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Abstract

Adipose-derived cells (ADCs) from white adipose tissue are promising stem cell candidates because of their large regenerative reserves
and the potential for cardiac regeneration. However, given the heterogeneity of ADC and its unsolved mechanisms of cardiac acquisition,
ADC-cardiac transition efficiency remains low. In this study, we explored the heterogeneity of ADCs and the cellular kinetics of 39,432 single-
cell transcriptomes along the leukemia inhibitory factor (LIF)-induced ADC-cardiac transition. We identified distinct ADC subpopulations that
reacted differentially to LIF when entering the cardiomyogenic program, further demonstrating that ADC-myogenesis is time-dependent
and initiates from transient changes in nuclear factor erythroid 2-related factor 2 (Nrf2) signaling. At later stages, pseudotime analysis of
ADCs navigated a trajectory with 2 branches corresponding to activated myofibroblast or cardiomyocyte-like cells. Our findings offer a high-
resolution dissection of ADC heterogeneity and cell fate during ADC-cardiac transition, thus providing new insights into potential cardiac
stem cells.
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Heterogeneous floating adipose-derived cells (ADCs)
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Heterogeneous floating adipose-derived adipose cells (ADCs) undergo ADC-cardiac transition in response to leukemia inhibitory factor. Dissection
of the ADC heterogeneity showed differential response to LIF when entering the cardiomyogenic program, as initiated by transient changes
in nuclear factor erythroid 2-related factor 2 signaling. Pseudotime analysis navigated a trajectory with 2 branches corresponding to activated

myofibroblast or cardiomyocyte-like cells.

Significance Statement

Cells derived from fat are promising stem cell candidates due to large reserves and potential of generating organ-specific cells. However,
such stem cells are heterogenous and their transitions unclear. We used single-cell transcriptomes and the response to leukemia inhibitory
factor to explore the heterogeneity and the transition to cardiac cells. We identified distinct cell populations and signaling pathways used
to navigate a trajectory with 2 branches corresponding to fibrotic versus cardiac cells. Our results are significant for clarification of stem
cell heterogeneity and entrance into the cardiac trajectory, thereby allowing new strategies to promote cardiac health.

Introduction

Heart failure is a growing global health concern caused by
irreversible myocardium damage that results from various
types of injuries, such as acute myocardial infarction (MI).!
The past 2 decades have witnessed the development of cell-
based therapies to generate new, functional cardiomyocytes
through the exogenous supply of stem or progenitor cells,
including embryonic stem cells (ESCs), induced pluri-
potent stem cells (iPSCs),”” bone marrow-derived cells,®
peripheral blood stem cells,” endothelial progenitors,'
mesoangioblasts,!! and adventitia resident stem cells.!>!
However, the availability, safety, and transition efficiency of
noncardiac cells to functional cardiomyocytes remain a sig-
nificant challenge.

Adipose tissue has drawn research attention as a safe source
of multipotent stem cells for autologous cell therapy in the
infarcted myocardium.'* The potential of the therapeutic use
of adipose-derived cells (ADCs) is an attractive prospect be-
cause of their straightforward availability, scalability, practical
conservation of bioactivity after cryopreservation, and strong
paracrine effects.!>'7 Our previous research and those of
others indicate that ADCs can act as sources of spontaneously
contracting cardiomyocyte-like cells in vitro.'®*! However,
the optimal therapeutic efficacy of ADCs for ischemic heart
diseases has been hindered by their poor survival and low re-
tention rates in vivo,?> mainly because of their heterogeneity,
which reduces the number of functional progenitors delivered
to the injured heart. Distinct ADC populations residing in the
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same adipose tissue depot appear to be programmed toward
alternate fates and differential responses to paracrine sig-
nals.? Studies have attempted to characterize ADCs using cell
surface markers via flow cytometry analysis but have not yet
identified unique markers for each cluster.?*?¢ Recent studies
applying single-cell RNA sequencing (scRNA-seq) to mouse
white adipose tissue (WAT) identified several major subsets
of ADCs that differ in their trajectories toward adipogenic
differentiation,?”?® suggesting unique responsive potentials to
metabolic and endocrine signals. Thus, heterogeneous ADCs
in infarcted myocardium may follow several cell lineages in-
stead of transitioning to functional cardiomyocytes in a coor-
dinated fashion. Identifying the optimal ADC subpopulation
for cardiac induction and triggering signals may be the key to
improving cardiac regeneration.

Among the cardiac paracrine factors secreted after MI,
leukemia inhibitory factor (LIF) is one that demonstrably
enhances the cardioprotection, neovascularization, and re-
cruitment of endogenous stem cells. Leukemia inhibitory
factor induces dimerization of glycoprotein 130 (gp130) and
its receptor (LIFR), which in turn phosphorylate and acti-
vate the STAT3, ERK, or PI3K signaling pathway,? thereby
protecting against oxidative stress and cell death.’*3! Cardiac
STATS3 is essential for maintaining metabolic homeostasis,
and loss of STAT3 in cardiomyocytes renders the heart more
susceptible to pathological insult by disrupting glucose me-
tabolism and protective networks via the upregulation of spe-
cific miRNAs.32% Leukemia inhibitory factor also contributes
to the homing of bone marrow-derived cardiac progenitors
to the injured myocardium and promotes resident cardiac
stem cell differentiation and neovascularization.3*37

This study applied high-throughput scRNA-seq*** to
systematically analyze the ADC heterogeneity and cel-
lular dynamics in LIF-induced cardiac transition across dif-
ferent stages. With scRNA-seq, we identified 3 distinct ADC
subpopulations that reacted differentially to LIE, among which
platelet-derived growth factor receptor o (Pdgfra)+CDS55+
ADCs demonstrated a strong cardiomyogenic potential, as
determined by their expression of cardiomyogenic lineage
markers, along with their morphology, sarcomeric organiza-
tion, and cardiomyocyte-like function in vitro and in vivo.
Cardiac transition was initiated on day 1 from a cluster of
ADCs enriched in Nrf2-mediated oxidative stress-response
signaling. Nrf2 signaling activation is a transient but indis-
pensable event that switches on the ADC-cardiac transition
program. Nrf2 gene deletion significantly decreased cardiac
transition efficiency. In the later stages, pseudotime analysis
of scRNA-seq from LIF-stimulated ADCs depicted a finely re-
solved cascade of myocyte cell progression and identified a
series of transcriptional events throughout the cardiac tran-
sition process. We identified 2 separate pathways in the tran-
sition routes associated with either cardiomyogenic fate or
intermediately activated myofibrogenic cell fate. Taken to-
gether, our findings provide strategies to identify new autolo-
gous cell sources and cell signals in cardiac regeneration.

Material and Methods
For Key Resources, see Supplementary Table S1.

Contacts for Reagent and Resource Sharing

Requests for further information, resources, and reagents
should be directed to corresponding authors Xiuju Wu
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(XiujuWu@mednet.ucla.edu) and Kristina 1. Bostrom
(kbostrom@mednet.ucla.edu). Sharing of primary samples is
based on availability, and may be subject to Material Transfer
Agreements and will require appropriate research ethics
board certifications.

