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Commitment of adipose-resident c-kit+

progenitors tobrownadipocytes contributes
to adipose tissue homeostasis and
remodeling

Qishan Chen1,2,4 , Ya Yu1,4, Run Zhang 2,4, Qiaohang Zhao1, Danqing Yu1,
Chun Feng1, Jiaojiao Zhou 3, Meng Luo3, Mei Yang2, ShaSha Sun2, Li Zhang2 &
Min Jin1

The global incidence of obesity-related metabolic disorders and their
comorbidities continue to increase along with a demand for innovative ther-
apeutic interventions. An in-depth understanding of de novo thermogenic
adipogenesis is vital to harness the potential of these adipocytes. Here, we
combine genetic lineage tracing and single-nucleus RNA sequencing to
demonstrate that adult adipose-resident c-kit+ cells are previously unidentified
brown adipocyte progenitor cells (APCs). c-kit+ APCs differentiate into brown
adipocytes but notwhite adipocytes in adipose tissue homeostasis as well as in
cold exposure-, high-fat diet (HFD)- and aging-induced adipose remodeling.
More importantly, the vital role of c-kit+ APCs in the generation of brown
adipocytes is indicated by decreased brown fat, impaired thermogenic capa-
city, and excessive fat accumulation in c-kit mutant mice of both genders. In
conclusion, the present study demonstrates that adult c-kit+ APCs give rise to
brown adipocytes which are responsible for fat homeostasis and remodeling.
Thus, c-kit+ progenitorsmay be an innovative and crucial target for obesity and
metabolic diseases.

Body fat or adipose tissue, which regulates systemic energy con-
sumption and expenditure, plays a predominant role in obesity. There
are three types of adipose tissue, namely, white adipose tissue (WAT),
brown adipose tissue (BAT), and beige adipose tissue, which possess
diverse functional properties1,2. Recently, studies on brown adipocytes
have been reinvigorated due to their whole-body energy expenditure
properties and significant correlation with metabolic health and dis-
eases. In adult humans, there are substantial deposits of BAT that
correlate with leanness and a metabolically healthy phenotype3,4. The
human fat mass and obesity-associated (FTO) variant, which represses

adipocyte thermogenesis, is strongly associated with obesity5. Ther-
mogenic adipocytes derived from human capillary networks affect
systemic glucose tolerance and improve metabolic homeostasis6.
Because increasing evidence suggests that brown fat has critical nat-
ural roles in human metabolism, augmenting the mass and/or activity
of brownadipose in humansmaybe a promising therapeutic approach
to combat obesity and other metabolic diseases2,7.

The number of adipocytes in humans is set during childhood and
mostly constant in adulthood8. However, remarkable turnover (~10%
annually) of adipocytes in all adult ages has been observed, indicating
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steady adipogenesis to replace apoptotic fat cells throughout
adulthood8. Therefore, the understanding of adult thermogenic adi-
pogenesis is of great importance. Studies have revealed that the initial
development of adipose depots during the fetal and early postnatal
period relies on precursors distinct from those that contribute to tis-
suemaintenance and remodeling in adulthood9,10. In recent years, fate-
mapping studies have aided in the advancement of understanding the
origin of adipose tissue during development7. Nevertheless, adult
brown adipose expansion is still poorly understood. It is believed that
adult adipose-resident precursors or preadipocytes give rise to brown
adipocytes. However, recent studies have suggested that the origin
and identity of adipocytes are complex11. Recent inducible genetic
lineage tracing techniques and single-cell sequencing experiments
have shed light on the origin and cell fate of brown adipocytes during
adulthood. Elucidating how adult adipocytes turnover and their
response during adulthood is pivotal to promote or attenuate their
expansion.

c-kit is a well-known stem and progenitor cell marker. However,
the biological features of adipose-resident c-kit+ cells and whether
these cells are adipose progenitor cells (APCs) are unknown. Inter-
estingly, a retrospective analysis has discovered that patients with
chronic myeloid leukemia significantly gain weight after receiving
imatinib therapy, which inhibits c-kit function12, thereby suggesting a
correlation between c-kit signaling or c-kit+ cells and body fat. This
correlation merits further investigation.

In the present study, we investigated the role of adipose-resident
c-kit+ cells in adult pathophysiological adipogenesis. We crossed the
Kit-CreER line with the Rosa26-RFP reporter line to generate Kit-CreER;
Rosa26-RFP mice for inducible and irreversible labeling of c-kit+ cells
and their progeny13. Using Kit-CreER; Rosa26-RFP mice and single-
nucleus RNA sequencing (snRNA-seq), we identified adipose-resident
c-kit+ cells as thermogenic adipose progenitors that differentiate into
brown adipocytes but not white adipocytes in fat tissue homeostasis
and remodeling. Moreover, inhibition of c-kit reduced brown adipo-
genesis and promoted obesity. Thus, manipulation of c-kit+ APCs may
be an innovative and crucial therapeutic strategy for obesity and
metabolic diseases.

Results
Adipose-resident c-kit+ cells are previously unidentified adipose
progenitors
To characterize the adipose-resident c-kit+ cells, we performed snRNA-
seq on classic interscapular brownadipose tissues (iBAT) isolated from
adult mice housed at 4 °C for 4 weeks. Using a standard workflow in
Seurat, we assigned the cells into distinct cell clusters based on gene
expression profiles. This unbiased clustering identified c-kit+ cells,
platelet-derived growth factor receptor α (PDGFRα)+ APCs, two pre-
brown adipocyte clusters (Pre-BAs-1, and Pre-BAs-2), four brown adi-
pocyte clusters (BAs-1, BAs-2, BAs-3, and BAs-4), four endothelial cell
clusters (ECs-1, ECs-2, ECs-3, and ECs-4), immune cells, PDGFRβ+ mural
cells, neural cells, and smoothmuscle cells (SMCs) (Fig. 1A, B). Of note,
a unique cluster of cells expressing c-kit was verified by snRNA-seq,
and transcriptional profile analysis revealed that c-kit+ APCs were dis-
tinct frompreviously identified thermogenicAPCs, including PDGFRα+

