original experiment, that is, the cells
at day 1 were the least heterogeneous, and after day 1 the
transcriptional heterogeneity increased, reaching the largest
heterogeneity among the neurons at day 30 eventually [23].
In addition, the median values of the box plot of the SGE
value in Figure 2B also demonstrate the robust performance
of scGET in detecting the early warning signal of a quali-
tative state transition.

For hESC-to-DEC data, the significant difference of the
SGE value (P = 0.0196) appears at 36 h (Figure 2C), which
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Figure 2 Detecting the signal of cell fate commitment
The SGE value was calculated from Equation 5 based on MEF-to-neuron data (A), NPC-to-neuron data (B), hESC-to-DEC data (C), MHC-to-HCC data
(D), and mESC-to-MP data (E), respectively. For each dataset, the significant increase of the SGE value (as shown as the red curve) indicates the imminent
cell fate transition. Based on the top 5% genes with the highest and lowest local SGE values at the identified tipping point, t-SNE is applied to clustering
cells for MEF-to-neuron data (F), NPC-to-neuron data (G), hESC-to-DEC data (H), MHC-to-HCC data (D), and mESC-to-MP data (E), respectively.
Nodes in different colors represent cells from different time points. MEF, mouse embryonic fibroblast; NPC, neural progenitor cell; hESC, human
embryonic stem cell; DEC, definitive endoderm cell; MHC, mouse hepatoblast cell; HCC, hepatocyte and cholangiocyte cell; mESC, mouse embryonic
stem cell; MP, mesoderm progenitor; t-SNE, #-distributed stochastic neighbor embedding.

indicates an imminent cell fate transition after 36 h. Indeed,
the differentiation induction into definite endoderm (DE) at
72 h, and the differentiation trajectory toward a DE fate
commitment after 36 h, have been recorded before [15,24],
validating the SGE signals. The robustness of scGET in
predicting the critical transition of the differentiation tra-
jectory toward a DE fate can be shown by the median SGE
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values of the box plot.

As shown in Figure 2D, for MHC-to-HCC data, there is a
significant difference at embryonic day 12.5 (E12.5)
(P = 7.3076E-0.5), after which hepatoblast-to-hepatocyte
and cholangiocyte transition occurs [25]. Moreover, the
median values of the box plot of SGE value in Figure 2D
stably exhibit an obvious signal at the tipping point (E12.5),
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which demonstrates that scGET accurately predicts the cell
fate transition for embryonic time-course differentiation.

scGET has been applied to mESC-to-MP data, which is
obtained from an experiment of a retinoic acid (RA)-driven
differentiation of pluripotent mESC to lineage commitment
[26]. It is seen from Figure 2E, the mean SGE value reaches
significant difference at 24 h (P =0.0288), signaling an
upcoming critical transition after 24 h. Actually, there are
cells exiting from pluripotency between 24 h and 48 h of RA
exposure and then differentiating into endoderm around
48 h [26]. Further, the median values of the box plot of the
SGE value in Figure 2E also indicate that the 24 h is a
tipping point.

Besides, the data transformation from the gene expres-
sion matrix to the SGE matrix not only helps to detect the
critical transitions of embryonic development but provides a
way to perform temporal clustering analysis on cells during
a biological process and thus explore the dynamic in-
formation of cell populations. The ¢-distributed stochastic
neighbor embedding (t-SNE) is applied to carry out di-
mension reduction analysis and visualization [27]. A group
of genes were selected, including the top 5% genes with the
highest local SGE values and top 5% genes with the lowest
local SGE values at the identified tipping point. We perform
the clustering analysis over the selected genes using local
SGE values (Equation 2). For these five datasets of em-
bryonic differentiation, as shown in Figure 2F—J, the clus-
tering analysis based on the gene-specific local SGE values
can distinguish the state of cells at different stages or time
points. In addition, the heatmap of the local SGE values for
the selected genes are stratified by the before-transition, the
critical, and the after-transition states (see Figure S4 for
details). Therefore, scGET performs well in cell clustering.

There is a pitfall in clustering analysis, that is, if we were
to select features using a particular method on a set of
samples, then subsequent clustering of the samples over
these features should yield better segregation of the phe-
notype compared to features that were not selected in the
same way [28]. Therefore, we carry out the comparison of
clustering performance between the expression levels of
DEGs and the local SGE values (Equation 2) of the top high-
and low-entropy genes. As shown in Figure S5, the local
SGE values of top high- and low-entropy genes perform as
well as the expression levels of DEGs in cell clustering, and
the clustering details are also illustrated in Note 4 of File S1.
Compared to the expression of DEGs, the SGE of signaling
genes has better performance in terms of both accuracy and
signal significance (Figure S6 and Note 5 of File S1).

