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Single-cell studies have demonstrated that somatic cell reprog-
ramming is a continuous process of cell fates transition. Only
partial reprogramming intermediates can overcome the molec-
ular bottlenecks to acquire pluripotency. To decipher the un-
derlying decisive factors driving cell fate, we identified induced
pluripotent stem cells or stromal-like cells (iPSCs/SLCs) and
iPSCs or trophoblast-like cells (iPSCs/TLCs) fate bifurcations
by reconstructing cellular trajectory. The mesenchymal-epithe-
lial transition and the activation of pluripotency networks are
the main molecular series in successful reprogramming. Corre-
spondingly, intermediates diverge into SLCs accompanied by
the inhibition of cell cycle genes and the activation of extracel-
lular matrix genes, whereas the TLCs fate is characterized by
the up-regulation of placenta development genes. Combining
putative gene regulatory networks, seven (Taf7, Ezh2, Kif2,
etc.) and three key factors (Cdc5l, Kif4, and Nanog) were indi-
vidually identified as drivers of the successful reprogramming
by triggering downstream pluripotent networks during
iPSCs/SLCs and iPSCs/TLCs fate bifurcation. Conversely, 11
factors (Cebpb, Sox4, Junb, etc.) and four factors (Gata2,
Jund, Ctnnbl, etc.) drive SLCs fate and TLCs fate, respectively.
Our study sheds new light on the understanding of decisive fac-
tors driving cell fate, which is helpful for improving reprog-
ramming efficiency through manipulating cell fates to avoid
alternative fates.

INTRODUCTION

Yamanaka factors Oct4, Sox2, KIf4, and cMyc (OSKM) which reprog-
rammed somatic cells into induced pluripotent stem cells (iPSCs) was
a milestone breakthrough in the field of cell biology. It holds great
promise for applications in cell transplantation therapy, disease
modeling, and drug screening.”” Over the past decade, advancements
in high-throughput sequencing technologies have deepened our un-
derstanding of this process.’

In general, somatic cell reprogramming involves the down-regulation
of somatic programs and activation of pluripotency networks. This
process is accompanied by a series of necessary molecular events,
such as mesenchyme-epithelial transition (MET),*” and resetting of
global histone and DNA methylation patterns.”” The discovery of
induced pluripotency has further proved that transcription factors

(TFs) are key determinants of cell fate, which can induce the expres-
sion of genes necessary for obtaining a pluripotent state.*”'> Some
researchers have tried to replace or improve the classical OSKM re-
programming system, including chemical cocktails'>'* and the
seven-factor system (Jdp2, Jhdm1b, Mkk6, Glisl, Nanog, Essrb, and
Sall4).® The success of somatic cell reprogramming alternatives and
optimization cocktails have proven that the identification and appli-
cation of key factors can further overcome the reprogramming obsta-
cles and improve reprogramming efficiency.'>'® Analysis based on
single-cell data indicated that only a small fraction of intermediate-
state cells can successfully overcome molecular barriers to be reprog-
rammed into iPSCs. Many cells stagnate on this path or deviate from
it to other cell states. These alternative fates include stromal-like cells
in the early stage of reprogramming, trophectoderm-, extraembry-
onic endoderm-, and neural-like cells in the late stage of reprogram-
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ming.

Some studies have reconstructed the continuous trajectory
of cell fate transformation during somatic cell programming through
densely sampled single-cell sequencing data and identified some key
bifurcations of cell fate.””*! However, the key cell fate decision events
and their detailed molecular mechanisms in somatic reprogramming

remain largely unknown.

In this study, we combined relevant algorithms to construct the cell
trajectory in the OSKM-induced secondary reprogramming system,
and identified two key fate decision events in this process, which
led to the successful reprogramming of intermediate-state cells or
the alternative fates of stromal-like cells (SLCs) and trophoblast-like
cells (TLCs). By dissecting the molecular processes, we deciphered
the decisive factors that can drive pluripotency and alternative fate.
This study has improved our understanding for the molecular mech-
anism of cell fate decisions in the reprogramming process.
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Figure 1. The global transcriptome profiles of somatic cell reprogramming
(A) Overview of single-cellMRNA-seq experimental workflow in raw data. (B) The UMAP analysis of all single cells. Cells sampled at different time points are represented by
different colors. (C and D) Hierarchical clustering showing that the reprogramming process can be divided into three stages. The representative markers and enriched Gene

ontology (GO) terms are listed to the right.