Animals

Adipoq©t™ (BL/6-Tg(Adipog-cre/ERT2)1Soff/]), Rosa'd™omate
(B6.Cg-Gt(ROSA)26Sormo(CAGdTomaotizef])  NKX2.5-eGEP
(Tg(Nkx2-5-EGFP)3Sho/Smwu]), and wild-type mice on a
CS57BL/6] background were obtained from Jackson
Laboratory. Adipog®c** Rosa*™"> NKX2.5-eGFP were
generated and injected intraperitoneally with 100 pL of ta-
moxifen (20 mg/mL) for 5 consecutive days to trigger Cre-
mediated recombination and permanent labeling of Adipog+
cells. Genotypes were confirmed via polymerase chain reac-
tion (PCR),* and experiments were performed at 8-10 weeks.
All mice were exposed to a standard 12:12 light/dark cycle
and fed a standard chow diet (Diet 8604; HarlanTeklad
Laboratory). The animal studies were reviewed and approved
by the Institutional Review Board and conducted according
to the animal care guidelines of the University of California,
Los Angeles, USA. This investigation also conformed to the
National Research Council’s, Guide for the Care and Use of
Laboratory Animals.®

Myocardial infarction was induced by ligation of the left
anterior descending (LAD) artery in wild-type C57BL6/] male
mice at 12 weeks of age, as described previously.*»* Either
green fluorescent protein-expressing (GFP+) ADC-derived
cardiomyocyte-like cells or phosphate-buffered saline (PBS)
were injected into the infarct zone immediately after LAD ar-
tery ligation. Sham controls underwent the same surgery but
without LAD artery ligation. Three weeks after the surgery,
myocardial function was evaluated by echocardiography.

Cell Isolation and Culture

Isolation of adipocytes and ADCs was carried out by
modifying the aforementioned method described previ-
ously.* Briefly, approximately 1 g of fat tissue was minced
and digested in 0.1% (w/v) collagenase II solution (Sigma
C6885) at 37°C for 1 h with gentle agitation. After filtration
and centrifugation at 1000 rpm for 5 minutes, the floating top
layer comprising adipocytes and ADCs was washed twice and
seeded onto a 40 pm cell strainer (Corning) on a bottom well
pre-coated with 0.1% gelatin for 30 minutes. Differentiation
was induced using complete media containing Dulbecco’s
modified eagle medium (DMEM) supplemented with 20%
FBS, 1% GlutaMAX, 1% sodium pyruvate, 1% MEM non-
essential amino acids solution, 0.1% 2-mercaptoethanol
(Thermo Fisher Scientific), and 1000 U/mL LIF (Millipore
ESG1107). The cell strainer with remains of adipocytes was
removed after 5 days. The medium was changed every 4 days
on the cells that were attached to the bottom until they were
used for experiments. Collagenase-digested adipose tissues
were centrifuged at 1000 rpm for 5 minutes to isolate adipose
stromal cells (ASCs). The pellet was washed with phosphate-
buffered saline (PBS) and resuspended in a complete medium.
Cells (5 x 10°) were incubated at 37°C in 5% CO, in 25-cm?
culture flasks, and the medium was changed every 4 days until
they reached confluence. After splitting, the cells were used
for experiments. Leukemia inhibitory factor signaling inhibi-
tion was achieved by adding 2 pg/mL LIF receptor (LIFR)-
neutralizing antibodies (R&D Systems) or compounds
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(AG490 10 uM, UO126 10 uM, LY294002 5 uM) every other
day starting on day 0. Additionally, 1 pg/mL of the isotype
IgG or 5 mM dimethyl sulfoxide (DMSO) (Sigma-Aldrich)
was added to the media as controls.

Fluorescence-Activated Cell Sorting

Cells were detached from the culture dish with 0.25% trypsin/
ethylenediaminetetraacetic acid (EDTA), centrifuged at low
speed, and stained with fluorescence conjugated antibodies.
Nonspecific fluorochrome- and isotype-matched IgGs (BD
Pharmingen) served as controls. Flow cytometer gates were
set using unstained cells and the isotype-matched controls.
Cells were gated by forward scatter versus side scatter to
eliminate debris. Hochest33342, which emits blue fluores-
cence when bound to dsDNA, was used as a live stain. A
minimum of 10 000 events were counted for each analysis.
All fluorescence-activated cell sorting (FACS) analyses were
performed with a flow cytometer (LSR II; BD Biosciences).
Fluorescence-activated cell sorting files were then exported
and analyzed using Flow]JoTMv10.7 software.

Immunofluorescence

Cells were fixed in 4% paraformaldehyde and processed as
described previously.*” For immunofluorescence, the cells
were permeabilized, blocked, and stained with o-actinin
(Sigma, 1:500), ¢TnT (Thermo Fisher, 1:200), ¢cTNI (Abcam
1:400), and Gjal (Millipore 1:200) at 4°C overnight. The
mouse paraffine sections were dewaxed and rehydrated,
and antigens were retrieved using an unmasking solution
(Vector Laboratories). Sections were then incubated with
primary antibodies Pdgfra (R&D Systems, 1:400), Perilipin
(Millipore, 1:500), CD31 (R&D Systems, 1:250), CD34
(Abcam, 1:250), CD44 (R&D System, 1:100), scavenger re-
ceptor class A (Scara) (R&D System, 1:100), CD142 (Sino
Biological, 1:50), GFP (Abcam, 1:200), and a-actinin (Sigma,
1:200) at 4°C overnight. Alexa Fluor—conjugated secondary
antibodies (Invitrogen) were applied to cells and costained
with 4/,6-diamidino-2-phenylindole (DAPI) (Sigma-Aldrich).
Staining without primary antibodies served as a control.
Images were taken with an inverted Nikon Eclipse Ti-S mi-
croscope (Nikon Corporation, Tokyo, Japan) and analyzed
using Image] software.

Quantitative Reverse Transcription PCR

Total RNA was extracted from cells using the RNeasy mini
kit (Qiagen). cDNA was produced with a high-capacity
cDNA reverse transcription kit (Thermo Fisher Scientific)
following the manufacturer’s instructions. Relative quan-
titative (q)PCR was performed on a 7500 Fast Real-
Time PCR System (Applied Biosystems) using TagMan
Universal PCR Master Mix (Thermo Fisher Scientific).
Cycle conditions were one cycle at 50 °C for 2 minutes, one
cycle at 95°C for 10 minutes, and then 40 cycles at 95°C
for 15 seconds and 60°C for 1 minute. Threshold cycles of
specific cDNAs were normalized to the housekeeping gene
Gapdh and translated to relative values. Primers are listed
in Supplementary Table S1.

Contractility Assay

Contractility was assayed using the xCELLigence RTCA
Cardio System with 5% CO, at 37°C. The Cardio System
measures the impedance of Cor.At cardiomyocytes and
transforms the values to cell index (CI) values, which reflect
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changes in beating activity. Prior to recording, cells were left to
equilibrate for 15 minutes at the given setting. Video imaging
of beating ADC-derived cardiomyocyte-like cell monolayers
was recorded from 2 to 3 separate locations in each well. The
average Cl values for each recording period (20 seconds) were
displayed.

siRNATransfection

siRNA was purchased from Qiagen and transfected using
HiPerFect Transfection Reagent (Qiagen) according to the
manufacturer’s instructions. For knockdown experiments,
siRNAs were added on the day of plating. qRT-PCR was
performed on D3 to evaluate the knockdown efficiency, using
the primers listed in Supplementary Table S1.

10x Library Preparation, Sequencing, and
Alignment

Single-cell RNA-sequencing libraries were generated with the
Chromium Single Cell 3" v3 assay (10x Genomics). Libraries
were sequenced using the NovaSeq 6000 platform (Illumina)
to a depth of approximately 300 million reads per library with
a 2 x 50 read length. Raw reads were aligned to the mouse
genome (mm10) and cells were called using cellranger count
(v3.1.0). Individual samples were then aggregated to generate
the merged digital expression matrix using cellranger aggr
(v3.1.0).