Inferring the dynamic evolution of gene regulatory
networks

At the identified transition point, the group of top 5% genes

with the largest local SGE values (Equation 2) were taken as
the signaling genes for further functional and biological
analysis. These signaling genes can be regarded as the DNB
and may be highly associated with cell fate commitment
during embryonic development. First, the signaling genes
were mapped to the PPI network, from which the maximal
connected subgraph was taken to study the dynamical net-
work evolution. For MEF-to-neuron data, we show the
dynamical evolution of signaling genes at the network level
(Figure 3A). It is seen that a notable change of the network
structure occurs at day 20, indicating an upcoming cell fate
transition. The landscape of the local SGE value is illu-
strated in Figure 3D, and it is seen that the local SGE values
of the signaling genes abruptly increase in a collective
manner around day 20.

For MHC-to-HCC data (Figure 3B), there is an obvious
change in the network structure at E12.5, betokening the
cell fate transitions of the differentiation into HCC after
E12.5 [25]. The overall dynamics of the signaling-gene
network across all 7 time points are presented in Figure
S7A. Therefore, the network signature of a critical transi-
tion during embryonic cell differentiation is illustrated,
which may benefit the understanding of molecular asso-
ciations among cell populations. Moreover, the landscape of
local SGE values was presented in Figure 3E for a global
view. It is found that the peak of local SGE values for
signaling genes appeared at E12.5.

For hESC-to-DEC data, there is a drastic change in the
network structure at 36 h (Figure 3C), indicating the cell
fate transitions of the differentiation induction into DE at
72 h [24]. The dynamical evolution of the PPI network
across all 6 time points is provided in Figure S7B. A de-
scription for the overall dynamic evolution of gene regu-
latory networks for MHC-to-HCC and hESC-to-DEC data
is provided in Note 6 of File S1. Moreover, the landscape of
local SGE value is presented in Figure 3F, showing that the
peak local SGE of signaling genes appears at 36 h. Clearly,
by exploring the dynamical change of gene associations,
SGE offers an insight into critical transition during em-
bryonic differentiation from the perspective of network
dynamics.

We analyzed and discussed the topology of the built cell-
specific networks. For example, from the MEF-to-neuron
data, 405 cell-specific networks have been built. As shown
in Table S1, it is found that the node degree distribution of
392 cell-specific networks follows the power law, i.e.,
96.5% of networks are scale-free (also see Note 7 of File S1
for details). Specifically, across the time points from day 0
to day 22, the overall network topology doesn’t change
during the differentiation process, although the mean degree
varies notably (from 2.75 at day 5 to 3.37 at day 20) at the
identified tipping point (day 20), which is in accordance
with the results above (Figure S8).
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Key gene regulatory networks were reconstructed using scGET for the signaling genes (top 5% genes with the largest local SGE value) based on scRNA-
seq data. Color of each node represents the mean local SGE value (Equation 2) and the color of each edge represents the statistical dependency index (» in
Equation 1). A. The dynamical evolution of gene regulatory networks for the MEF-to-neuron data. B. The dynamical evolution of gene regulatory
networks for the MHC-to-HCC data. C. The dynamical evolution of gene regulatory networks for the hESC-to-DEC data. The landscape of local SGE
values illustrates the dynamic evolution of network entropy in a global view for MEF-to-neuron data (D), MHC-to-HCC data (E), and hESC-to-DEC data
(F), respectively.

processes and should not be ignored. Previous studies have
Identifying the dark genes shown that such genes are enriched in key functional
pathways and perform well in prognosis [12], and may play
In the biomedical field, DEGs are important in finding new biological roles in endothelial cells [10]. During the analysis
biomarkers, regulators, and drug targets. However, some of the aforementioned single-cell datasets, some genes
non-DEGs may also be involved in essential biological were discovered as the “dark genes”. These genes are
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non-differential in expression, but sensitive to SGE, that is,
their local SGE values (Equation 2) are significantly dif-
ferent (P < 0.05; #-test) between the critical point and non-
critical points, but their expression levels change little. We
performed the differential SGE analysis on the five em-
bryonic time-course differentiation datasets. The change of
SGE values and that of gene expression were compared
based on the signaling genes (top 5% genes with the highest
local SGE values). Figure 4 shows some randomly selected
“dark genes” during MEF-to-neuron, MHC-to-HCC, and
hESC-to-DEC processes. Other dark genes for MEF-to-
neuron, MHC-to-HCC, and hESC-to-DEC processes were
presented in Figure S9, Figure S10, and Figure SI1I,
respectively, and dark genes of mESC-to-MP and NPC-to-
neuron processes are provided in Figure S12 and Figure
S13, respectively. These results show that for the dark
genes, there are no significant differences at the gene ex-
pression level, but significant changes (P < 0.05; #-test) are
observed at the SGE level. Some dark genes have been
reported to be associated with embryonic development,

A Dark genes of MEF-to-neuron

suggesting that these genes may play important roles in
embryonic development. The “dark genes” associated with
embryonic development for MEF-to-neuron (Table S2),
MHC-to-HCC (Table S3), and hESC-to-DEC (Table S4)
processes are provided.