RESULTS

The somatic cell reprogramming can be divided into three
stages

To explore the global molecular dynamics during Yamanaka fac-
tors-induced somatic cell reprogramming, we collected the single-
cell RNA sequencing (scRNA-seq) dataset of mouse embryo fibro-
blasts (MEFs) induced into iPSCs by ectopic expression of OSKM
via a secondary reprogramming system from the Gene Expression
Omnibus (GEO) database.”” The dataset covers cells intensively
sampled from key time points during reprogramming, as well as
individually picked Oct4-EGFP™ cells (iPSCs-2i, Figure 1A). After
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preprocessing, 23,760 high-quality single cells were left, and the cu-
mulative number of detected genes was 16,662. Uniform Manifold
Approximation and Projection (UMAP) analysis showed that DO
to D8 cells separated well from each other, and D9-2i to D12-2i cells
quite mixed together. Part of the D10-2i, D11-2i, and D12-2i cells
were separated from the scattered D9-2i to D12-2i mixture and
moved closer to the D16-2i/iPSCs (Figure 1B). The hierarchical
clustering analysis revealed that cells sampled at these time points
can be divided into three stages: stage I (DO to D8 cells), stage II
(D9-2i to DI12-2i cells), and stage III (D16-2i cells and iPSCs)
(Figure 1C).
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Next, 194 differentially expressed genes (DEGs, log2FC > 0.5 and
adjusted p value <0.05) were obtained among the three stages using
Seurat* analysis (Figure 1D). These DEGs were specifically expressed
in corresponding stages. The stage I markers mainly exhibited MEF
related characteristics, such as Serpinel, ThbsI, and Fbln2,>** which
were largely involved in the regulation of "wound healing." The stage
IT cells exhibited epithelial (Krt8 and Cldn4),%* trophoblast (Krt18,
Cdknlc, Hspbl, Phlda2, Tmem37, and Car2)*® and embryonic mesen-
chyme (Cdknlc, Itm2a, Tsc22d1, and H1 9)%¢ signatures, and the en-
riched biological processes were mainly associated with cell cycle.
The stage III cells were characterized by pluripotency markers (e.g.,
Dppa5a, Nanog, and KIf2), and the embryonic pattern specification
was the representative enriched gene ontology (GO) term.

Two fate bifurcations were detected during reprogramming

Our understanding of the potential molecular mechanism that con-
trols cell fate decisions during reprogramming is limited because
the intermediates toward different fates are difficult to distinguish.
Hence, we reconstructed a cellular trajectory in which cells were ar-
ranged in pseudotime according to the similarity of gene expression
patterns®’ (Figure 2A). Notably, two critical cell fate decision points
were detected, which began to appear at D8 and D10-2i, respectively
(Figure S1). The cellular trajectory can be divided into five branches,
namely pre-branch 1 (PB1), failed branch 1 (FBI), pre-branch 2
(PB2), failed branch 2 (FB2), and successful branch (SB) (Figure 2B).
PB1 was mainly composed of DO to D6 cells, and the majority of cells
in SB were derived from D16-2i cells and iPSCs-2i. FB1, PB2, and FB2
were part of D8 to D12-2i cells, illustrating stage II was a critical stage
of cell fate decision (Figures 1C and 2C). Given that Dppa5a is an in-
dicator of successful reprogramming,”' we checked the proportion of
Dppa5a” cells in each branch. As expected, Dppa5a” cells sequentially
increased in PB1, FB1, PB2, FB2, and SB branches (Figure 2D). Addi-
tionally, only the cell cycle activity of SB cells increased significantly
compared with PB1 cells. The proportion of FB1, PB2, and FB2 cells
in the GI1 phase increased to varying degrees, and the proportion of
cells in the S/G2/M phase decreased (Figure 2E).

To quantitatively assess the differentiation potential changes of the
cells along the FB1, FB2, and SB branch, we introduced the SLICE al-
gorithm.”® The SLICE utilizes scRNA-seq to quantitatively measure
cell differentiation potential based on single-cell entropy (scEntropy),
and a high scEntropy corresponds to a high differentiation potential.
The analyses revealed that FB2 and SB branch cells obtained gradually
increased differentiation potential along the cellular trajectory,
consistent with the progressive activation of the pluripotency pro-
gram (Figure 2F), while the differentiation potential of FB1 branch
cells does not fluctuate much.