APCs and TRPV1+ APCs. The c-kit+ APCs had the following expression
signature: high level of Kit and Erb-B2 receptor tyrosine kinase 4
(Erbb4); medium level of EBF transcription factor 2 (Ebf2); low level of
CD34 and lymphocyte antigen 6a (Ly6a); and extremely low level of
dipeptidyl peptidase 4 (Dpp4) and transient receptor potential vanil-
loid 1 (Trpv1) (Fig. 1C). Notably, Gene Ontology analysis of the tran-
scripts in the c-kit high-expressing cluster displayed significant
enrichment for brown fat cell differentiation, response to nutrient
levels, positive regulation of cold-induced thermogenesis, fatty acid
metabolic process, and response to mitochondrial depolarization,
which demonstrated the potential and commitment of c-kit+ APCs

differentiating to thermogenic adipocytes under cold stimulation
(Fig. 1D). Consistently, we re-analyzed the data from published scRNA/
snRNA-seq of BAT at different temperature exposure14 (Fig. S1A) and
found that c-kit+ cell cluster existed in the BAT which was different
frompreviously identifiedAPCs (Fig. S1B, C). These results showed that
adipose-resident c-kit+ progenitors are novel APCs distinct from other
populations and have committed differentiation potential to thermo-
genic adipose cells.

Lineage trajectory of c-kit+ cells in adipogenesis revealed their
commitment to brown adipocytes
To depict the trajectory of c-kit+ progenitor differentiation into brown
adipocytes during cold exposure, we further analyzed c-kit+ APCs as
well as the Pre-BAs (Pre-BAs-1, Pre-BAs-2) and BAs (BAs-1, BAs-2, BAs-3,
and BAs-4 clusters) among the populations of iBAT from Kit-CreER;
Rosa26-RFPmice after tamoxifen (Tam) induction and cold stimulation
(Fig. 2A). Intriguingly, the snRNA-seq gene expression profiles indi-
cated heterogeneity of brown adipose cells. Pre-BAs-1 and Pre-BAs-2
exhibited expression of transcriptional factors or regulators for brown
adipogenesis, such as peroxisome proliferator-activated receptor
gamma (Pparg), peroxisome proliferator-activated receptor α (Ppara),
Pparg coactivator 1α (Ppargc1a), and PR domain containing 16
(Prdm16), but an extremely low level of UCP1 (Fig. 2B). BAs, including
BAs-1, BAs-2, BAs-3, and BAs-4 clusters, commonly expressed UCP1,
and showed functional diversity with different gene profile features.
The BAs-1 displayed high expression of adipogenic transcriptional
factors (such as Pparg, Ppara, Ppargc1a, Prdm16),moderate expression
of genes responsible for lipolysis and fatty acid metabolism (such as
elongation of very long chain fatty acid-like family member 6 (Elovl6),
lipase E (Lipe), patatin like phospholipase domain containing 2
(Pnpla2), and patatin like phospholipase domain containing 3
(Pnpla3)), and low expression of genes related to thermogenesis and
mitochondrial functions (such as UCP1, cytochrome c oxidase subunit
7A1 (Cox7a1), and cytochrome c oxidase subunit 8B (Cox8b)) (Fig. 2B).
The BAs-2, BAs-3 and BAs-4 clusters showed low level of adipogenic
transcriptional factors, and were distinguished by specific gene
expression patterns of fatty acid metabolism and thermogenesis
(Fig. 2B). It was noteworthy tomention that the BAs-4 cluster exhibited
the highest level of genes associated with thermogenesis including
UCP1. The BAs-2 presented a medium level of UCP1 and cell death-
inducing DFFA-like effector A (Cidea). Meanwhile, the BAs-3 was enri-
ched by UCP1, Cox7a1, and Cox8b, representing active mitochondrial
functions. Lineage trajectory and pseudotemporal analysis predicted
themajority of c-kit+ APCs to be the origin of the differentiating brown
adipocytes (Fig. 2C, D), from c-kit+ APCs to Pre-BAs to BAs. RFP could
be used to label c-kit+ cells and all their progeny in Tam-treated Kit-
CreER; Rosa26-RFP mice (Fig. S2A, B). Importantly, RFP-labeled cells
were identified in c-kit+ APCs as well as in the Pre-BAs-1, Pre-BAs-2, BAs-
1, BAs-2, BAs-3 and BAs-4 clusters (Fig. 2E) with approximate percen-
tages of 90%, 40%, 22%, 23%, 5%, 4%, and 20%, respectively (Fig. 2F).
The distribution of RFP+ cells in the lineage trajectory of c-kit+ APCs,
Pre-BAs, and BAs confirmed the self-renewal of c-kit+ APCs and the
conversion of c-kit+ APCs to brown adipocytes (Fig. 2G).

Moreover, to investigate the role of c-kit+ APCs inWAT, we further
analyzed snRNA-seq gene expression in pgWAT of Kit-CreER; Rosa26-
RFP mice after Tam induction. The data showed that there were
PDGFRα+ APCs, endothelial cells, pericytes, neural cells, immune cells,
and adipocytes in WAT, but almost no c-kit+ APCs (Fig. S3A, C). RFP+

cells were hardly found in adipocytes and APCs of WAT (Fig. S3D),
suggesting there are no c-kit+ APC-derived white adipocytes.