Among the dark genes with differential SGE values, 6
common signaling genes (CSGs) were identified for human
embryo development from NPC-to-neuron and hESC-to-
DEC data (Figure S14A) and 14 for mouse embryo develo-
pment from the other three datasets (Figure S14B). To ex-
plore their function in embryo development, we performed
the Reactome and KEGG pathway enrichment analysis for
these CSGs.

For NPC-to-neuron data and hESC-to-DEC data, it has
been confirmed that common dark genes, such as LCOR and
HLTF (Figure 4C), play a relatively important role in em-
bryonic differentiation. LCOR, an important molecule in the
phosphatidylinositol signaling system, is a hub in the regu-
lation of TNFRI signaling. The activation of TNFRI can
further trigger multiple signal transduction pathways, such
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as the NF-xB signaling pathway, to control inflammation,
cell proliferation, survival, or cell death. Therefore, multiple
signal transduction pathways related to dark genes are
triggered to induce inflammation, cell proliferation, survi-
val, or cell death [29—31]. Besides, LCOR and HLTF to-
gether act as the Raf/MAP kinase cascade element in the
Ras-Raf-MEK-ERK pathway to regulate the downstream
MAPKI1/MAPK3 signaling by directly activating MAP2K
and MAPK, while MAPK3 and MAPKI1 are phosphory-
lated by MAP2K 1 and MAP2K2, thus responding to a wide
range of extracellular stimuli, and promoting differentia-
tion, proliferation, cell motility, cell survival, and some
other important cellular behaviors [32,33].

In addition, LCOR participates in T-cell factor (TCF)
dependent signaling in response to the Wnt signal together
with MGA. The Wnt pathway is one of the most important
signaling pathways for cell proliferation, in which the
binding of Wnt ligands to frizzled protein and lipoprotein
receptor-related protein receptors leads to the destruction of
complex inactivation, stabilization and nuclear transloca-
tion of P-catenin, and subsequent activation of TCF-
dependent transcription [34,35]. Transcriptional activation
in response to Wnt signaling controls cell fate, stem cell
proliferation, and self-renewal, as well as promotes tumori-
genesis [34-36].

As an important transcription factor, HLTF is a key gene
in both helicase and E3 ubiquitin ligase activities. We have
noticed that it is directly involved in Ras activation upon
Ca”" influx through the N-methyl-D-aspartate receptor
(NMDAR) [37]. Ras catalyzes its effector substrate to
regulate a series of functions related to cell growth, differen-
tiation, and apoptosis. Besides, HLTF, together with MAG,
also plays important roles in the cell cycle. As described in
the literature [23], HLTF is directly involved in the neuro-
biological process of negative regulation of NMDAR
mediated neuronal transmission, which might also be one of
the key regulators of brain/spinal neuron differentiation
after 24 hours. It should be noted that these genes also play
important roles in the signaling pathways related to cell
proliferation. For example, LCOR and HLTF play a direct
role in controlling the downstream MAPK pathway when
they participate in the Raf/MAP kinase cascade signal
cascade process. This kinase cascade, as a downstream ef-
fector of FLT3 signaling, communicates FLT3 signaling
with the MAPK pathway. Beyond that, Raf/MAP kinase
cascade is also important in cAMP responsive element
binding protein 1 phosphorylation through NMDAR
mediated activation of Ras signaling, thus leading to cell
proliferation.

Among the 14 CSGs (as shown in Figure S14B) across
MHC-to-HCC, MEF-to-neuron, and mESC-to-MP datasets,
it has been seen that some genes, including Polr2d,
Atp6vib2, and Crtn (Figure 4A), are involved in mouse