The reported markers also reflected the distinct molecular mecha-
nisms among different branches.” Specifically, fibroblast markers
(Prrx1, Thyl, Colla2, etc.) were expressed in PB1 and FBI cells (Fig-
ure 2G). Epithelial markers had higher expression levels in PB2 and
FB2 cells, and some of them (Cldn3, Cldn4, and Epcam) also had
higher expression levels in SB cells. Embryonic development markers

(Msx2 and Gata2) were specifically expressed in FB2 cells. Early
pluripotent and late pluripotent genes were specifically expressed in
SB cells as expected.

These findings have connected the cell fate branches with differential
gene expression patterns during somatic cell reprogramming,
providing new clues for further exploration of the key factors driving
cell fate.

Pluripotency and alternative cell fates in somatic cell
reprogramming

The reprogramming intermediates and fate terminal cells often do
not belong to a certain specific cell type.”** The accurate description
of the cell state transition is crucial to the analysis of the molecular
mechanism of the reprogramming process. We mentioned above
that Oct4-EGFP" cells (iPSCs-2i) and most of D16-2i cells were
concentrated at the end of the SB branch, implying that the SB branch
was a successfully reprogramming trajectory (Figure 2B). However,
the other two alternative fates still need to be further identified.

To this end, we identified 33, 34, and 98 marker genes (Table SI) in
FB1 terminal cells (FB1TCs), FB2 terminal cells (FB2TCs), and SB
terminal cells (SBTCs), respectively. The expression levels of
FBITC and SBTC markers gradually increased along their respective
branches, and FB2TC markers also activated in FB2TCs as expected
(Figures 3A-3C). Stromal, trophoblast, and pluripotency signatures
accounted for the highest proportion in markers of FB1TCs,
FB2TCs, and SBTCs, respectively. Thus, FB1TCs, FB2TCs, and
SBTCs were defined as SLCs, TLCs, and iPSCs, respectively.

The UMAP showed that DO MEFs and terminal cells of the three fates
were well separated from each other (Figure 3D). As expected, fibro-
blast genes (e.g., Thyl, Sdpr, and Tagln2), stromal cell genes (e.g.,
1500015010Rik, Serpine2, and Ephxl), trophoblast genes (e.g.,
Krt18 and Krt8) and pluripotency genes (e.g., Sox2, Nanog and
Dppa5a) were specifically expressed in MEFs, SLCs, TLCs, and iPSCs,
respectively (Figure S2). Correspondingly, DO markers were involved
in typical fibroblast characteristics, such as response to wounding,
extracellular matrix organization, and collagen fibril organization
(Figure 3E). SLC markers were enriched in several processes related
to Schwann cell migration, regulation of hemopoiesis, and epithelial
cell proliferation. TLC markers were mainly enriched in some pro-
cesses related to placenta development, response to wounding, and
epithelial cell migration. The iPSC markers were enriched in some
processes closely related to pluripotency, such as DNA methylation,
gastrulation, regulation of cell cycle, and embryonic pattern
specification.

Further, we found SLCs and iPSCs contained finer subpopulations
(Figure S3). SLCs can be divided into two subclusters (Figure S3A).
Subcluster 1 mainly contains partial D8 to D12-2i cells. Subcluster
2 contains partial D8 to D12-2i cells, D16-2i cells, and iPSCs-2i cells
(Figure S3B). Eighteen DEGs could clearly specify the two SLC sub-
clusters. For example, Ly6a and Fthl have higher expression levels
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Figure 2. Identification of critical cell fate bifurcations during somatic cell re

programming

(A) Pseudotime analysis was performed in the reprogramming progress based on monocle2. (B) The different branches in the cellular trajectory. PB1, pre-branch 1; FB1,
failed branch 1; PB2, pre-branch 2; FB2, failed branch 2; SB, successful branch. (C) The Sankey diagram showing the distribution of the cells in different branches at each

sampling time point. (D) Histogram showing the ratio of Dppa5a* cells in different bral

nches. (E) Histogram showing the cell ratio in different cell cycle stages. (F) The fitting

curve represents the dynamic trend of single-cell entropy during MEFs to three different cell fates. (G) The violin diagram showing the expression pattern of representative

genes in different branches.

in subcluster 1, while genes such as Col3al and Bgn have higher
expression levels in subcluster 2 (Figure S3C). The iPSCs can be
divided into three subclusters, and subclusters 1 to 3 gradually
approach the end of iPSC fate in the cellular trajectory (Figure S3D).
Subcluster 1 mainly included D10-2i to D12-2i cells. Subclusters 2
and 3 mainly included D16-2i and iPSCs-2i cells (Figure S3E), respec-
tively. Twenty-four DEGs were identified among the three subclusters
(Figure S3F). It is reported that sustained co-expression of Epcam,
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Nanog, and Sox2 is thought to be required to progress toward iPSCs.*
Of note, Epcam was significantly down-regulated in subclusters 2 and
3, which indicates that Epcam may play a role in pluripotency acqui-
sition rather than pluripotency maintenance.