Collectively, these data demonstrated that c-kit+ APCs are brown
adipocyte precursors that can differentiate to preadipocytes, early-
phase brown adipocytes with enhanced capacity of thermogenic
substrate metabolism, and eventually specialized thermogenic brown
adipocytes.
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Fig. 1 | snRNA-seq indicates that adipose-resident c-kit+ cells are previously
unidentified thermogenic APCs. A t-distributed stochastic neighbor embedding
(tSNE) plot of cell nuclei isolated from iBAT of Kit-CreER; Rosa26-RFP mice after
exposure to cold temperature for 4 weeks after tamoxifen (Tam) administration,
showing 16 subpopulations. B Bubble plots showing expression levels and dis-
tributions of representative transcripts for the selected genes among different cell
clusters. The dot size represents the percentage of cells that expressed the gene,
and the color represents the scaled value of the average expression level of gene X

in cluster Y. The average expression levels of genes are calculated by normalization
of the transcriptome data (gene sequence reads by a factor of 10,000, with log-
transformed).CViolin plots showing expression levels of representative transcripts
for adipose progenitor marker genes, including Pdgfrα, Kit, Cd34, Ly6a, Dpp4,
Trpv1, Ebf2, and Erbb4 in c-kit+ APCs and PDGFRα+ APCs. D Gene Ontology
enrichment analysis of the transcripts significantly upregulated by cold stimulation
in c-kit+ adipocyte progenitors.
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c-kit+ progenitors can differentiate into mature brown
adipocytes
To investigate whether c-kit+ APCs can give rise to brown adipocytes,
we isolated the stromal vascular fraction (SVF) of iBAT from Tam-
treated Kit-CreER; Rosa26-RFPmice and cultured them to differentiate
into brown adipocytes. First of all, we verified the no leaky of RFP inKit-
CreER; Rosa26-RFP mice, evidenced by undetected RFP fluorescence

signals from 20-week and 100-week-oldmice without Tam (Fig S4). To
verify the cell identity of RFP-labeled cells, we performed one pulse
administration of Tam and immunostaining of the iBAT at day 0 after
Tam administration. Data showed that RFP marked c-kit+ APCs (c-
Kit+UCP1−) as well as a few c-kit+ brown adipocytes (c-Kit+UCP1+)
(Fig. S5A). Additionally, a complete strategy of four times of Tam
administration to fully induce Cre recombinase activity was
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performed, and iBAT was collected 2 weeks later (Fig. 3A). Expectedly,
we found RFP-labeled c-kit+ APCs in the SVFs of iBAT via immuno-
fluorescence staining (Fig. 3B). Then, SVFs of iBAT from Tam-treated
Kit-CreER; Rosa26-RFP mice were isolated by discarding mature adi-
pocytes and cultured in vitro (Fig. 3A). Coimmunostaining of the iso-
lated stromal cells showed thatRFP+ cells were c-kit+ APCs (Fig. 3C), but
not smooth muscle cells, endothelial cells, adipocytes, immune cells,
PDGFRα+ APCs, or PDGFRβ+ mural cells in the SVFs (Fig. S5B). After
inducing the stromal cells to mature brown adipocytes, co-
immunofluorescence staining showed a tremendous amount of
RFP+BODIPY+ cells, demonstrating the c-kit lineage brown adipocytes
(Fig. 3D). Additionally, we added ACK2, a c-kit blocking antibody, in
SVF cells for inhibition of c-kit. Co-immunofluorescence staining
(Fig. 3E) and quantitative analysis (Fig. 3F) showed dramatically
decreased RFP positive adipocytes after ACK2 treatment. These
in vitro data revealed that the c-kit+ APCs from SVFs of iBAT could
differentiate into brown adipocytes.

c-kit+ progenitors contribute to brown adipocytes but notwhite
adipocytes in fat homeostasis
To evaluate the cell fate of c-kit+ progenitors in adipose tissue home-
ostasis, classic iBAT, iBAT that interfaces interscapular white adipose
tissue (iBAT/iWAT), and perigonadal white adipose tissue (pgWAT)
were collected from 20- and 50-week-old Tam-treated Kit-CreER;
Rosa26-RFP mice for lineage tracing analysis (Fig. 4A). RFP expression
wasdetected in iBATand iBAT/iWATbut not in pgWAT fromKit-CreER;
Rosa26-RFP mice at 10 weeks after treatment with Tam. Coimmunos-
taining of RFP and UCP1 or perilipin (PLIN) showed that the c-kit+ cell
progeny were brown adipocytes (Figs. 4B, C and S6A, B) but not white
adipocytes (Figs. 4D and S6C). More importantly, the numbers of RFP+

brown adipocytes were significantly increased in iBAT and iBAT/iWAT
from mice at 40 weeks after Tam induction compared to that from
mice at 10 weeks after Tam treatment (Figs. 4E, F and S6D, E). More-
over, RFP expression could hardly be observed in pgWAT at 40 weeks
after Tam induction (Figs. 4G and S6F). Noteworthy, conspicuous
differences could be observed on the iBAT/iWAT sections wherein
there were abundant RFP+ adipocytes in the brown adipose area in
contrast to the scarcity of RFP+ adipocytes in the white adipose region.
Taken together, these data demonstrated that c-kit+ progenitor cells
canmassively expand and give rise to brown adipocytes but not white
adipocytes in fat cell turnover and tissue homeostasis.

Dynamic recruitment of c-kit+ progenitor-derived brown adi-
pocytes is involved in pathophysiological adipose remodeling
Fat tissue undergoes dynamic remodeling, including quantitative and
qualitative changes, in response to different physiological or nutri-
tional cues. To test whether c-kit+ cells generating adipocytes are
functionally involved in fat remodeling, we utilized Kit-CreER; Rosa26-
RFP mice to trace the fate and number of c-kit progeny during cold
exposure-, high-fat diet (HFD)-, and aging-induced adipose tissue
alterations.