embryonic differentiation. Polr2d directly participates in
RNA polymerase II (RNAPII) transcription initiation as the
main component of RNAPII. The formation of an open
complex exposes the template strand to the catalytic center
of RNAPII. This promotes the formation of the first phos-
phodiester bond, initiating the transcription [38]. The ini-
tiation of transcription is the main regulatory point of gene
expression. As well-known, in the absence of transcription,
the development of early embryonic cells generally depends
on the inherited mRNAs [39]. Together with the initiation of
transcription, the embryonic cell enters the autologous de-
velopment process. This is consistent with the pluripotent
withdrawal process mentioned in a previous study [25],
showing the essential role of DNA-directed RNAPII subu-
nit RPB4 (POLR2D) in this process. Besides, v-ATPase
subunit B2 (ATP6V1B2) is involved in the amino acid-
activated mTOR receptor pathway, participating in a series
of regulations including processing upstream amino acid
stimulation signals, transmitting to the regulator, and then
activating the downstream mTOR effector pathway [40].
The mTOR regulates neuronal proliferation, survival,
growth, and function, which is crucial for the develop-
mental process. Clear, deregulation of mTOR at any stage
of development may have harmful consequences [41].
Thus, Atp6vib2 is of the potential function for cell fate
determination, which is also shown in original experiment
[22]. Meanwhile, Crn is a component of cell tight junction,
responding to extracellular pressure and stimulating actin
assembly downstream. The actin assembly dynamics is
strictly controlled by time and space [42], while the actin-
assembled cytoskeleton has various physiological and pa-
thological functions for cell migration, differentiation, em-
bryonic development [43]. Therefore, Cttn may play an
important role in embryonic development by regulating
actin assembly.

The underlying signaling mechanisms revealed by dark
genes

To further analyze the regulation mechanisms underlying
embryo development at the network level, the functional
analysis was carried out on the PPI subnetworks of dark
genes, which consist of the CSGs and their 1%-order
neighbors from the PPI network. Thus, such a subnetwork is
a CSG-associated network. For hRESC-to-DEC process, the
human CSG-associated network contains 6 CSGs and
175 1%-order DEG neighbors (Figure 5A). Out of the 14
CSGs across the mouse scRNA-seq datasets, there are 7
CSGs which can be mapped to the mouse PPI network.
Thus, for MEF-to-neuron process, the mouse CSG-asso-
ciated network contains 7 CSGs and 100 1*-order DEG
neighbors (Figure 5B). It is seen that there is a significant
“overturn” of gene expression for the networks after the
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critical transition, i.e., gene expression changes sig-
nificantly (P < 0.05; #-test) either from low to high, or vice
versa.

The KEGG pathway enrichment analysis is performed to
investigate the underlying mechanism of human dark genes
and their neighboring DEGs (Figure 5C and D). Figure 5C
shows that the dark genes are enriched in pathways closely

related to embryo development. For instance, the MAPK
signaling pathway regulates cell fate decisions in ESCs by
controlling the proportion of cells differentiating along
lineage [44]. Moreover, the PI3K/AKT signaling pathway
regulates cell proliferation and differentiation in multiple
cell types [45,46].

Figure 5D shows the underlying mechanism revealed by
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the functional analysis on dark genes and their first-order
neighbors. It is seen that the growth factors such as IGFI
and ECM such as LAMC2 and COL4A1 are upstream regu-
lators that drive cells into developmental critical transition
during cell differentiation. Although the expression levels
of dark genes change little during the critical transition,
there is a significant overturn (P < 0.05; #-test) of the ex-
pression for some of their downstream genes. It is noticed
that there is a signal chain that responds to the dark genes in
the MAPK and PI3K/Akt signaling pathways, both of which
are important for cell proliferation. In the MAPK pathway,
an identified dark gene, MAPK?Y, is the key gene of the c-Jun
N-terminal kinase subclass pathway and may induce a
variety of upstream signals to cause cell proliferation and
differentiation [47]. In addition, in PIK3/Akt signaling
pathway, the upregulation of /IGFIR, SOSI, and SOS2 will
activate Ras and further activate RPS6KA3, which may
cause the mitogenic effect [48]. The downstream signal
response caused by dark genes has a close relationship with
the process of cell proliferation and differentiation. The
accumulation of sustained expression of related genes in
these pathways from 0 h to 36 h plays an important role in
promoting proliferation and differentiation, which is con-
sistent with the findings reported in the literature [24] that
the identified tipping point may be an important time point
to guide the development of pluripotent stem cells to DE.

Discussion

Predicting a cell fate or lineage transition for cell differen-
tiation is a task of biological and clinical importance [9].
Understanding such cell fate commitment may help to
construct individual-specific disease models and design
therapies with great specificity for complex diseases re-
levant to cell differentiation [49]. Most of the existing
methods applied in analyzing scRNA-seq data are based on
gene expression and its statistical quantities. However, gene
expression levels of scRNA-Seq data are sometimes too
fluctuating to characterize the dynamics of the biological
processes [10]. In this study, from a cell-specific network
viewpoint, we developed scGET to explore the dynamic
information of gene—gene associations from scRNA-seq
data and thus to construct the cell-specific networks in
single-cell populations. Node degree in most cell-specific
networks follows the power law, suggesting that the built
networks are (or approximately are) scale-free. By trans-
forming the sparse gene expression matrix from the scRNA-
seq data into a non-sparse graph entropy matrix, scGET
offers a computational insight into the network dynamics at
the single-cell level. scGET has been applied to five
scRNA-seq datasets and identified the critical stage or tip-
ping point of the impending cell fate transition during early