Compared with iPSCs, the DEGs up-regulated in SLCs and TLCs also
displayed their unique stromal-like and trophoblast-like characteris-
tics (Figures 3F and 3G), while the DEGs up-regulated in iPSCs
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Figure 3. Characterization of branch terminal cells at different reprogramming fates

(A-C) The average expression levels of terminal cell markers are displayed on the cellular trajectory. Among them, the stromal, trophoblast, and pluripotency signatures
accounted for the highest proportion, respectively. (D) UMAP analysis showing the distribution of MEFs (DO), SLCs, TLCs, and iPSCs. (E) Heatmap showing the differentially
expression genes among MEFs (DQ), SLCs, TLCs, and iPSCs. The representative genes and gene ontology (GO) terms were listed to the right. (F) Scatterplot showing the

(legend continued on next page)
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contained representative pluripotent genes (e.g., Dppa5a, Nanog, and
Sox2). Given that MEFs belong to stromal cells, and FB1TCs are also
identified as stromal-like cells, hence, the potential molecular differ-
ence under the significant separation of MEFs and SLCs in UMAP
results needs to be further clarified. We sought to annotate their mo-
lecular characteristics by comparing their shared markers with those
of all tissue-specific stromal cells.”® The results indicated that MEFs
exhibited the highest similarity to stomach and embryonic mesen-
chyme cells, sharing 35 common markers. Meanwhile, SLCs demon-
strated their closest resemblance to mammary gland and neonatal
muscle cells, sharing 33 overlapping markers (Figure 3H).

Molecular roadmap among different cell fates

To investigate the temporal dynamics of DEGs between successful
and failed reprogramming fates, we identified the significant
branch-dependent DEGs and divided them into different clusters ac-
cording to kinetic trends. A total of 2,809 DEGs were filtered in iPSCs/
SLCs bifurcate and divided into three clusters (Figure 4A). The global
kinetic patterns of genes in cluster 1 (n = 1483) were rapidly down-
regulated in iPSCs fate and up-regulated in SLCs fate (Figures 4A
and 4B). The DEGs in cluster 1 were largely involved in the regulation
of stromal cells related to biological processes such as extracellular
matrix organization, response to wounding, and collagen fibril orga-
nization (Figure 4C). The global dynamics of DEGs in cluster 2
(n = 205) and cluster 3 (n = 1121) were progressively up-regulated
in iPSCs fate and down-regulated in SLCs fate (Figures 4A and 4B).
Cluster 2 genes contained some placenta-specific TFs (Rhox6, Tfap2c,
Philda2, and Hic2)?" and were enriched in "embryonic placenta devel-
opment” process (Figure 4C). Cluster 3 contains many pluripotency
TFs, and these DEGs were mainly involved in biological processes
such as chromosome segregation, DNA replication, and mitotic cell
cycle phase transition (Figure 4C).

Notably, we found that MEF genes (n = 117) only appear in cluster 1,
epithelial genes (n = 8) only appear in cluster 2, and pluripotency
genes (n = 146) only appear in cluster 3. As expected, the expression
patterns of these genes were consistent with the overall kinetic pat-
terns of their respective clusters (Figure 4D). However, we found
that most genes have different expression patterns only when they
are close to the branch terminals of the two fate bifurcations, which
cannot reflect the molecular basis near the fate bifurcations. So, 25
DEGs were identified near the iPSCs/SLCs bifurcation, of which seven
genes (subset of cluster 3) were continuously expressed in iPSCs fate
and immediately down-regulated in SLC:s fate after iPSCs/SLCs bifur-
cation, respectively (Figure 4D). Functional annotation showed that
these seven genes were mainly involved in cell cycle processes such
as "positive regulation of mitotic cell cycle phase transition" (CdkI,
Rrm2, Ube2c, Cenpa, and Pclaf) and "nucleobase-containing
compound biosynthetic process" (Rrm2, Pclaf, Dut, and Hmgb2),
corresponding to the decrease of cell cycle activity in FB1 cells. The
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remaining 18 genes (Acta2, Car4, Ccl2, etc.) were subsets of cluster
1, which were immediately down-regulated in iPSCs fate and up-
regulated in SLCs fate after iPSCs/SLCs bifurcation (Figure S4A).
They were mainly involved in the biological process of regulation of
leukocyte cell-cell adhesion, regulation of protein localization to
membrane, and neutrophil degranulation (Figure S4B). These results
indicated that the inhibition of cell cycle program and the activation
of stromal program represent the main molecular series in SLCs fate.
The rapid down-regulation of stromal program and up-regulation of
the epithelial program, as well as sustained expression of cell cycle
genes represent the early molecular series in iPSCs fate.