Cell Clustering and Cell-Type Annotation

The R package Seurat (v3.1.2) was used to cluster the
cells in the merged matrix. First, cells with less than 300
transcripts or 100 genes detected were first filtered out as
low-quality cells. Genes expressed in at least one cell across
the datasets were included to involve as many genes as pos-
sible. Afterward, gene counts for each cell were divided by the
total gene counts for the cell and multiplied by a scale factor
of 10 000, and natural-log transformation was then applied
to the counts. The FindVariableFeatures function was used
to select variable genes with default parameters, whereas the
ScaleData function was used to scale and center the counts
in the dataset. Principal component analysis (PCA) was
performed using the RunPCA function on the variable genes,
and the first 20 PCs were used for cell clustering (resolution
= 0.5) with the FindNeighbors and FindClusters functions.
Uniform manifold approximation and projection (UMAP) di-
mensional reduction was applied using the RunUMAP func-
tion. Cluster markers or time point genes were found using
the FindAllMarkers function. The average expression for
each gene was calculated for each cluster, upon which hier-
archical clustering was then applied. Nuclear factor erythroid
2-related factor 2 (Nfr2) module scores were calculated by
aggregating the genes’ expressions in the Nfr2 pathway using
the AddModuleScore function with default parameters. To
uncover the genes correlated with the Nfr2 pathway, a cor-
relation coefficient was calculated between the module scores
and the expression of every gene in the datasets. Genes with a
correlation coefficient over 0.2 or less than -0.2 were plotted
in the heatmap.

Pseudotime Trajectory Construction

Pseudotime trajectories were constructed using the R
package Monocle (v2.10.1). The raw counts for cells were
extracted and normalized by the estimateSizeFactors and
estimateDispersions functions with the default parameters.
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Genes with average expression greater than 0.5 and detected
in at least 10 cells were retained for further analysis. Variable
genes were determined by the differentialGeneTest function
with a model against the time point identities. The orders
were determined by the orderCells function, and the trajec-
tory was constructed by the reduceDimension function with
default parameters. Differential expression in pseudotime
was carried out using the differentialGeneTest function with
a model against pseudotime, in which a likelihood ratio test
was applied to get a P-value for each gene. The Benjamini-
Hochberg procedure was then used to adjust for multiple
testing to obtain a g value. A filter of g value of <0.05 was
used to identify the genes that were significantly differentially
expressed along the pseudotime, which were then plotted
on the heatmap, and were grouped into 6 clusters using the
function plot_pseudotime_heatmap. Differential expression
analyses between states were carried out using the Seurat func-
tion FindMarkers. Differentially expressed genes (DEGs) with
the fold changes were used to plot the heatmap showing the
bifurcation expression patterns. The bifurcation heatmap was
generated using the function plot_genes_branched_heatmap.

RNA Velocity Analysis

To estimate the RNA velocities of single cells, velocyto was
used to distinguish unspliced and spliced mRNAs in each
sample. The Python package scVelo was then used to recover
the directed dynamic information by leveraging the splicing
information. Specifically, the data were first normalized using
the filter_and_the normalize function. The first- and second-
order moments were computed for velocity estimation using
the moments function. The velocity vectors were obtained
using the velocity function and were then projected into a
lower-dimensional embedding using the velocity graph func-
tion. Finally, the velocities were visualized in the pseudotime
trajectory embedding using the velocity_embedding_stream
function. All scVelo functions were used with default
parameters.

Data Availability

Single-cell RNA sequencing datasets are accessible from GEO
with accession number GSE164410 (Reviewer access token:
ixonwocufzaflot).

Statistics

Statistical analyses were performed using GraphPad InStat
(version 3.0; GraphPad Software Inc.). Data were analyzed by
either unpaired 2-tailed Student’s #-test, 1-way, or 2-way anal-
ysis of variance (ANOVA) with Tukey’s multiple comparisons
test for statistical significance. Data are represented as mean
+ SD. P values of <.05 were considered significant, and all
experiments were repeated in triplicate.

Results

Establishment of a Highly Efficient LIF-Induced
ADC-CardiacTransition System

Our previous studies found that adipose cells in a hanging
culture system contained cells with a cardiac transition po-
tential,'** but the exact cell population contributing to the
cardiac lineage was unclear. Therefore, we took advantage of
the cardiomyocyte lineage transcription factor Nkx2.5 to de-
termine whether adipocytes in the floating layer of adipose
cells could generate Nkx2.5-positive cells. We developed an
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adiponectin (Adipoq) Cref*? -tdTomato " Nkx2.5-Egfp
mouse model to trace the adipocytes in ADC-to-cardiac
transition. Adipocytes in this transgenic mouse model were
marked with tomato red fluorescent protein (tdTomato)
after tamoxifen injection, whereas the Nkx2.5-positive
cardiomyocytes were tagged with GFP (Fig. 1A). After
ascertaining the specificity of Adipog Cre®*"? -tdTomato "
™ in adipocytes (Supplementary Fig. S1), cells floating after
centrifugation contained tdTomato-positive adipocytes and
other small-sized ADCs (Figs. 1A and Supplementary Fig.
S2). These floating cells were collected and treated with LIF
in a hanging culture system (Figs. 1A and Supplementary
Fig. S1). Two weeks after LIF treatment, over 50% of the
ADCs from the hanging cultures were Nkx2.5-Egfp-positive
but tdTomato-negative (Fig. 1B); thus, the adipocytes were
excluded as the cells of origin in this cardiac transition.
Second, FACS analysis with polystyrene particles identified
ADCs ranging from 2 to 16.5 pm in the floating viable ad-
ipose cells (Supplementary Fig. S2), which responded to LIF
and generated beating cardiomyocyte-like cells. These results
suggest that ADCs other than adipocytes respond to LIF and
transition to cardiomyocyte-like cells.

Leukemia inhibitory factor-treated ADCs exhibited a ro-
bust cardiac differentiation potential and, within 4 weeks,
were positive for cardiac troponin T, troponin I, cardiac
a-actinin, and the gap junction marker Gjal (Fig. 1C and
1D). Moreover, LIF-treated ADCs expressed a higher level
of mature cardiac markers, including cardiac sarcomeres,
the myofilament markers a-actinin and Tnni3, and the gap
junction proteins Gjal and GjaS (Fig. 1E). Furthermore,
mature cardiac markers related to the calcium ion channels
(PIn, Ryr2, and Cacn2) and the sodium ion channel (Scn5a)
showed a higher expression in LIF-treated ADCs than in un-
treated ADCs (Fig. 1E). Other lineage markers, including
pluripotency, adipose, endothelial, and neuronal markers,
were not expressed in the LIF-treated ADCs along the dif-
ferentiation course (Supplementary Fig. S3), suggesting
that LIF-induced adipose-cardiac differentiation bypassed
dedifferentiation and transdifferentiation. Spontaneous
beating activity of LIF-treated ADCs was observed and re-
corded by the xCELLigence system RTCA cardio instru-
ment (Supplementary Video 1, Fig. 1F). Leukemia inhibitory
factor-treated ADCs were expanded with their subsequent
incorporation into cardiomyocyte-like cells, which had a
positive effect on cardiac function in hearts infarcted by per-
manent ligation of the left ascending coronary artery (Figs.
1G and Supplementary Fig. S4). In a limited study, signifi-
cant increases were also observed after injury in the ejection
fraction (from 27.7% to 41.4%) and fractional shortening
(from 12.0% to 19.2%) after injection of PBS versus ADCs,
respectively (Supplementary Fig. S4). Additionally, there
was a significant decrease in the diastolic left ventricular
(LV) volume after ADC injection (Supplementary Fig. S4).
Green fluorescent protein-positive LIF-treated ADCs were
detected in the host myocardium after injury, as visualized by
costaining of GFP and the myocyte marker a-actinin (Figs.
1H and Supplementary Fig. S5). Approximately 30% of the
GFP-positive cells showed some degree of a-actinin staining
(Supplementary Fig. S5). These results suggest that the injec-
tion of LIF-treated ADCs may support cardiac function fol-
lowing infarction.