After Tam treatment, Kit-CreER; Rosa26-RFPmice were housed at
4 °C for 4 weeks, and classic brown (iBAT), beige (inguinal sub-
cutaneous white adipose tissue, ingWAT), and white (pgWAT) adipose
tissue were analyzed (Fig. 5A). Cold exposure led to more multilocular
morphology of brown and beige fat (Fig. 5B). Intriguingly, prolonged

cold exposure significantly increased the percentage of RFP+ brown
adipocytes in iBAT with percentages of 13.35% in the cold group and
7.28% in the room temperature (RT; 22 °C) group (Fig. 5C). Moreover,
there was a significant increase in RFP+ beige adipocytes in ingWAT in
the cold group compared to the RT group (Fig. 5D). In contrast to
classic brown and beige adipose tissue, RFP+ adipocytes were not
detected in cold-stimulated pgWAT (Fig. S7A), which suggested that
white adipocytes did not originate from c-kit+ cells.

We next hypothesized that whitening of thermogenic fat during
obesity-related metabolic remodeling diminishes the recruitment of
thermogenic adipocytes from c-kit+ progenitors. To test this hypoth-
esis, Tam-treated Kit-CreER; Rosa26-RFPmice were fedwith anHFD for
16 weeks (Fig. 5E), which resulted in more unilocular and larger lipid
droplets in brown and beige adipocytes (Fig. 5F). As expected, the
proportion of RFP+UCP1+ adipocytes in iBAT (1.75%) was significantly
reduced in HFD-fed mice compared to control mice (11.75%) (Fig. 5G).
In addition, RPF+ adipocytes could hardly be observed in ingWAT
(Fig. 5H) or pgWAT (Fig. S7B) during HFD-induced remodeling.

Considering the enhanced number of c-kit-derived brown adipo-
cytes from young to mid-age adults, we next investigated how these
cells change during aging by collecting iBAT from Kit-CreER; Rosa26-
RFPmice at 10, 40, 70, and 100weeks after Tam treatment for analysis
(Fig. 5I). Notably, the number of RFP+UCP1+ adipocytes was low in iBAT
obtained from mice at 10 weeks after Tam, but it increased in iBAT at
40 weeks after Tam treatment. Moreover, the number of RFP+UCP1+

adipocytes gradually attenuated with age as indicated by coimmu-
nostaining of fat obtained frommice at 70 weeks and 100 weeks after
Tam treatment (Fig. 5K). Quantification of labeled cells verified that
3.66% of UCP1+ cells adopted a c-kit lineage at Tam-10w and that
54.95%ofUCP1+ cells adopted a c-kit lineage at Tam-40w.However, the
percentage of c-kit-derived brown adipocytes gradually decreased
with age, with values of 30.5% and 22.25% at 70 and 100 weeks after
Tam treatment, respectively (Fig. 5J).

Overall, these data suggested that c-kit+ progenitors convert to
thermogenic brown adipocytes but not white adipocytes, and this
conversion may be promoted by cold exposure and diminished by
overnutrition. More importantly, c-kit+ progenitors are more likely to
be impaired in brown adipogenesis during aging and may be partially
responsible for age-related obesity.

c-kit inhibition results in obesity and reduced brown
adipogenesis
To further investigate whether c-kit affects thermogenic adipocytes
and fat depot expansion during adulthood, we utilized KitW/+ mice,
which carry a spontaneous mutation at the Kit locus and have a white
spotted belly and impaired c-kit function.Wemonitored chowdiet-fed
c-kit+/+ and c-kitW/+ mice over the course of 80 weeks. The body weight
of 15-week-old c-kitW/+ mice was similar to that of c-kit+/+ mice, but the
body weight of 20-week-old c-kitW/+ mice was significantly increased
compared to that of c-kit+/+ mice. This weight difference was main-
tained as the mice aged (Fig. 6A, B). The increased body weight of
c-kitW/+ mice was accompanied by an increase of fat mass but not lean
mass (Fig. 6C). More importantly, compared to c-kit+/+ mice, c-kitW/+

mice had less thermogenic adipose tissue as indicated by lower stan-
dardized uptake values in the BAT region and a significantly lower
percentage of detected BAT radiation (Fig. 6D). Additionally, the iBAT

Fig. 2 | Lineage trajectory of c-kit+ cells in adipogenesis revealed their com-
mitment to brown adipocytes. A tSNE plot of c-kit+ APCs, two subpopulations of
pre-brown adipocytes (Pre-BAs-1 and Pre-BAs-2 clusters), and four subpopulations
of brown adipocytes (BAs-1, BAs-2, BAs-3, and BAs-4 clusters).B tSNE plots showing
the distribution and expression of the indicated genes (Pparg, Pparα, Ppargc1α,
Prdm16, Elovl6, Lipe, Pnpla2, Pnpla3, Ucp1, Cidea, Cox7a1, and Cox8b) across these
cell clusters. C Trajectory analysis was performed to determine the significant
transitional relationships among the c-kit+ APCs, Pre-BAs-1, Pre-BAs-2, BAs-1, BAs-2,

BAs-3, and BAs-4 clusters.D Pseudotime curves were calculated for the c-kit+ APCs,
Pre-BAs, and BAs, indicating the contribution of c-kit+ APCs to brown adipogenesis.
E Distribution of RFP expression in c-kit+ APCs, as well as the Pre-BAs and BAs
clusters within the tSNE plot. FQuantitation of the percentage of RFP+ cells in c-kit+

APCs and the two subpopulations of pre-brown adipocytes and four subpopula-
tions of brown adipocytes. G Distribution of RFP+ cells in the lineage trajectory of
c-kit+ APCs, Pre-BAs, and BAs.
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and ingWAT in c-kitW/+ mice had significantly fewer multilocular adi-
pocytes and larger lipid droplets in the cytoplasm than c-kit+/+ mice,
and the pgWAT in c-kitW/+ mice had larger lipid droplets compared to
c-kit+/+ mice (Fig. 6E).