For the second fate bifurcation, 178 DEGs were identified toward
iPSCs or TLC:s fates and divided into two clusters (Figure S5). Cluster
1 (n = 86) was gradually up-regulated in iPSCs fate and down-regu-
lated in TLCs fate, which contains 40 pluripotency genes (e.g., Kif4,
Nanog, NrObl, Trim28, Kif2, Rpp25, and Cdc5l), 16 trophoblast genes
(Cacybp, Ube2c, Cenpa, etc.) and 15 common genes of pluripotency
and trophoblast (Dtymk, AA467197, Dut, etc.) (Table S1). The GO
analysis showed cluster 1 was mainly involved in pluripotency-related
biological processes, such as "positive regulation of mitotic cell cycle"
and "embryonic pattern specification” (Figure S5). Cluster 2 (n = 92)
was progressively down-regulated in iPSCs fate and up-regulated in
TLCs fate, which included seven epithelial genes (e.g., Cldn4, Cldn3,
and Epcam) and 28 trophoblast genes (e.g., Mxd4, Gata2, and Phlda2)
(Table S1). Cluster 2 was mainly involved in biological processes
related to trophoblast, such as "embryonic placenta development”
and "cell differentiation involved in embryonic" (Figure S5).

Deciphering decisive factors driving cell fate bifurcations

Studies for the induced pluripotency and transdifferentiation have re-
vealed that TFs are master regulators of cell fate decisions.””* To
explore how the key TFs determine gene expression programs and
further establish cell fates during reprogramming, we used
SCENIC™ to infer gene regulatory networks (GRNs) from the
scRNA-seq data. Based on default filter parameters, 439 regulons
(i.e., TFs and their target genes) were identified. The hierarchical clus-
tering for 14,048 selected cells (MEFs, SLCs, TLCs, and iPSCs) based
on the binarized regulon activity showed most of the same cell types
were clustered together except a small part of MEFs separated from
others (Figure 5A). Meanwhile, we found that some regulons display
cell type-specific activation patterns, and the motifs of representative
TFs were listed next to them. Consistent with iPSCs identity, nearly all
iPSCs showed high pluripotency regulons activity, such as Nanog(+),
Klf4(+), Sox2(+). The other three cell types also have highly active
regulons corresponding to cell identity signatures.

We then focused on cells that followed the successful reprogramming
trajectory, which can be further classified into five clusters based on
pseudotime order and their activity score (Figures S6A and S6B).

differentially expressed genes between iPSCs and SLCs, with some previously reported genes highlighted. (G) Scatterplot showing the differentially expressed genes
between iPSCs and TLCs, with some previously reported genes highlighted. (H) Top: Histogram exhibiting the count of overlapping markers between MEFs and tissue-
specific stromal cells. Bottom: Histogram exhibiting the count of overlapping markers between SLCs and tissue-specific stromal cells.
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Figure 4. Dynamic trends of gene expression among different cell fates

(A) Gene expression heatmap of 2809 DEGs between the iPSCs and SLCs fates. The cellular trajectory of iPSCs and SLCs fates are displayed on the left and right,
respectively. These DEGs were divided into three clusters (1, 2, 3) according to their expression patterns, and the representative DEGs are listed. (B) The kinetic trends (fitted
using the Loess algorithm) of DEGs in the three clusters depicted in (A). The cell types are shown in different colors. (C) Gene ontology analyses of each gene cluster depicted
in (A). (D) The expression dynamics of representative genes in different fate branches. The red dashed line represents the time point of the iPSCs/SLCs bifurcation occurring
on the stretched pseudotime axis of iPSCs fate.