embryonic development. For instance, the significant
change of the SGE value indicates the critical point (day 20)
in the MEF-to-neuron data before the differentiation into
induced neurons, the critical point (36 h) in the hESC-to-
DEC data prior to the differentiation induction into DE, and
the tipping point (E12.5) in the MHC-to-HCC data before
the differentiation into hepatocytes and cholangiocytes.
These results show that SGE also performs well in cell
clustering of temporal information.

Besides, scGET helps to uncover the dark genes which
are non-differential in their expression but sensitive to SGE.
Such non-differential genes were often ignored by the tra-
ditional differential gene expression analyses. However,
some non-differential genes may also be involved in the key
biological activities of cells and play important roles in
embryonic development [50,51]. As illustrated by functional
analysis, the up-regulated expression of some key genes in
MAPK and PI3K/Akt signaling pathways, both of which are
essential for cell proliferation and differentiation [52,53],
results from the synergy of dark genes and their downstream
targets. Thus, some dark genes such as /GFI encoding
growth factor and LAMC?2 and COL4A1 encoding ECM are
identified as upstream regulators for cell proliferation and
may also be involved in other development processes.

Notably, scGET is model-free, that is, the SGE strategy
requires neither feature selection nor model/parameter
training. In summary, SGE opens a new way to predict a cell
fate transition at the single-cell level, which is helpful in
tracking cell heterogeneity and eclucidating the molecular
mechanism underlying embryonic cell differentiation by
combining with statistics-based and dynamics-based data
science [54,55].
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github.com/zhongjiayuna/scGET_Project.

CRediT author statement

Jiayuan Zhong: Conceptualization, Formal analysis,
Software, Methodology, Visualization, Writing - original
draft, Writing - review & editing. Chongyin Han: Data
curation, Formal analysis, Software, Visualization,
Writing - original draft. Xuhang Zhang: Data curation,
Visualization. Pei Chen: Conceptualization, Methodology,
Writing - original draft, Writing - review & editing. Rui
Liu: Conceptualization, Supervision, Methodology, Writ-
ing - original draft, Writing - review & editing, Project
administration. All authors have read and approved the final
manuscript.


https://github.com/zhongjiayuna/scGET_Project
https://github.com/zhongjiayuna/scGET_Project

Zhong J et al / Predicting Cell-fate Commitment by SGE

473

Competing interests

The authors declare that they have no conflict of interest.

Acknowledgments

This work was supported by the National Natural Science
Foundation of China (Grant Nos. 11771152, 11901203,
11971176, and 12026608), Guangdong Basic and Applied
Basic Research Foundation, China (Grant Nos. 2019B15
1502062 and 2021A1515012317), and China Postdoctoral

Science Foundation (Grant Nos.

2019M662895 and

2020T130212).

Supplementary material

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.gpb.2020.11.008.

ORCID

0000-0003-0508-1383 (Jiayuan Zhong)
0000-0002-0032-3710 (Chongyin Han)
0000-0002-4659-7979 (Xuhang Zhang)
0000-0002-2017-576X (Pei Chen)
0000-0002-4547-8695 (Rui Liu)

References

(1]

[2]

[3]

[4]
(3]

(6]

(71

(8]

(]

Scheffer M, Bascompte J, Brock WA, Brovkin V, Carpenter SR,
Dakos V, et al. Early-warning signals for critical transitions. Nat-
ure 2009;461:53-9.

Beck KK, Fletcher MS, Gadd PS, Heijnis H, Saunders KM,
Simpson GL, et al. Variance and rate-of-change as early warning
signals for a critical transition in an aquatic ecosystem state: a test
case from Tasmania, Australia. J Geophys Res Biogeosci
2018;123:495-508.

Chen S, O’Dea EB, Drake JM, Epureanu BI. Eigenvalues of the
covariance matrix as early warning signals for critical transitions in
ecological systems. Sci Rep 2019;9:2572.

Lenton TM. Early warning of climate tipping points. Nat Clim
Chang 2011;1:201-9.

Drehmann M, Juselius M. Evaluating early warning indicators of
banking crises: satisfying policy requirements. Int J Forecasting
2014;30:759-80.

Huang Y, Kou G, Peng Y. Nonlinear manifold learning for early
warnings in financial markets. Eur J Operational Res
2017;258:692-702.