Next, we aimed to elucidate the pathway determining LIF-
induced cardiac transition. Leukemia inhibitory factor induces
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Figure 1. LIF Induces ADC-Cardiac Transition. (A) Schematic of experimental design for collecting floating ADCs from Adipog Creff™ -tdTomato "
Nkx2.5-Egfp mouse (see details in Methods). (B) Immunofluorescence and flow cytometry of AD-TD (Adipoqg Creffi™ -tdTomato)+ and Nkx2.5-GFP+
cells 14 days (D14) and 6 days, respectively, post-LIF treatment of ADCs. (C,D) Representative immunofluorescence (C) and flow cytometry (D) of
ADC-derived cardiomyocyte-like cells for a-ACTININ (sarcomere marker, red), CTNT (cardiac troponin T, green), CTNI (cardiac troponin |, red), and GJA1
(Gap junction a-1 protein, green) after LIF treatment for 21 days. Arrowheads indicate GJA1 and a-ACTININ double-positive cells. (E) Expression of
cardiac markers in ADCs at day (D)12 and D35 with or without LIF treatment, as shown via real-time PCR. Gene expression is calculated as fold change
compared with the ADCs on day 0 (n=6). (F) Representative traces of spontaneous beating activity of monolayer ADC-derived cardiomyocyte-like cells
with or with our LIF recorded with impedance system. (G) Functional assessment of before (baseline) and 21 days after Ml and injection of FBS or ADC-
cardiomyocyte-like cells. See Supplementary Figure S4 for additional results. (H) Dual immunofluorescence detection of GFP+/ a-ACTININ ADC-derived
cardiomyocyte-like cells at 21 days after MI at the mid-infarct level. Arrowheads show GFP and a-ACTININ double-positive cells. (I) Expression of Actc1,
Actn2, and cTnT in ADCs at D10 after blocking LIFR using anti-LIFR neutralizing antibody, as shown via real-time PCR. Gene expression is calculated

as fold change compared with the ADCs without treatment (n=6). (J) Expression level of cTnT in ADCs at day (D)10 after blocking of LIF signaling after
exposure to vehicles AG490, UO126, and LY294002, examined using real-time PCR. Gene expression is calculated as fold change compared with the
ADCs without treatment (n=3). In (E), (I), and (J), data are shown by mean + SEM. Two way ANOVA, *P < .05, **P < .01, **P < 001, **=P < 0001.

dimerization of glycoprotein 130 (gp130) and its receptor
(LIFR), which in turn phosphorylates and activates the STAT3,
ERK, or PI3K signaling pathway.* Leukemia inhibitory factor
administration at a concentration of 10 ng/mL from days 0
to 4 triggered the cardiac transition program (Supplementary
Fig. S6), whereas blocking of the LIFR using neutralizing
antibodies reduced the expression of the cardiac markers (Fig.
1I). Regarding downstream pathways, LIF induced STAT3
phosphorylation within 30 minutes, which peaked at 1 h and
decreased after 2 h, whereas AKT2 and MAPK phosphoryl-
ation increased after 1 h of treatment (Supplementary Fig.
S7). Using chemical inhibition of the downstream effectors
JAK2, MAPK, and AKT2, we found that the cardiac transi-
tion was mainly triggered by JAK2/STAT3 but not by MAPK
or AKT2 (Figs. 1] and Supplementary Fig. S7). Collectively,
these results demonstrated that the administration of LIF to

ADC:s substantially facilitates access to the cardiac transition,
offering a valuable platform for further dissection.

Single-Cell RNA Sequencing Analysis of LIF-
induced ADC-Cardiac Transition

To molecularly characterize the LIF-induced cardiac tran-
sition, we performed scRNA-seq navigating stage-specific
ADCs along the transition using the Chromium system (10x
Genomics). Floating ADCs from 8 mice were collected and
treated with LIF for 0, 1, 3, 7, and 10 days. Day 0 was used as
the point of comparison since attachment and early differenti-
ation already occur within the first 24 h. We then carried out a
scRNA-seq analysis on the cells (Fig. 2A). We detected 23 543
unique genes from a total of 39 432 cells, with an average of
2899 genes and 13 530 unique molecular identifiers (UMIs)
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Figure 2. High-resolution dissection of ADC-cardiac transition using scRNA-Seq. (A) Schematic diagram of scRNA-seq analysis strategy during
ADC-cardiac transition. Overall, 10 545, 6460, 5087, 7673, and 9667 cells were analyzed for ADC day (D)0, ADC D1, ADC D3, ADC D7, and ADC D10
(indicated by different colors), respectively. The flow chart of the scRNA-seq analysis was adopted from 10x Genomics. (B) UMAP projection of all

39 432 individual cells during the ADC-cardiac transition process, colored by origin (left) and each subpopulation based on the transcriptomic phenotype
(right). (C) Hierarchal clustering analysis of all clusters from scRNA-seq. (D) Expression of top genes at the indicated time points. (E) Gene ontology (GO)
analysis of genes specifically expressed in the indicated time points. (F) UMAP projection of cells and typical gene expression at the indicated time

points.

per cell. Unsupervised uniform manifold approximation and
projection (UMAP) algorithm clustering-*° identified 25 cell
clusters attributing to their putative identities (Fig. 2B) and
hierarchical similarities based on expression patterns (Fig.
2C). We analyzed the cluster gene expression at each stage to
define the ADC clusters primed toward cardiac differentia-
tion. At the initiation stage (day 0), most cells were adipocytes
with enriched adipose markers, including Apoe, Adipoq, and
Fabp4 (Fig. 2D, 2F). Other cell types at this stage included
adipose progenitor cells (C23: Pdgfra+Icam1+CD34+), endo-
thelial cells (C19: Pecam1+CdhS5+Kdr+), and contaminating
immune cells (Fig. 2C). At the activation stage, fibroblast ac-
tivation was marked by Pdgfra, ly6a, and Thy1 expression at
varying proportions and levels (Fig. 2C and Supplementary
Fig. S8). We also found Prrx1 enrichment at this stage, which
is expressed in mesenchymal cells in bone marrow with
multilineage differentiation potential,’! suggesting that the
ADCs were activated for differentiation (Figs. 2C, 2F and
Supplementary Fig. S8). Interestingly, we found 2 EC clusters
that transiently appeared at this stage, in which cluster 8
expressed the venous markers Sox17 and vWf and cluster
22 expressed the arterial marker Notch1°? (Fig. 2A-2C and

Supplementary Fig. S8). However, ECs were only transiently
observed between days 1 and 3 and disappeared after day 7.
At the myogenic stage, most cells exhibited a lower expression
of stem cell markers and began expressing cardiomyogenic
and myofibroblast markers, including ¢TnT, Tnni, Acta2,
Postn, and Cthrel (Figs. 2C, 2F and Supplementary Fig. S8).