Molecular Therapy: Nucleic Acids Vol. 34 December 2023 7


http://www.moleculartherapy.org

Molecular Therapy: Nucleic Acids

2 [ MEFs

2| SLCs

S T TLCs

i Nanog (57g) =] PN
iPSCs specific regulons,
= c A i [ Nanog(+) | Soblh2(+).
s || Myen(s) |

Kif4 (27g)

......

"o Sox21 (23g) TLCs specific regulons

e[0T EE

e e e e e % e g

Jund (1299g)

Mxd4 (333g)

MEFs specific regulons

B iPSCS/SLCs bifurcation D

CFDKGs of iPSCs fate

Pluripotency network
@ iPSCs/SLCs bifurcation nripotency

@ iPSCs/TLCs bifurcation

s
SIx2 & ééoMorcl
Fkbp3~ N :

DBx16 Smpa2 g » Ndps2

‘Withdrew Dox

Taf7, Ezh2, KIf2, etc. Cdc5l, Klf4, Nanog

= 1
S : 4
2 : — Ez2
£ 0.10 : Haafy
5 ! T K2
E — KIf3
N 0.05 , — Myen
= : Taf?
E — Trp53
2 0.00 :
0 10 20 30 40
Pseudotime
C
iPSCs/TLCs bifurcation
=0.12 .
£ :
£0.09 :
= '
= i Cde5l E
3 '
' — Kif4
3 0.06 : — SEFS
= ' v
20.03 ' /i
N w
Z 0.00 e

0 10 20 30 40
Pseudotime

Figure 5. The decisive factors driving fate bifurcations
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(A) The heatmap displayed the binarized activity scores of regulons among MEFs, SLCs, TLCs, and iPSCs. The cell-specific regulons were listed adjacent to the heatmap,
with colors matching their respective cell types. The representative motifs of key TFs are also listed beside. (B) The expression patterns of cell fate decision key genes
(CFDKGs) for iPSCs fate at the iPSCs/SLCs bifurcation. (C) The expression patterns of cell fate decision key genes (CFDKGs) for iPSCs fate at the iPSCs/TLCs bifurcation. (D)
The putative CFDKGs of iPSCs fate can target and activate iPSCs-specific network. The larger the node, the more genes interact with in the GRN. (E) Summary model of cell

fate bifurcation during reprogramming.

A total of 269 regulons showed temporal activation patterns in these
five cell clusters (Figure S6C). Overall, somatic-specific regulons were
gradually down-regulated (e.g., Runx1(+), Foxc2(+))** and pluripo-
tency regulons were up-regulated in the five clusters sorted by
pseudotime. Some regulons associated with the embryo development
process were transiently activated in this process, such as regionaliza-
tion, formation of primary germ layer, and embryonic morphogenesis
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(Figure S6D). Our findings are consistent with the reported the acti-
vation of developmental programs in parallel to iPSC formation.’