Orozco-Fuentes S, Griffiths G, Holmes MJ, Ettelaie R, Smith J,
Baggaley AW, et al. Early warning signals in plant disease out-
breaks. Ecol Model 2019;393:12-9.

Bargaje R, Trachana K, Shelton MN, McGinnis CS, Zhou JX,
Chadick C, et al. Cell population structure prior to bifurcation
predicts efficiency of directed differentiation in human induced
pluripotent cells. Proc Natl Acad Sci U S A 2017;114:2271-6.
Mojtahedi M, Skupin A, Zhou J, Castafio IG, Leong-Quong RYY,
Chang H, et al. Cell fate decision as high-dimensional critical state
transition. PLoS Biol 2016;14:€2000640.

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

Dai H, Li L, Zeng T, Chen L. Cell-specific network constructed by
single-cell RNA sequencing data. Nucleic Acids Res 2019;47:e62.
Chen P, Li Y, Liu X, Liu R, Chen L. Detecting the tipping points
in a three-state model of complex diseases by temporal differential
networks. J Transl Med 2017;15:217.

Liu R, Chen P, Chen L. Single-sample landscape entropy reveals
the imminent phase transition during disease progression. Bioin-
formatics 2020;36:1522-32.

Banerji CRS, Miranda-Saavedra D, Severini S, Widschwendter M,
Enver T, Zhou JX, et al. Cellular network entropy as the energy
potential in Waddington’s differentiation landscape. Sci Rep
2013;3:3039.

Teschendorff AE, Severini S. Increased entropy of signal trans-
duction in the cancer metastasis phenotype. BMC Syst Biol
2010;4:104.

Teschendorff AE, Sollich P, Kuehn R. Signalling entropy: a novel
network-theoretical framework for systems analysis and inter-
pretation of functional omic data. Methods 2014;67:282-93.
Teschendorff AE, Enver T. Single-cell entropy for accurate esti-
mation of differentiation potency from a cell’s transcriptome. Nat
Commun 2017;8:15599.

Han C, Zhong J, Hu J, Liu H, Liu R, Ling F. Single-sample node
entropy for molecular transition in pre-deterioration stage of cancer.
Front Bioeng Biotechnol 2020;8:809.

Gilbert DM. Cell fate transitions and the replication timing deci-
sion point. J Cell Biol 2010;191:899-903.

Liang Y, Zou Q, Yu W. Steering against wind: a new network of
namiRNAs and enhancers. Genomics Proteomics Bioinformatics
2017;15:331-7.

Zhong JY, Liu R, Chen P. Identifying critical state of complex
diseases by single-sample Kullback—Leibler divergence. BMC
Genomics 2020;21:87.

Rochon J, Kieser M. A closer look at the effect of preliminary
goodness-of-fit testing for normality for the one-sample #-test. Br J
Math Stat Psychol 2011;64:410-26.

Treutlein B, Lee QY, Camp JG, Mall M, Koh W, Shariati SAM, et
al. Dissecting direct reprogramming from fibroblast to neuron
using single-cell RNA-seq. Nature 2016;534:391-5.

Wang J, Jenjaroenpun P, Bhinge A, Angarica VE, Del Sol A,
Nookaew I, et al. Single-cell gene expression analysis reveals
regulators of distinct cell subpopulations among developing human
neurons. Genome Res 2017;27:1783-94.

Chu LF, Leng N, Zhang J, Hou Z, Mamott D, Vereide DT, et al.
Single-cell RNA-seq reveals novel regulators of human embryonic
stem cell differentiation to definitive endoderm. Genome Biol
2016;17:173.

Yang L, Wang WH, Qiu WL, Guo Z, Bi E, Xu CR. A single-cell
transcriptomic analysis reveals precise pathways and regulatory
mechanisms underlying hepatoblast differentiation. Hepatology
2017;66:1387—-401.

Semrau S, Goldmann JE, Soumillon M, Mikkelsen TS, Jaenisch
R, van Oudenaarden A. Dynamics of lineage commitment revealed
by single-cell transcriptomics of differentiating embryonic stem
cells. Nat Commun 2017;8:1096.

Van Der Maaten L, Hinton G. Visualizing data using t-SNE. J Mach
Lear Res 2008;9:2579—-625.

Teschendorff AE. Avoiding common pitfalls in machine learning
omic data science. Nat Mater 2019;18:422-7.