To find out whether c-kit mutation affects cold-induced brown
adipogenesis and thermogenesis at an age before the onset of the
obese phenotype, 8-week-old c-kit+/+ mice and c-kitW/+ mice were

investigated. First of all, there was no significant difference in the size
and mean surface area of lipid droplets in iBAT between c-kit+/+ mice
and c-kitW/+ mice at RT without stimulation (Fig. S8A). Then, the mice
were housed at 4 °C for 2 weeks (Fig. S8B). HE staining revealed that
compared to c-kit+/+ mice, c-kitW/+ mice exhibited significantly fewer
multilocular adipocytes in iBAT, ingWAT, and pgWAT, with larger
cytoplasmic lipid droplets (Fig. S8C). The iBAT mass of c-kitW/+ mice
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Fig. 3 | c-kit+ progenitor cells are able to differentiate into mature brown adi-
pocytes. A Schematic of the Tam induction strategy for Kit-CreER; Rosa26-RFP
mice, and isolation of the stromal vascular fraction for culture and differentiation
into brown adipocytes. Partial elements created in BioRender. Yang, M. (2025)
https://BioRender.com/x6xcmbq. B Representative immunofluorescence staining
with RFP and UCP1 indicates the presence of c-kit+ APCs in the stromal vascular
fraction of iBAT. Scale bar = 100 μm,n = 6mice.CRepresentative images of stromal

cells double-stained for c-Kit and RFP, Scale bar = 50 μm. D Representative images
of brown adipocytes double-stained for BODIPY and RFP, Scale bar = 50μm.
C, D Each experiment was independently reproduced at least 3–4 times.
E Representative images of control and ACK2-treated brown adipocytes double-
stained for BODIPY and RFP, Scale bar = 50μm. F Quantitative analysis of RFP+

BODIPY + cells. Each dot indicates a value from one cell experiment, n = 6. The data
are presented as the mean ± SEM. *P <0.05 (Control versus ACK2).
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was significantly reduced relative to c-kit+/+ mice, while no significant
differences were detected in ingWAT or pgWAT mass (Fig. S8D). Fur-
thermore, quantitative RT-PCR analysis showed that the mRNA
expression levels of browning markers (Ucp1, Cidea, Cox7a, Cox8b,

Elovl3, and Pparg) in iBAT were significantly decreased in c-kitW/+ mice
(Fig. S8E). Critically, we observed lower core body temperatures in
c-kitW/+ mice, indicating impaired thermogenic capacity in c-kitW/+ mice
upon cold exposure (Fig. S8F).
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Fig. 4 | Genetic lineage tracing of c-kit+ progenitors converting to brown adi-
pocytes during fat homeostasis. A Schematic depicting the experimental proce-
dures. Ten-week-old Kit-CreER; Rosa26-RFPmice were administered with Tam, and
different adipose tissues were collected at 10 and 40 weeks after Tam treatment,
respectively, for analysis.B–GClassic interscapular brownadipose tissue (iBAT), iBAT
that interfaces with interscapular white adipose tissue (iBAT/iWAT), and perigonadal

white adipose tissue (pgWAT)were collected for immunofluorescence staining of the
red fluorescent protein (RFP) lineage marker and the uncoupling protein 1 (UCP1)
thermogenic marker, n= 6 mice/group. At 10 weeks post-Tam treatment, RFP+UCP1+

cells were observed in iBAT (B) and iBAT/iWAT (C), whereas few RFP+UCP+ cells were
observed inpgWAT (D). At 40weeks post-Tam treatment,more RFP+UCP1+ cellswere
observed in iBAT (E) and iBAT/iWAT (F) but not in pgWAT (G). Scale bar = 100μm.
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Subsequently, we conducted localized inhibition of c-kit by intra-
iBAT injection of ACK2 in Kit-CreER; Rosa26-RFP mice with cold
exposure after Tam induction (Fig. 6F). Immunostaining showed that
the number of RFP+UCP1+ adipocytes in iBAT with ACK2 injection
(4.66%)was significantly attenuated compared to controlmice (15.17%)
(Fig. 6G). Theweight of iBAT in the ACK2-treated groupwas lower than
that in the control group (Fig. 6H). Furthermore, themRNA expression

of browningmarkers, includingUcp1, Cidea, Cox7a, Cox8b, Elovl3, and
Pparg, was decreased in the iBAT of ACK2-treated mice (Fig. 6I). More
importantly, we found that the rectal temperature, which indicates the
overall thermogenesis of BAT, was significantly lower in the ACK2-
treated group compared to the control group (Fig. 6J). These results
revealed that localized inhibition of c-kit+ APCs in BAT reduced brown
adipogenesis and thermogenesis.
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In summary, the current findings demonstrated that both sys-
temic and local inhibition of c-kit cause decreased thermogenesis and
fat remodeling, which is attributed to, at least partially, impaired
brown adipogenesis.

Discussion
In the present study, we combined genetic lineage tracing and single-
nucleus RNA sequencing to provide an unprecedented view that adult
adipose-resident c-kit+ cells are previously unidentified brown adipo-
cyte progenitors. Endogenous c-kit+ APCs and their progeny give rise
to brown adipocytes but not white adipocytes in adult fat cell turnover
andhomeostasis. Coldexposurepromotes c-kit+ APCdifferentiation to
brown adipocytes, while overnutrition attenuates this process. More-
over, c-kit+ APCs are more likely to be impaired in brown adipogenesis
during aging and may be partially responsible for age-related obesity.
The vital role of c-kit+ APCs in the generation of thermogenic adipo-
cytes is indicated by decreased brown fat and excessive fat accumu-
lation in c-kit mutant mice. Thus, adipose-resident c-kit+ APCs are
indispensable regulators in adult thermogenic adipogenesis and adi-
pose tissue remodeling, thereby providing an innovative and crucial
target for obesity and metabolic diseases.