We then analyzed the scRNA-seq results from each day
to dissect the cardiac transition in a time-specific manner.
The LIF-induced myogenic program was activated from day
1 (Fig. 1F) with the expression of several cardiac protective
genes, including Prdx1 and Gclm?*> (Fig. 2D-2F). From day
3, the myogenic program was activated and maintained at a
high level to the end of the transition stage (Fig. 2D-2F). A
unique cell cluster identified on day 3 marked extracellular
matrix integrin binding family and Inhba/activin, which are
reportedly required for ADC differentiation®*® and car-
diac morphology.’>° Moreover, the cardioprotective genes
Hmox1, Ptgs2/Cox2, and Ctgf were activated at this stage
(Fig. 2D-F), previously shown to be induced by STAT3 ca-
nonical signaling in acute ischemic stress.®’ These results
suggest that LIF-induced ADC-cardiac transition might have
short-term effects by activating ECM and cardioprotective
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genes. From days 7 and 10, LIF-treated ADCs began
expressing Actcl, ¢TnT, Tnnil, and other cardiac struc-
tural and regulatory genes. Cluster 7 from day 10 expressed
the cardiomyocyte markers Myh7, calcium voltage-gated
channel Atp2a2, and Cacng2, suggesting that the cells at
this stage exhibit more mature cardiomyocyte characteris-
tics. Cells at this stage were also enriched in genes involved
in extracellular matrix deposition and organization, a
finding supported by the identification of the myofibroblast
markers col3al and Des (Fig. 2D-2F). The coexistence of
different populations is common in cardiac differentiation,
supporting the heterogeneity of cell fate transitions.*"¢2¢3
Taken together, our data depicted a model timeline of stem
cell activation and maturation in LIF-induced ADC-cardiac
destiny.

Cellular Composition of Initial Floating Adipose
Cells

To detect the ADC population that responds to LIF and
transition to cardiomyocyte-like cells, we examined the cel-
lular composition of the initial floating adipose cells from
day 0 and identified 5 subpopulations (cluster C0, C3, C17,
C19, and C23) (Fig. 3A). We excluded adipocytes, endothe-
lial cells, and neuronal cells since cardiomyocyte-like cells
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are not derived from these populations (Figs. 1B, 2F, 3A,
Supplementary Figs. S1, and S3). Importantly, we found
that C23 expressed the canonical mesenchymal progen-
itor markers Pdgfra, Icam1, and Thy-1, suggesting stem
cell potential (Fig. 3A and Supplementary Fig. S9). We
compared 2882 mouse cell surface markers in C23, C3,
and CO to identify specific cell surface markers for C23.
We then selected 13 cell surface makers that were only
expressed in C23 were selected, including the mesenchymal
markers Pdgfra, CD34, CDS55, Dpp4, Pil6, and Scara$,
and the fibroblast markers Collal, Col3al, Col6al, and
Fbn1 (Fig. 3A and Supplementary Fig. S9). The enrichment
of stem cell markers suggests that C23 may be heteroge-
neous and comprise molecular and functional divergent
subpopulations. Additionally, we found that Pdgfra and
Il6st (gp130) were robustly expressed in the ADC cluster
(cluster 23) (Supplementary Fig. S10) and LIFR (Cd118) at
a lower level. Immunofluorescence confirmed the presence
of Pdgfra+LIFR+ cells scattered in WAT (Supplementary
Fig. S10).

To examine the cellular composition of C23, cells were
reclustered into 3 groups: ADC1, ADC2, and ADC3 (Fig. 3B).
ADCI1 (red) expressed fibroblast markers (Col5a3, Col6al,
and Col4al) and progenitor cell markers (Pdgfro and Icam1),
whereas ADC3 (blue) expressed the canonical mesenchymal
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Figure 3. Identification of LIF responsive ADCs from AD-DO. (A) UMAP (colored) highlighted 10,545 ADC cells from day (D)0 (left) were analyzed to
identify cell surface markers. Venn diagram indicating the number of differentially (FDR <0.01) expressed genes across ADC cluster C23, adipocyte
cluster CO, adipocyte cluster CO, and published cell surface makers and the overlap between each set of genes. A total of 13 markers were identified
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fat tissue. Arrowheads indicate double-positive cells. Scale bars = 50 um.
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progenitor markers CD34, Pdgfra, Ly6a, CD5S5, Pil6, and
Dpp4, suggesting a stem cell population. ADC2 (green)
expressed Car3, along with several adipocyte genes, in-
cluding Plin1, Retn, and Nnat, suggesting that these cells
could be preadipocytes (Fig. 3C). Our findings are con-
sistent with recent scRNA-seq findings of adipose progen-
itor cell heterogeneity in mouse subcutaneous and visceral
WAT. Progenitor subpopulations exhibit unique molecular
signatures, metabolic conditions, and hierarchical differen-
tiation potentials.?”?%¢* The Dpp4+CDS5 adipose stromal
cells identified in WAT exhibited significant stem cell-like
properties and differentiated into CD142+ adipogenesis reg-
ulate cells (Aregs) and preadipocytes.?”?%¢467 C23 contains
both Dpp4+CD55+ ASCs and Icam1+ preadipocytes in the
upper layer of the adipose cells, suggesting different potentials
for either multipotency or adipogenesis. A reanalysis of the
data set from Merrick et al®* also revealed clusters of progen-
itor cells that expressed Pdgfra and the LIF receptors such as
Il6st (Gp130) (Supplementary Fig. S11).

Besides adipose tissue, Pdgfra+Dpp4+CD55+CD34+ cells
were recently identified in muscles, where they are referred
to as interstitial stromal cells (ISCs) and exhibit multipotency
in line with those reported for subcutaneous ASCs.®” The
ISC subpopulations showed distinct differentiation potential
depending on the CDS55 expression level,*” pointing to the pos-
sibility that multipotent CD55+ may possess cardiomyogenic
potential. We isolated Pdgfra+CD34+, Pdgfra +Icam1+, and
Pdgfra+CD55+ cells from both floating ADCs and WAT
stromal cells to assess the cardiomyogenic potential of each
cluster (Fig. 3D). The sorted cells were cultured with LIF
for 28 days, and the expression of cardiac markers was
monitored. Compared with unsorted ADCs (ADC DO0), all the
Pdgfra+CD34+, Pgfra+lcaml+, and Pdgfra+CD55+ ADCs
from the floating layer expressed ¢TnT and Actcl, from
which the Pdgfra+CDS55+ ADCs exhibited the highest ex-
pression level (Fig. 3E). Interestingly, although sorted with the
same markers, the adipose stromal subpopulations exhibited
a much lower expression of cardiac markers than their
floating cell counterparts. Again, the Pdgfro+CDS55+ stromal
population had the highest expression of cardiac markers
compared with the other 2 stromal populations (Fig. 3E),
suggesting that this population may react to LIF and possess
cardiomyogenic potential.

Given the divergent stemness in Pdgfro+ populations, it
is important to determine the distribution of subclusters in
vivo. Perivascular Pdgfra+ ASCs have been shown to house
multipotent stem cells with a tendency to participate in os-
teogenesis,®® fibrosis,*”’° and adipogenesis.”! We checked the
anatomic relation of the stromal cells in inguinal WAT with
immunofluorescence. Pdgfra+ cells were located between ma-
ture perilipin+ adipocytes or around CD31+ small vessels
and distributed throughout the inguinal WAT (Fig. 3F).
Pdgfra+CD34+ double-positive cells were also found around
the vessels, mainly in the adventitia, in which Pdgfra+CD44+
and Pdgfra+Scara+ cell populations also resided (Fig.
3F). This finding is consistent with a previous report on
multipotent ASCs.*® However, Pdgfra+CDS55+-positive cells
were not among the stromal cells surrounding the vessels,
suggesting that myogenic ADCs are not from the multipotent
adventitial populations. CD55, a 70-kDa membrane-bound
C regulator that accelerates the decay of the C3 convertase,”
was expressed on red blood cells and ADCs spread around
the adipocytes (Fig. 3F). Recent findings from a scRNA-seq
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indicate that reticular interstitium ASCs (Dpp4+CD55+) give
rise to both preadipocytes (Icam1+) and adventitial adipose
regulatory cells (CD142+).%* Our results indicated that this
population surrounds the adipocytes in the WAT and reacts
to LIF to exhibit myogenic potential.