Ward C, Chilvers ER, Lawson MF, Pryde JG, Fujihara S, Far-
row SN, et al. NF-xB activation is a critical regulator of human
granulocyte apoptosis in vitro. J Biol Chem 1999;274:4309-18.
Legler DF, Micheau O, Doucey MA, Tschopp J, Bron C. Re-
cruitment of TNF receptor 1 to lipid rafts is essential for TNFa-
mediated NF-kB activation. Immunity 2003;18:655-64.
Mikenberg I, Widera D, Kaus A, Kaltschmidt B, Kaltschmidt C.
TNF-a mediated transport of NF-kB to the nucleus is independent


https://doi.org/10.1016/j.gpb.2020.11.008
https://doi.org/10.1038/nature08227
https://doi.org/10.1038/nature08227
https://doi.org/10.1002/2017JG004135
https://doi.org/10.1038/s41598-019-38961-5
https://doi.org/10.1038/nclimate1143
https://doi.org/10.1038/nclimate1143
https://doi.org/10.1016/j.ijforecast.2013.10.002
https://doi.org/10.1016/j.ejor.2016.08.058
https://doi.org/10.1016/j.ecolmodel.2018.11.003
https://doi.org/10.1073/pnas.1621412114
https://doi.org/10.1371/journal.pbio.2000640
https://doi.org/10.1093/nar/gkz172
https://doi.org/10.1186/s12967-017-1320-7
https://doi.org/10.1093/bioinformatics/btz758
https://doi.org/10.1093/bioinformatics/btz758
https://doi.org/10.1038/srep03039
https://doi.org/10.1186/1752-0509-4-104
https://doi.org/10.1016/j.ymeth.2014.03.013
https://doi.org/10.1038/ncomms15599
https://doi.org/10.1038/ncomms15599
https://doi.org/10.3389/fbioe.2020.00809
https://doi.org/10.1083/jcb.201007125
https://doi.org/10.1016/j.gpb.2017.05.001
https://doi.org/10.1186/s12864-020-6490-7
https://doi.org/10.1186/s12864-020-6490-7
https://doi.org/10.1348/2044-8317.002003
https://doi.org/10.1348/2044-8317.002003
https://doi.org/10.1038/nature18323
https://doi.org/10.1101/gr.223313.117
https://doi.org/10.1186/s13059-016-1033-x
https://doi.org/10.1002/hep.29353
https://doi.org/10.1038/s41467-017-01076-4
https://doi.org/10.1074/jbc.274.7.4309
https://doi.org/10.1016/S1074-7613(03)00092-X

474

Genomics Proteomics Bioinformatics 19 (2021) 461-474

[32]

[33]
[34]

[33]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

of the cytoskeleton-based transport system in non-neuronal cells.
Eur J Cell Biol 2006;85:529-36.

Cseh B, Doma E, Baccarini M. “RAF” neighborhood: protein—
protein interaction in the Raf/Mek/Erk pathway. FEBS Lett
2014;588:2398-406.

McKay MM, Morrison DK. Integrating signals from RTKs to
ERK/MAPK. Oncogene 2007;26:3113-21.

MacDonald BT, Tamai K, He X. Wnt/B-catenin signaling: com-
ponents, mechanisms, and diseases. Dev Cell 2009;17:9-26.
Saito-Diaz K, Chen TW, Wang X, Thorne CA, Wallace HA, Page-
McCaw A, et al. The way Wnt works: components and mechan-
ism. Growth Factors 2013;31:1-31.

Kim W, Kim M, Jho E. Wnt/B-catenin signalling: from plasma
membrane to nucleus. Biochem J 2013;450:9-21.

Krapivinsky G, Krapivinsky L, Manasian Y, Ivanov A, Tyzio R,
Pellegrino C, et al. The NMDA receptor is coupled to the ERK
pathway by a direct interaction between NR2B and RasGRF1.
Neuron 2003;40:775-84.

Holstege FC, van der Vliet PC, Timmers HT. Opening of an RNA
polymerase II promoter occurs in two distinct steps and requires
the basal transcription factors IIE and IIH.. EMBO J
1996;15:1666-77.

Kalous J, Tetkova A, Kubelka M, Susor A. Importance of ERK1/2
in regulation of protein translation during oocyte meiosis. Int J Mol
Sci 2018;19:698-718.

Shen K, Choe A, Sabatini DM. Intersubunit crosstalk in the Rag
GTPase heterodimer enables mTORCI to respond rapidly to amino
acid availability. Mol Cell 2017;68:552-65.e8.

LiY, CaoJ, Chen M, LiJ, SunY, Zhang Y, et al. Abnormal
neural progenitor cells differentiated from induced pluripotent stem
cells partially mimicked development of TSC2 neurological ab-
normalities. Stem Cell Rep 2017;8:883-93.

Li CR, Wang YM, Wang Y. The IQGAP Iqgl is a regulatory target
of CDK for cytokinesis in Candida albicans. EMBO J
2008;27:2998-3010.