The origin of thermogenic adipocytes remains controversial.
Previous studies have identified Myf5+Pax3+En1+ cells as fetal brown
adipose precursors2, but research focusing on adult brown and beige
adipogenesis is scarce. Studies on the growth of adipose depots have
consistently suggested that de novo adipogenesis occurs in close
proximity to the vasculature, but the exact nature and identity of these
progenitors have remained unclear11. For de novo brown adipogenesis,
genetic lineage tracing models have demonstrated that cold exposure
induces PDGFRα+ progenitors to proliferate and differentiate into
brown adipocytes15. Recently, scRNA-seq of BAT stromal vascular cells
from mice, followed by lineage trajectory analysis, has revealed that
Trpv1+ cells proliferate upon cold exposure and differentiate into
brown adipocytes14. Fat-mapping analyses have suggested that adult
beige fat biogenesis involves both de novo differentiation from pro-
genitors and reinstatement of thermogenic activity in white
adipocytes16. Oguri et al.17 employed scRNA-seq to define a unique
subset of adipose progenitors, characterized by PDGFRα, Sca-1, and
CD81, which give rise to beige fat. In the present study, we identified a
novel brown adipocyte progenitor that is distinct from PDGFRα+ and
Trpv1+ APCs. Of note, both PDGFRα+ APCs and Trpv1+ APCs differ-
entiate into white adipocytes under pathophysiological conditions14,18.
However, very few c-kit lineage-derived white adipocytes were found
under physiological turnover or HFD-induced white adipogenesis,
suggesting that c-kit+ APCs are a better andmore specialized target for
promoting thermogenic adipogenesis compared to other known
APCs.More importantly, we observed up to 50% of UCP1+ thermogenic
cells arising from c-kit+ APCs in middle adulthood, indicating the
principal and significant role of c-kit+ APCs in thermogenic
adipogenesis.

Fat tissue is dynamically remodeled in response to various phy-
siological or nutritional cues. Chronic cold facilitates de novo adipo-
genesis of brown adipocytes from APCs, while overnutrition
attenuates this process. As expected, c-kit+ APCs, similar to previously
identified APCs, were provoked under cold conditions to differentiate
into brown adipocytes. Interestingly, the number of c-kit lineage-
derived thermogenic adipocytes increased at an early age but sig-
nificantly decreased in older mice. Previous research has found that
age-induced impairment of brownAPC function contributes to the loss
of brown adipocyte regeneration, thereby promoting the develop-
ment of obesity and other metabolic disorders with age19. In addition,
several studies have reported that aging negatively impacts brown fat
biogenesis20,21. A recent single-cell RNA sequencing analysis has also
revealed that the proliferation of a subpopulation of adipogenic pro-
genitors declines with aging17. The present data suggested that c-kit+

APCs are susceptible to aging and are more vulnerable than other
APCs. The impairment of c-kit+ APCs is responsible, at least in part, for
the age-related decreased thermogenic adipogenesis, but it remains
unknown whether it is caused by reduced self-proliferation or decel-
erated de novo differentiation. Additionally, the underlying mechan-
ism of c-kit+ APCs in aging merits further investigation.

Recently, Lee et al. reported that BAs could express c-kit, and
c-kit+ BAs were transiently increased in the first week after denervation
or thermoneutrality of BAT, but not by thermogenic activation,
including cold exposure22. Although using the same Kit-CreER; Rosa26-
RFP mice, our Tam induction strategy is completely different from
Lee’s study. We label all the c-kit+ cells under physiological state by
administering Tam four times and allowing 2 weeks of washout to
ensure that the Tam is eliminated and does not label cells with newly
acquired c-kit expression, and then trace c-kit+ cells division or con-
version. In contrast, Lee et al. perform Tam induction alongside the
stimulation (denervation or thermoneutrality), resulting in labeling of
cells with elevated c-kit expression during stimulation. The different
strategies account for distinct address of the distinct biology of c-kit
and c-kit+ cells associated with BAs. Lee et al. elucidate the function of
c-kit signaling in BAs, while we provide evidence discovering the cell
fate of c-kit+ APCs. In our system of Kit-CreER; Rosa26-RFPmice tracing
models, it is possible that RFP-labeled pre-existing mature BAs, in
addition to c-kit+ APCs after Tam induction. However, the substantial
expansion of RFP+ adipose cells in BAT adapted to RT for a year or cold
for a month can’t be derived from BAs, since mature BAs can hardly
divide and proliferate. Furthermore, in vitro culture of SVF cells, which
were removed from adipocytes, confirms the potential of c-kit+ APCs
differentiation into BAs. The existence of c-kit+ APCs and the function
of c-kit signaling in lipogenesis of mature BAs suggest a comprehen-
sive and critical role of c-kit in BAT homeostasis and remodeling.

Noteworthy, while murine models lack direct evidence of mature
adipocyte proliferation to date, emerging studies in humans unex-
pectedly displayed that terminally differentiated adipocytes areable to
reenter the cell cycle, which correlates with endoreplication and

Fig. 5 | Dynamic recruitment of c-kit+ progenitor-derived brown adipocytes is
involved in pathophysiological adipose remodeling. A Schematic depicting the
experimental procedure for the exposure of Kit-CreER; Rosa26-RFP mice to cold
temperature (4 °C) or to room temperature (RT; 22 °C) for 4 weeks after Tam
treatment. B Representative H&E staining of adipose tissue sections of iBAT and
ingWAT depots in the cold and RT group, n = 6 mice/group. C-D Immuno-
fluorescence (IF) staining of tissue sections of iBAT (C) and ingWAT (D) for RFP and
UCP1. Quantitative analysis showing cold exposure increased the percentages of
RFP+UCP1+ cells both in iBAT (C) and ingWAT (D). C, D Each dot indicates a value
from one mouse and n = 6 mice/group. The data are presented as the mean± SEM.
*P <0.05 (RT versus Cold). E Schematic illustrating Tam-inducedKit-CreER; Rosa26-
RFP mice fed on a high-fat diet (HFD) or chow diet (Control) for 16 weeks. F H&E
staining of adipose tissue sections of iBAT and ingWAT depots from control and
HFDmice, n = 6mice/group.G-H Representative IF images of iBAT (G) and ingWAT