Finally, combining DEGs between different fates and putative GRNs,
we focused on identifying cell fate decision key genes (CFDKGs).
CFDKGs were defined to fulfill two conditions, i.e., exhibiting differ-
ential expression patterns between fate bifurcations, and acting as
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upstream TFs to activate specific GRNSs of fate terminal cells. Success-
fully reprogrammed cell fates undergo two critical cell fate decisions
(Figure 2B). Seven (Ezh2, H2afy, Kif2, KiIf3, Mycn, Taf7, and Trp53)
and three (Cdc5l, Kif4, and Nanog) CFDKGs of iPSCs fate were iden-
tified at the iPSCs/SLCs and iPSCs/TLCs bifurcation, respectively
(Figures 5B, 5C, and S7). Among them, Taf7 had the highest number
of iPSCs-specific downstream target genes and Nanog had the lowest
number of iPSCs-specific downstream target genes (Figure 5D). Most
of the genes in the 10 CFDKGs belong to the pluripotency-related
TFs, including Mycn, Taf7, KIf2, Trp53, Cdc5l, Kif4, and Nanog,*°
while Ezh2, H2afy, and KIf3 were reported to be highly expressed in
trophoblast progenitor cells, neutrophils, and gastric epithelial cells,
respectively.”® Here, we showed for the first time that Ezh2, H2afy,
and KIf3 have important effects on promoting somatic cell reprog-
ramming. Similarly, we also identified their respective CFDKGs in
two alternative cell fates. Eleven TFs (Cebpb, Mxd4, Creb3, Fos,
Hoxa7, Sox4, Jun, Hoxa9, Dbp, Junb, and Hoxal0) were identified
as CFDKGs of SLCs, which were up-regulated in SLCs fate branch,
and as upstream TFs activating specific GRNs of SLCs (Figure S8).
Among them, Mxd4, Fos, Sox4, Jun, Dbp, Junb, and Hoxal0O have
been identified as stromal cell-specific TFs in previous studies.*®
Four TFs (Gata2, Jund, Ctnnbl, and KIf6) were identified as
CFDKGs of TLCs, which were up-regulated in TLCs fate branch
and function as upstream TFs to activate specific GRNs of TLCs (Fig-
ure S9). Among them, Gata2 has been identified as a trophoblast-spe-
cific TF in previous reports.”® Collectively, we identified two key cell
fate decision events in the secondary reprogramming system in this
study. The first cell fate decision occurs after dox withdrawal at day
8, and the reprogramming intermediates expressing 11 key genes
(Cebpb, Sox4, Junb, etc.) tend to SLCs fate, whereas the reprogram-
ming intermediates expressing 7 key genes (Taf’, Ezh2, Kif2, etc.)
tend to become precursor cells for successful reprogramming. Subse-
quently, reprogramming intermediates underwent a second cell fate
decision, with reprogramming intermediates expressing Cdc5l, KIf4,
and Nanog tending to successful reprogramming, and those express-
ing Gata2, Jund, Ctnnbl, and KIf6 tending to TLCs fate (Figure 5E).

DISCUSSION

In recent years, single-cell analysis has revealed some rare but
important mechanisms that have evaded us so far during somatic
cell reprogramming, but it has also demonstrated the unexpected
complexity of their molecular mechanisms. This study was
built upon a published dataset and revealed previously unnoticed pat-
terns and mechanisms through novel perspectives and diverse
methodologies.

First, we identified the three stages during reprogramming: stage I
(DO to D8 cells), stage II (D9-2i to D12-2i cells), and stage III
(D16-2i/iPSCs cells). These three stages can be characterized by
MEFs, epithelial/trophoblastic/mesenchymes, and pluripotency sig-
natures, respectively. By reconstructing the cellular trajectory,
iPSCs/SLCs and iPSCs/TLCs cell fate bifurcation were detected at
D8 and D10-2i, respectively. The fate that tends to be successfully re-
programmed at the iPSCs/SLCs bifurcation showed typical MET

characteristics, which was characterized by down-regulated expres-
sion of MEF genes and up-regulated expression of epithelial genes.”
Reprogramming intermediate cells diverge into SLCs at the iPSCs/
SLCs bifurcation with the up-regulated expression of extracellular
matrix gene and down-regulated expression of cell cycle genes.
Considering that MEFs also belong to stromal cells, the differences
between MEFs and SLCs are worth discussing. By comparing their
shared markers with those of tissue-specific stromal cells, we found
that MEFs are most similar to stomach and embryo mesenchyme-
specific stromal cells, while SLCs are most similar to the gland and
neural muscle-specific stromal cells. The second fate bifurcation rep-
resents the diversion of iPSCs and TLCs. The iPSCs fate was indicated
by the up-regulated expression of pluripotency signatures, while the
TLCs fate was characterized by the up-regulated expression of
trophoblast signatures.

Combining trajectory reconstruction and GRNs inference algorithms,
we putatively identified key TFs that drive different cell fates. The acti-
vation of seven key TFs (Taf7, Ezh2, Kif2, etc.) at the iPSCs/SLCs
bifurcation and three key TFs (Cdc5l, Kif4, and Nanog) at the
iPSCs/TLCs bifurcation greatly facilitates the successful reprogram-
ming of intermediate-state cells. In addition to some widely reported
pluripotency factors,”’ we have also identified some previously over-
looked crucial regulators, such as Ezh2, H2afy, and Cdc5l. Notably,
269 regulons exhibited temporal activation patterns in the successful
reprogramming trajectory, with the majority enriched in embryo
development-related pathways, demonstrating shared regulatory
mechanisms between somatic cell reprogramming and embryonic
development. However, the up-regulation of 11 key TFs (Cebpb,
Mxd4, Creb3, etc.) and four TFs (Gata2, Jund, Ctnnbl, and KIf6) drive
cells toward alternative fates at the iPSCs/SLCs and iPSCs/TLCs fate
bifurcations, respectively. Among them, four TFs (Cebpb, Creb3,
Hoxa7, and Hoxa9) and three TFs (Jund, Ctnnbl, and KIf6) were
the first reported regulators of stromal and trophoblast fates in this
study, respectively.