Pseudotime Analysis Reveals ADC-Cardiac
Transition Trajectories

To elucidate the progression from ADCs to cardiomyocyte-
like cells, we performed pseudotime analysis using R Package
Monocle 2. We excluded clusters with a high cell cycle score
(C4, Cs5, C6, C14, C20, and C24) (Supplementary Fig.
§12), which is known to strongly affect the transcriptional
profiles.”>”* Adipocyte clusters and contaminating cell clusters
(endothelial cells, neuronal cells, and immune cell clusters)
were also excluded. Monocle 2 was used to construct a trajec-
tory containing a starting point and 2 branches (Fig. 4A-C).
The starting point of the trajectory consisted of C23 from
day 0 and C2 from day 1 (Figs. 2B and 4B), suggesting C2
as an initiation point in ADC-cardiac transition(state 1, S1).
Along the transition course, a progression from the starting
points (C2 and C23) toward each cluster was observed, with
the first branch giving rise to nonmyocytes (state 2, S2), and
the second branch giving rise to the cardiomyocyte-like cells
with an expression of the cardiomyogenic markers, including
Tnnil, cTnT, Cacngl, Des and Actn3 (state 3, S3, Fig. 4A-C).
Thus, the cell cluster pseudotime reflected the cardiac transi-
tion course in the LIF-responsive populations.

We analyzed 7615 DEGs and observed 6 gene clusters
with variations across the trend to obtain an insight into the
gene regulation dynamics along the trajectory. Among the
upregulated gene clusters, cluster 3 was sharply upregulated
in cardiomyogenic processes, whereas cluster 1 showed a
gradual upregulation of muscle gene expression, suggesting
temporal waves of cell identity transitions. Interestingly,
cluster 6 with a smoothly increasing trend suggested a stem
cell gene expression mode in cell division, cell cycle, and chro-
matin organization (Fig. 4D, 4E). For the downregulated gene
clusters, clusters 2 and 5 were enriched in rRNA processing,
mRNA splicing, ribosome biogenesis, and translation com-
plex formation, suggesting that translational control regulates
the ADC transition. These proved to be crucial for accommo-
dating proteome remodeling in response to changes in ADC
fate (Fig. 4D, 4E). Collectively, these data depicted the trajec-
tory of the ADC-cardiac transition and revealed the ordered
activation of transcriptional waves throughout the process.

Nrf2 Signaling Is Required to Initiate ADC-Cardiac
Transition

To elucidate the crucial events of the initiation stage (S1), we
combined Monocle 2 and RNA velocity to analyze the day 1
ADC trajectory”’¢ (Fig. SA). The combined trajectory anal-
ysis identified cluster 1 from day 1 (C1-1) as the starting point
of the LIF-induced cardiac transition, which later transitioned
to either myofibroblasts (C1-11) or cardiomyocyte-like cells
(C1-0) (Fig. SA and Supplementary Fig. S12). Surprisingly,
the predominant gene expression in starting cluster C1-1
was enriched in genes involved in glutathione metabostasis
and oxidation-reduction (Figs. 4A and SA, 5B). Traditionally,
glutathione metabolism-dependent generation of reactive ox-
ygen species (ROS) and its associated oxidative damage have
been linked to impaired homeostasis and cellular death.”
Beyond the adverse effects of ROS accumulation, increasing
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Figure 4. Reconstruction of ADC-cardiac transition trajectory in a pseudotime manner. (A) The arrangement of cells on the tree (left) shows that

cells on the left side of the tree (dark blue) are less differentiated than those on the right side (light blue). Based on the pseudotime, the schematic
diagram (right) indicates the transition direction. (B) Cells on the trajectory tree are colored by cluster assignment and state. (C) Violin plot displaying
the expression of representative cardiac markers in state 3. (D) Heatmap to display differentially expressed gene (DEG) clusters along the pseudotime
trajectory. (E) GO analysis and signature gene expression dynamics in each cell cluster.

evidence implicates redox status as a regulator of vital cel-
lular processes in stem cells.”® However, how ROS regulates
myogenesis from adipose progenitor cells is largely unknown.

To understand how ROS and oxidative stress regulate
the ADC-cardiac transition, we analyzed day 1 scRNA-seq
results through top-scoring ingenuity pathway analysis (IPA).
The IPA analysis suggested that Nrf2 was the core factor of
the canonical pathway (Fig. 5C), which was recently shown
to influence stem cell integrity by regulating multiple down-
stream antioxidant and metabolic pathways.”® Furthermore,
Spearman correlation analysis between Nrf2 expression and
its downstream targets”*" in C1-1 cells suggested that Nrf2 in
C1-1 regulated the expression of phase II detoxifying enzymes
including NADPH, NAD(P)H quinone oxidoreductase 1,
glutathione peroxidase, ferritin, heme oxygenase-1 (HO-
1), and antioxidant genes’*® (Fig. 5D). Moreover, the Gene
Ontology (GO) results and coexpression patterns indicated
that Nrf2 initiated oxidative stress signaling and was nega-
tively correlated to the muscle’s filament structure (Fig. 5D),
suggesting an event before myofibroblast activation. When
comparing Nrf2 targeted genes coexpression heatmap in
the day 1-ADC clusters, Nrf2 was found to correlate with
Prdx1, Prdx6, Gsta4, Gstal, and Gstol in all 4 clusters of
D1, whereas Prdx1 was associated with Prdx6, Gsta4, Prdx35,

Gstal, and Gstol in C1-1, but undetectable in C1-4, C1-0
and C1-11, supporting a transient expression mode (Fig. SE).

More importantly, STAT3-activated Nrf2 signaling
protects against stem cell depletion in response to stress and
aging,®' indicating that activated Nrf2 signaling in ADCs
may be related to LIF induction. We first examined the ox-
idative gene expression level along the LIF treatment to in-
vestigate this potential relationship. LIF induced a sudden
increase in the expression of the known oxidative genes
(Nrf2, Prdx1, Prdx6, and Pdpn), which gradually decreased
during the transition. Conversely, the expression of myogenic
genes (Timp1, Ptgs, Inhba, and Ctgf) was relatively low in-
itially but increased in the later transition course (Fig. SF).
These data suggested a reverse association between LIF-
STAT3-Nrf2 signaling and the myogenic process. Second,
we screened a set of siRNA in ADCs that targeted 14 genes
in the Nrf2 pathways. The silencing efficiency on day 3
remained high, allowing us to investigate Nrf2 signaling in
ADC-cardiac transition due to its transient expression within
48 h of LIF treatment (Fig. 5F). We identified Nrf2, Gsta4,
Gstol, Bst2, and Pdpn as the top candidates for initiating
the cardiac transition program (Fig. 5G and SH). Notably,
knockdown of Nrf2 in ADCs consistently and significantly
decreased cardiac transition efficiency, suggesting Nrf2 is a
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indicated the direction of the average velocity at a grid of points along the

trajectory. (B) GO analysis (lower) of starting branch identified by dendrogram

plots from the hierarchical clustering (upper). (C) Gene correlation network in cardiac transition stage identified Nrf2 signaling predicted by ingenuity
pathway analysis (IPA). (D) Heatmaps showing Pearson correlation coefficient and representative GO terms enriched in positively or negatively
correlated target genes, whose expression significantly correlated (P < .05) to Nrf2. (E) Coexpression measured by redundant Jaccard index clustering
of Nrf2 signaling genes in clusters C1-1, C1-4, C1-0, and C1-11. (F) Heatmap of Nrf2 signaling expression level along LIF treatment time course via gPCR.
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gene expression assays. Knockdown data are expressed relative to data from cells transfected with control siRNA (n = 3). (H) Expression of cTnT in
ADCs at D14 with siRNAs, as shown by real-time PCR (n = 3). Gene expression is calculated as fold change compared with the siCON ADCs at D14.