(H) tissue sections double-stained for RFP and UCP1. Quantitative analysis indi-
cating thatHFD significantly reduced the proportion of RFP+UCP1+ cells in iBAT (G).
RFP+UCP1+ cells were scarcely observed in ingWAT (H) in both the control and HFD
mice.G Each dot indicates a value from onemouse and n = 8mice/group. The data
are presented as the mean ± SEM. *P <0.05 (Control versus HFD). H Each dot
indicates a value from one mouse and n = 7 mice/group. The data are presented as
the mean ± SEM. *P <0.05 (Control versus HFD). I Graph representing adipose tis-
sues was collected for analysis from Kit-CreER; Rosa26-RFP mice at 10 weeks,
40 weeks, 70 weeks, and 100 weeks after Tam treatment. J Quantitation of
RFP+UCP1+ cells in iBAT at different ages. Each dot indicates a value from one
mouse and n = 4mice/group. The data are presented as the mean ± SEM. *P <0.05
(Tam 40 w versus Tam 70 w; Tam 70 w versus Tam 100 w). Scale bar = 100μm.
K Representative images of iBAT tissue sections double-stained for RFP and UCP1
at indicated time points.
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adipocyte hypertrophy under obesity and hyperinsulinemia23. Despite
this study providing nice evidence to show cell cycle reentry, com-
prehensive evidence to support proliferation and mitosis of mature
adipocytes is still missing23. However, the observed cell cycle pro-
gression does imply that mature adipocytes may theoretically retain
the potential to proliferate and divide under specific conditions.
Therefore, although our data strongly suggest that RFP-labeled brown

adipocytes arise from the differentiation of c-kit+ progenitor cells, we
cannot entirely rule out the potential contributions of pre-existing
RFP-labeled adipocytes to the final RFP-labeled brown adipocyte pool
observed in this study. Dual-labeling lineage tracing employing dual
recombinases (e.g., Cre-loxp and Dre-rox) to irreversibly label distinct
cell populations at specific timepoints would eliminate such ambiguity
by providing spatiotemporal resolution, high specificity, and
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compatibility with multi-color reporters. Therefore, such a dual-
labeling strategy could be used in future investigations to provide
definitive evidence to resolve whether labeled brown adipocytes ori-
ginate from c-kit+ progenitors or pre-existing adipocytes or both.

The present data showed that c-kit depletion led to obesity due to
whole fat accumulation, decreased thermogenic fat, and reduced
thermogenesis of adipose tissue. The correlation of c-kit with obesity
has been previously reported. A retrospective study of 50 newly
diagnosed chronic myeloid leukemia patients has reported that more
than 75% of patients significantly gain weight after receiving imatinib,
which suppresses c-kit function as a kinase inhibitor12, suggesting that
c-kit is associated with human obesity; however, the mechanism
remains unknown. Gao et al. demonstrated that stem cell factor (SCF)/
c-kit signaling promotes mitochondrial biogenesis and energy
expenditure24. In addition, activation of the SCF/c-kit systemically or
specifically in brown fat augments thermogenesis and reduces body
weight24. In addition to SCF/c-kit signaling, the present findings sug-
gested that impaired c-kit+ APC-derived brown adipogenesis may
account for obesity both in animals and humans with c-kit inhibition.
These clinical findings suggested that c-kit+ APCs are a promising
candidate with translational significance to combat obesity.

In summary, our studies revealed that adipose-resident c-kit+ cells
are previously unidentified adipose progenitors. And c-kit+ APCs can
differentiate into preadipocytes, early-phase brown adipocytes with
enhanced capacity of thermogenic substrate metabolism, and even-
tually specialized thermogenic brown adipocytes. C-kit+ APC conver-
sion to brown adipocytes is involved in pathophysiological adipose
tissue homeostasis and remodeling. C-kit inhibition reduces brown
adipogenesis and thermogenesis, which eventually results in obesity.
Our findings provide evidence for c-kit+ progenitors as an innovative
and crucial target for obesity and metabolic diseases.

The intriguing role of BAT in dissipating energy and regulating
metabolic health makes them a viable therapeutic target for obesity
and related metabolic diseases. The present study demonstrated that
adipose-resident c-kit+ progenitors are newly identified APCs and are
responsible for brown adipogenesis during adulthood, providing a
promising approach to increase thermogenic fat tissue andmanipulate
metabolic status. Moreover, our data strongly support c-kit+ pro-
genitor differentiation as the primary mechanism underlying brown
adipogenesis, althoughwe acknowledge that thepossible contribution
of pre-existing brown adipocyte proliferation to brown adipogenesis
cannot be conclusively excluded without double-labeling lineage tra-
cing experiments. Furthermore, the intrinsic characteristics of endo-
genous c-kit+ APCs are unclear. The precise mechanisms of adult c-kit+

APC differentiation into brown adipocytes, as well as how they are
regulated under complicated pathophysiological conditions, warrant
further exploration.

Methods
Animals
Kit-CreER; Rosa26-RFPmice were obtained by crossing Kit-CreER mice
with Rosa26-RFP mice as previously described13. The mouse genotype
was screened by PCR of genomic DNA prepared from the tail. Tam
(Sigma, T5648) was dissolved in corn oil and administered by gavage
(0.1–0.15mg/g × 4 times) to induce Cre recombinase activity. Unless
otherwise stated, bothmale and femalemicewere housed under a 12 h
light/dark cycle within a temperature-controlled room (21–22 °C) and
allowed free access to food and water. The body weight of the mice
wasevaluated every 5weeks. For experiments involving cold exposure,
mice were housed at 4 °C (cold) or 22 °C (RT) in a controlled envir-
onmental diurnal chamber with free access to food and water for
4 weeks after Tam administration. For the HFD experiments, mice had
free access towater and food (either a standard chowdiet or 60%HFD;
ResearchDiets, D12492) for 16weeks after Tam administration. For the
ACK2 experiments, mice performed localized inhibition of c-kit by
intra-iBAT injection of ACK2 (Biolegend, 135131) and were housed at
4 °C (cold) for 2 weeks after Tam administration. Eachmouse received
an injection of 100μL ACK2 solution (1mg/ml) into the iBAT region
every 72 h, and the control group received an equivalent volume/
amount of IgG. Mice were euthanized by CO2 inhalation. Mouse hus-
bandry and all experimental procedures were performed in accor-
dance with the guidelines of the Institutional Animal Care and Use
Committee of the School of Medicine, Zhejiang University.