Our study has illuminated critical cell fate bifurcations, depicted the
molecular route along pluripotency or alternative fates, and further
identified key TFs driving different fates. These findings provided a
reference for experimental biologists to manipulate cell fates and
improve reprogramming efficiency.

MATERIALS AND METHODS

Dataset collection

The single-cell RNA sequencing (scRNA-seq) data of mouse somatic
cell reprogramming were collected from the GEO database under
accession number GEO: GSE106340.”° The sampling process for the
somatic cell reprogramming included two stages. The first stage
included day 0 (DO0), day 2 (D2), day 4 (D4), day 6 (D6), and day 8
(D8) cells that were cultured in the serum environment (containing
dox). The second stage is day 9 (D9-2i), day 10 (D10-2i), day 11
(D11-2i), day 12 (D12-2i), and day 16 (D16-2i) when dox was removed
and cells were transferred to the 2i environment. The iPSCs-2i were
selected with endogenous Oct4 locus (Oct4-IRES-EGFP) as a reporter.
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The cells sampled at the above time points were sequenced together
with iPSCs-2i.

scRNA-seq data preprocessing

For scRNA-seq data preprocessing, all raw data were controlled
by FastQC software (http://www.bioinformatics.babraham.ac.uk/
projects/fastqc/) and were trimmed based on Trimmomatic (version
0.38)" to remove low-quality reads.”®
mapped to the UCSC mm10 genome using genome-aligner STAR
(version 2.5.1b) with default parameters. Then, UMI counts were per-
formed with cellranger from the 10X Genomics pipeline (version
1.1.0, with default parameters). All cells with fewer than 1,000
UMIs and 1,000 genes were detected per cell in total and all genes
that were expressed in fewer than 50 cells were discarded. Excluding
the D10-serum, D12-serum, D16-serum, and iPSCs-serum cells,
23,760 cells and 16,662 genes were retained for further analysis.

37 Next, filtered reads were

scRNA-seq dimensionality reduction, differentiation potential
assessment, and trajectory inference

For the dimension reduction, principal-component analysis (PCA)
was performed on the scaled expression of 2,000 highly variable
genes using the RunPCA function in Seurat (version 4.3.0).”
Following that, UMAP was implemented on the top 10 PCs via the
RunUMAP functions. The SLICE*® was used to quantitatively mea-
sure cell differentiation potential based on single-cell entropy with
default parameters. Monocle2”” was utilized for inference single cell
trajectory with default parameters.

Identification of DEGs

The DEGs analysis was performed using Seurat.”> The Seurat func-
tion “find_all_markers” (thresh.test = 1, test.use = "roc") was used
to identify unique cluster-specific marker genes. For two given clus-
ters, DEGs were identified by the find.markers function with the
following parameters: thresh.use = 1, test.use = "roc." For a certain
gene, the roc test generated a value ranging from 0 (for "random")
to 1 (for "perfect"), representing the "classification power." Genes
with a fold change >2 or <0.5 and a power >0.4 were regarded
as DEGs.

Single-cell gene regulatory network inference

The workflow of pySCENIC™ (https://pypi.org/project/pyscenic/0.6.
6/#tutorial) was used to inference the GRNs. In pySCENIC workflow,
RcisTarget’® package determined TFs and their predicted target genes
(i.e., targetomes) based on the correlation of gene expression across
cells, and GRNBoost>* identified whether the predicted target genes
have the corresponding TF motifs to refine targetomes. The
RaacFold predicted functional domain and active sites."”** Finally,
active targetomes were recognized in each cell. The regulatory net-
works driving cell fates were screened out and visualized by Cytoscape
(version 3.7.0).%

GO enrichment and statistical analysis

GO enrichment analysis was performed based on the R package cluster-
Profiler (version 3.14.3).** Representative GO terms with p value <0.05
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were summarized. Statistical analyses were implemented with R
(version 4.0.3, http://www.r-project.org).

DATA AND CODE AVAILABILITY

All sequencing data associated with this study were downloaded from
the Gene Expression Omnibus (GEO) database under accession num-
ber GSE106340.*°

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.
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