(I) Expression of Nrf2 signaling and myogenic markers in ADCs at D3 with siNrf2, as shown via real-time PCR (n = 3). Gene expression is calculated as
fold change compared with the siCON ADCs at D3. (J) Expression of myocyte and fibroblast markers in ADCs at D14 with siNrf2, as shown by real-time
PCR (n = 3). Gene expression is calculated as fold change compared with the siCON ADCs at D14. (K) Representative ICC staining of ADC-derived
cardiomyocyte-like cells for ACTN1(red) and TRIT (red) in ADCs with or without siNrf2. Scale bar = 50 um. In (G), (H), (l), and (J), data are shown as

mean + SEM. One-way ANOVA, *P < .05, ¥*P < .01, ***P < 001, *#P <

pivotal factor in cardiac induction (Fig. SH). Third, Nrf2
silencing decreased the expression of both downstream
target genes (Hmox1, Prdx1, and Gsta4) and myogenic genes
(Ptgs, Csf1, Pdpn, Tnc, and Bin1), as examined on day 3 (Fig.
51). Fourteen days after Nrf2 silencing, myocyte markers in-
cluding the cardiac markers ¢TnT and Actcl, the smooth
muscle marker Actc2, and the skeletal muscle marker MyoD
were significantly reduced when compared with those of the
siRNA controls (Fig. 5]). Conversely, Nrf2 silencing did not
affect fibroblast gene expression, supporting the involvement
of Nrf2 in myogenesis (Fig. 5]). IHC staining of Actn1 and

.0001.

TnT on siNrf2-treated ADCs further confirmed that losing
Nrf2 jeopardized the ADC-cardiac transition potential (Fig.
5K). Thus, these observations collectively suggested that
Nrf2 is required to initiate the ADC-derived cardiac transi-
tion program.

Single-Cell Trajectory Branch Points Identify Key
Molecular Determinants of ADC-CardiacTransition
The ADC-cardiac trajectory contained 2 termini corre-
sponding to 2 distinct outcomes: cardiomyocyte-like cells (S3)
and myofibroblasts (S2), mainly from AD-day 7 and AD-day
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origin (upper). UMAP (colored) highlighted 7673 ADC cells with D7 color, and 9667 ADC cells with D10 color (lower). (B) Expression of select genes in
populations from different stages as visualized in UMAP (upper) and vin (lower) plots. (C) Gene expression heatmap of DEGs in a pseudotime-temporal
order. Myofibroblast (MyoF) and cardiomyogenic (cardio) transition trajectories (including pre-branch) are shown on the left and right, respectively. (D)
GO analysis of upregulated and downregulated genes comparing the successful (cardio) with failed (myofibroblast) branches. (E) Volcano plot displaying
DEGs comparing stages 2 and 3. Red dots represent genes that are differentially expressed by >2 fold. (H) Transcriptional gene correlation network in

ADC-cardiac transition from stages 2 to 3.

10 (Figs. 4A-4C and 6A). S2 and S3 cells were more mature
than cells at the activation stage (S1), as indicated by their
low expression of stem cell markers Pdgfra, Ly6a, and Thy1
(Fig. 6B). After 7 days, S2 cells began expressing activated
myofibroblast markers Ctgf, Postn, and Ddr2 in C1, C5, C14,
and C20, suggesting myofibroblast differentiation. For S3
cells, cardiac-specific genes Actn2, Cacngl, and Cav3 were
expressed in clusters C6, C7, C9, C10, C11, and C20, forming
the cardiac trajectory state (Fig. 6A, 6B).

We performed branched expression analysis modeling
(Beam) to identify genes determining the 2 different trajec-
tory directions (Fig. 6C). Compared with the myofibroblast
branch, cells in the cardiac branch had a higher expression of

2 <

genes enriched in GO terms “muscle system process,” “muscle
contraction,” “heart contraction,” and “cardiac muscle devel-
opment,” indicating that LIF-treated ADCs transdifferentiated
to cardiomyocyte-like cells highly expressed cardiac-
specific genes such as Actcl, Tnni, and cTnT (Fig. 6A-6E).
Downregulated genes exhibited myofibroblast GO terms
such as “extracellular matrix organization,” “cross-linking
of collagen fibrils,” and “collagen chain trimerization,”
suggesting myofibroblast activation (Fig. 6A-6D). The acti-
vated myofibroblastic cells were enriched in myofibroblast
genes, such as col6al and lox, and distributed in the days 3,
7,and 10 plots, whereas cardiomyocyte-like cells labeled with
¢TnT were scattered on the days 7 and 10 clusters (Fig. 6E).
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We next investigated the transcriptional network in the
decision of the bifurcated cell fates (Fig. 6F). Two distinct
interacting subnetworks revealed critical transcriptional regu-
lation in each as well as their potential connections. A total of 12
key transcription factors were identified at the myofibroblast
activation state, including Klf4, Fos, and Smad4, which are
pivotal in regulating TGF-B-induced fibrosis.®>% Interestingly,
we found that Prdm2, an H3K9 methyltransferase, was a
key transcription factor in regulating myofibroblast activa-
tion (Fig. 6F). Prdm2 is considered a tumor-suppressor gene
and a central player in regulating developmental transitions
by directing a series of chromatin modifications at the target
loci.®* More recently, Prdm2 was found to be enriched in qui-
escent muscle stem cells in vivo and controlled reversible qui-
escent states in cultured myoblasts,® suggesting its potential
role in ADC-myofibroblast activation. In the cardiomyocyte
state, Mef2a was identified as the core transcription factor in
the modulation of the ADC-derived cardiomyocyte gene net-
work, which is also crucial for regulating atrial and ventric-
ular chamber-restricted genes. Importantly, Tbp and Tfap4,
genes involved in the formation of transcription initiation
complexes, connected the activated myofibroblast state with
the cardiomyocyte state, suggesting that cells expressing both
genes may remain in an intermediate state with the poten-
tial to transfer from myofibroblasts to cardiomyocytes. Taken
together, these studies depicted the sequential molecular dy-
namics facilitating the transition of ADCs to myofibroblasts
and cardiomyocytes.

Discussion

In this study, we identified a cell population from WAT that
can generate cardiomyocyte-like cells in response to LIF
signaling. Key factors we sought to uncover in the ADC-
cardiac transition were the cell identity of the LIF-responsive
cells and the molecular dynamics leading to the establishment
of the cardiac fate. To this end, we applied high-throughput
single-cell RNA-seq to identify the cell heterogeneity, the cell
differentiation trajectory, and the molecular events activated
during the transition. We carried out in-depth analyses to
demonstrate several salient properties of this process. First,
our single-cell analysis identified and functionally defined the
Pdgfra+CD55+ ADC population in the WAT with cardiac po-
tential. Second, with the R package Monocle, RNA velocity,
and follow-up functional studies, we demonstrated that Nrf2
signaling is required to initiate the ADC-cardiac program in
response to LIE. Third, we identified 2 separate pathways in the
transition route associated with either distinct cardiomyocyte
fate or intermediately activated myofibroblast cell fate. Our
results raise the possibility that a new autologous cell source
exists in the adipose tissue that may be a strong candidate for
heart tissue regeneration.