Yu M, Yuan X, Lu C, Le S, Kawamura R, Efremov AK, et al.
mDial senses both force and torque during F-actin filament poly-

[44]

[45]

[46]
[47]
(48]
[49]

[50]

[51]

[52]

[53]

[54]

[55]

merization. Nat Commun 2017;8:1650.

Schréter C, Rué P, Mackenzie JP, Martinez Arias A. FGF/MAPK
signaling sets the switching threshold of a bistable circuit con-
trolling cell fate decisions in ES cells. Development
2015;142:4205-16.

Da Y, Mou Y, Wang M, Yuan X, Yan F, Lan W, et al. Mechanical
stress promotes biological functions of C2C/2 myoblasts by acti-
vating PI3K/AKT/mTOR signaling pathway. Mol Med Rep
2019;21:470-7.

Manning BD, Cantley LC. AKT/PKB
downstream. Cell 2007;129:1261-74.
Zhang W, Liu HT. MAPK signal pathways in the regulation of cell
proliferation in mammalian cells. Cell Res 2002;12:9-18.
Richardson CJ, Schalm SS, Blenis J. PI3-kinase and TOR: PIK-
TORing cell growth. Semin Cell Dev Biol 2004;15:147-59.
Peltier J, Schaffer DV. Systems biology approaches to under-
standing stem cell fate choice. IET Syst Biol 2010;4:1-11.

Li H, Pan Y, Zhang Y, Wu C, Ma C, Yu B, et al. Salt stress re-
sponse of membrane proteome of sugar beet monosomic addition
line M14. J Proteomics 2015;127:18-33.

Li RM, Lin CY, Guo WEF, Akutsu T. Weighted minimum feedback
vertex sets and implementation in human cancer genes detection.
BMC Bioinformatics 2021;22:143.

Du MR, Zhou WH, Yan FT, Zhu XY, He YY, YangJY, et al.
Cyclosporine A induces titin expression via MAPK/ERK signalling
and improves proliferative and invasive potential of human tro-
phoblast cells. Hum Reprod 2007;22:2528-37.

Fiorenza MT, Russo G, Narducci MG, Bresin A, Mangia F, Bev-
ilacqua A. Protein kinase Akt2/PKBf is involved in blastomere
proliferation of preimplantation mouse embryos. J Cell Physiol
2020;235:3393-401.

Chen P, Liu R, Aihara K, Chen L. Autoreservoir computing for
multistep ahead prediction based on the spatiotemporal information
transformation. Nat Commun 2020;11:4568.

Li L, Dai H, Fang Z, Chen L. c-CSN: single-cell RNA sequencing
data analysis by conditional cell-specific network. Genomics Pro-
teomics Bioinformatics 2021;19:319-29.

signaling: navigating


https://doi.org/10.1016/j.ejcb.2006.02.007
https://doi.org/10.1016/j.febslet.2014.06.025
https://doi.org/10.1038/sj.onc.1210394
https://doi.org/10.1016/j.devcel.2009.06.016
https://doi.org/10.3109/08977194.2012.752737
https://doi.org/10.1042/BJ20121284
https://doi.org/10.1016/S0896-6273(03)00645-7
https://doi.org/10.1002/j.1460-2075.1996.tb00512.x
https://doi.org/10.3390/ijms19030698
https://doi.org/10.3390/ijms19030698
https://doi.org/10.1016/j.molcel.2017.09.026
https://doi.org/10.1016/j.stemcr.2017.02.020
https://doi.org/10.1038/emboj.2008.219
https://doi.org/10.1038/s41467-017-01745-4
https://doi.org/10.1242/dev.127530
https://doi.org/10.3892/mmr.2019.10808
https://doi.org/10.1016/j.cell.2007.06.009
https://doi.org/10.1038/sj.cr.7290105
https://doi.org/10.1016/j.semcdb.2003.12.023
https://doi.org/10.1049/iet-syb.2009.0011
https://doi.org/10.1016/j.jprot.2015.03.025
https://doi.org/10.1186/s12859-021-04062-2
https://doi.org/10.1093/humrep/dem222
https://doi.org/10.1002/jcp.29229
https://doi.org/10.1038/s41467-020-18381-0
https://doi.org/10.1016/j.gpb.2020.05.005
https://doi.org/10.1016/j.gpb.2020.05.005

	scGET: Predicting Cell Fate Transition During Early Embryonic Development by Single-cell Graph Entropy 
	Method
	Theoretical basis
	Algorithm to detect the signal of critical transition based on scGET 
	Dataset

	Results
	Detecting the signal of cell fate commitment
	Inferring the dynamic evolution of gene regulatory networks
	Identifying the dark genes
	The underlying signaling mechanisms revealed by dark genes

	Discussion
	Data availability
	CRediT author statement 
	ORCID