Adipose progenitor cells have long been considered prom-
ising mesenchymal stem cell candidates that express cell sur-
face markers such as Pdgfra, CD29, CD34, Scal, Dpp4, and
CD24.% However, it remains unclear which population pos-
sibly possesses the myogenic potential. Our hanging culture
model found a population of ADCs that reacted to LIF and
transitioned to a myogenic fate. The size of these cells ranged
from 2 to 16.5 pm, making it possible for them to coexist
with adipocytes in the floating layer of centrifuge tubes after
repeated washing. Single-cell sequencing analysis identified 3
progenitor populations that were further analyzed by FACS
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sorting. Although Pdgfra is expressed in both ADC1 and
ADCS3, the 2 ADCs had distinct characteristics. Apart from
Pdgfra and Icam1, ADC1 also expressed various collagens,
coinciding with the previously identified Icam1+/Col4a2
ASCs?”” and group 2 Icaml+preadipocytes,®® suggesting
its adipogenic potential. However, instead of generating
adipocytes, the sorted Pdgfra+/Icam1+ ADCs expressed car-
diac genes, albeit at a lower level than the 2 other ADC clusters.
ADC3 expressed several canonical mesenchymal progenitor
markers, CD34, Ly6a, CD5S5, Pil6, and Dpp4, suggesting a
canonical stem cell population, as previously identified to
comprise fibro-inflammatory progenitors (FIPs),® interstitial
progenitors,* and Dpp4+/Pi16+ ASCs.?” The CD142+ popu-
lation was considered antiadipogenic and inhibited the differ-
entiation of adipose progenitor cells in vitro through secreted
factors, suggesting that resident stem cells regulate adipocyte
accumulation.?®*” We also isolated corresponding ADCs from
ASCs and induced cardiac differentiation, but only Pdgfro+/
CDS55+ ADCs showed a relatively robust cardiac transition.
Interestingly, Pdgfra+/CDS55+ stromal cells did not colocalize
with CD34+ cells in the adventitia but were spread among
the adipocytes, suggesting that other Pdgfra+/CD55+/CD34+
cells exhibit a stronger myogenic potential than the tradition-
ally recognized multipotent mural cells around the vessels.®”
Moreover, although we also identified Pdgfra+/CD55+ ADCs
in the stromal fraction in WAT, its cardiogenic potential was
significantly lower than that of the floating ADCs (Fig. 3E,F).
We speculate that cell size may be a differentiating factor be-
tween floating ADCs and stromal ADCs. Although the exist-
ence of small pluripotent stem cells in adult tissue remains
controversial,®® our results indicate that otherwise similar cell
populations where the cell size is reduced (10 pm) exhibit a
stronger cardiomyogenic potential. Nevertheless, a more de-
tailed analysis will be required to elucidate the molecular
differences related to cell size and differentiation potential.
Our finding that activation of Nrf2 signaling is an indispen-
sable event in the initiation of ADC-cardiac transition, together
with previous reports of its critical role in redox and meta-
bolic regulation in ESC and adult stem cells,”®%-! highlights
the critical role of Nrf2 signaling in cell fate determination.
Nrf2 activation occurs within 24 h of LIF administration (Fig.
5A-5F), which is consistent with previous reports on adipose
and osteogenic differentiation, suggesting that Nrf2 activation
is a stage-specific process.”>?> Our results established a con-
nection between the LIF-STAT3-Nrf2 signaling and the my-
ogenic process (Fig. 5D, SE). The addition of LIF promoted
p-STATS3 signaling in the presence of Nrf2 activation, whereas
blocking Nrf2 transcription by siRNA led to a reduction of
p-STAT3/JAK-induced ADC-cardiac transition (Fig. SF). It is
possible that LIF/STAT3 signaling triggers alterations in the
intracellular redox homeostasis of adult stem cells in response
to cytokines and growth factors, thereby regulating lineage
differentiation.’***> This finding suggests that LIF/STAT3/
NRF2 is indispensable for triggering ADC-cardiac transition
in our system. Interestingly, Nrf2 also affects basic processes
related to differentiation including cell cycle regulation, en-
ergy metabolism, and stem cell maintenance,’®?® which could
indirectly help activate or suppress specific differentiation in
multipotent cells such as the ADCs. Cardiovascular diseases
such as hypertension and ischemia, and anticancer drugs in-
duce the generation of ROS and/or reactive nitrogen species,
leading to the release of Nrf2 from Keap1 translocation to the
nucleus to initiate a wide range of cell defense processes against
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this pathological oxidative stress.””1% At the same time, LIF
is among the cardiac paracrine factors secreted after myocar-
dial injury and has been shown to enhance cardioprotection
and recruit endogenous stem cells.***” However, it remains
largely unknown whether LIF induces the activation of endog-
enous stem cells via the Nrf2 pathway, which could support
cardioprotection. Further research on the LIF-STAT-NRF2
signaling during activation of local stem cells may aid our un-
derstanding of cardiac regeneration.

Moreover, our trajectory results revealed that starting from
day 3, ADCs navigated a trajectory with 2 branches that
corresponded to cardiomyogenic fate or intermediately acti-
vated myofibrogenic cell fate (Fig. 6), which is in line with the
previous findings from a study that directly reprogrammed
human or mouse fibroblasts to induce cardiomyocyte-like
cells.!91102 Fy et al'®? took advantage of a chemical cock-
tail that included LIF to generate beating cardiomyocyte-
like cells with a fibroblast origin. Nevertheless, they did not
specify whether LIF was responsible for the induction of
cardiomyogenic differentiation or other aspects such as cell
maintenance. It has also been reported that LIF effectively
increases the number of beating clusters.'”> We speculate
that there is a strong expansion of a small cell population
highly responsive to LIE functioning either as an inducing
agent or as a stepping stone for other factors to induce
cardiomyogenesis. The low number of cells in the scRNA-
seq analysis may also result from the isolation methodology.
Fibroblast is a crucial noncardiomyocyte cell type in the
heart and is recognized to play complex roles in heart de-
velopment, homeostasis, and disease.!” Although activated
cardiac fibroblasts and resulting pathological fibrosis have
long been considered to lead to impaired mechanical func-
tion associated with heart failure, arrhythmias, and sudden
cardiac death,'” more recent studies have posited that car-
diac fibroblasts may protect heart function by facilitating
cardiomyocyte maturation in both neonatal mice and human
ESC-derived cardiomyocytes.!” Deletion of fibronectin,
which is mainly generated by cardiac fibroblasts, disrupted
FN1-integrin interaction and consequently impaired human
IPSC-derived cardiomyocyte growth.'® In line with these
findings, the existence of myofibroblasts in the ADC-cardiac
transition may be necessary to facilitate cardiomyocyte
maturation. These results call for further identification of
secreted factors and key transcriptional signals in the acti-
vated myofibroblasts and their derivatives.

Summary

Using scRNA-seq analysis to dissect the cell fate trajectories
during the LIF-induced ADC-cardiac transition, we defined
the cell heterogeneity, the cell differentiation trajectory, and
the molecular events activated during the transition. Single-
cell resolution mapping in a differentiation/developmental
background will likely lead to the identification of novel
cell populations, their lineage trajectory, and the molecular
signatures, thereby paving the way to leveraging signaling to
manipulate resident stem cells in development and disease.
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