Cell isolation and culture
BATwas cut into small pieces and then digested with 0.2% collagenase
(Sigma, C6885) at 37 °C for 45min. The cell suspension was filtered
through the 40-μmnylon cell strainer to remove tissue debris. Stromal
cells were maintained in culture media (DMEM/F12, 10% FBS, and 1%
penicillin-streptomycin). SVF cells at 80% confluences were incubated
in differentiation media (culture media supplemented with 10μg/ml
insulin (Beyotime, P3376), 0.5mM IBMX (Sigma, I7018), 1μM dex-
amethasone (Sigma, D4902), 10 nM T3 (Sigma, T2877) and 1mM
rosiglitazone (Sigma, R2408))for 48h, then were incubated in induc-
tion media (culture media supplemented with 10μg/ml insulin, 10 nM
T3, and 1mM rosiglitazone)and harvested at day 6–8 post-
differentiation. For the ACK2 experiments, ACK2 or IgG control
(1mg/ml) was added to culture and differentiation media.

Immunofluorescence staining
Paraffin-embedded tissue: Sections (5-μmthick)wereblocked for 1 h at
RT in blocking buffer (PBS with 5% bovine serum albumin (BSA) and
0.1% Triton X-100), incubated with primary antibodies overnight at
4 °C, and incubated with secondary antibodies for 1 h at RT.
The following primary antibodies were used: anti-RFP (Rockland,

Fig. 6 | c-kit inhibition results in obesity and reduced brown adipogenesis.
ARepresentative photograph of 50-week-old c-kit+/+and c-kitw/+mice.BBodyweights
of c-kit+/+and c-kitw/+miceover 80weekson a standard chowdiet. Eachdot indicates a
value from one mouse and n =9–14 mice/group. The data are presented as the
mean± SEM. *P<0.05 (c-kit+/+ mice versus c-kitw/+ mice).C The body compositions of
c-kit+/+and c-kitw/+ mice were detected by a Body Composition Analyzer. Each dot
indicates a value from one mouse and n=8 mice/group. The data are presented as
themean±SEM. *P<0.05 (c-kit+/+mice versus c-kitw/+mice).DRepresentative PET-CT
images ofmice after a cold challenge study for 4 h at 4 °C and quantitative analysis of
the 18FDG uptake in BAT as indicated by the percentage injected dose per gram of
tissue (%ID/g). Each dot indicates a value from onemouse and n= 5mice/group. The
data are presented as the mean±SEM. *P<0.05 (c-kit+/+ mice versus c-kitw/+ mice).
E Adipose tissue sections from iBAT, ingWAT, and pgWAT of c-kit+/+and c-kitw/+mice
were collected and stained with H&E (left). Quantitative analysis of the lipid droplet
surface of stained adipose tissue sections (right). Each dot indicates a value fromone
mouse and n=4mice/group. The data are presented as themean±SEM. *P<0.05 (c-
kit+/+ mice versus c-kitw/+ mice). F Schematic of the experimental procedure for Kit-

CreER; Rosa26-RFPmice with localized inhibition of c-kit by intra-iBAT injection of
IgG control or ACK2 and exposure to cold temperature (4 °C) for 2 weeks. Partial
elements created in BioRender. Yang, M. (2025) https://BioRender.com/90iw46s.
G Immunofluorescence stainingof the tissue sections of iBAT forRFP andUCP1 (left).
Quantitative analysis showed local injection of ACK2 decreased the percentages of
RFP+UCP1+ cells in iBAT (right). Each dot indicates a value from onemouse and n =8
mice/group. The data are presented as themean± SEM. *P <0.05 (c-kit+/+mice versus
c-kitw/+ mice). H The weight of different adipose tissues. Each dot indicates a value
from one mouse, and n= 15–16 mice/group. The data are presented as the mean±
SEM. *P <0.05 (c-kit+/+ mice versus c-kitw/+ mice). I Relative mRNA level of browning
genes in iBAT inmice treatedwith Control andACK2. Each dot indicates a value from
one mouse and n= 7-11 mice/group. The data are presented as the mean±SEM.
*P <0.05 (c-kit+/+ mice versus c-kitw/+ mice). J Rectal temperature in mice treated with
Control and ACK2. *P<0.05 (c-kitw/+ versus c-kit+/+ or ACK2 versus Control). Each dot
indicates a value from one mouse and n=8 mice/group. The data are presented as
the mean± SEM. *P<0.05 (c-kit+/+ mice versus c-kitw/+ mice).
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600-401-379, 1:1000), anti-perilipin-1 (Abcam, ab61682, 1:500), anti-
UCP1 (Novus Biologicals, NB100-2828, 1:200), and anti-c-kit (R&D
Systems, AF1356, 1:100). Alexa Fluor 488- or 555-conjugated secondary
antibodies (Invitrogen, 1:1000) were used to detect primary anti-
bodies. All slides were mounted with anti-fade mounting medium
containing 4′,6-diamidino-2-phenylindole (DAPI; Vector Lab, H1200).

Cells: Remove the coverslip from the medium and aspirate the
excess medium from the SVF cells. Add 100μL of BODIPY 500/510 C1,
C12 (MCE,HY-D1617), gently shake it to cover the cells completely, and
then incubate at RT for 5–30min.Wash twicewithmedium, 5min each
time. Remove the coverslip from the medium and aspirate the excess
medium from mature adipocytes. Fix it with 4% formaldehyde for
30min and blocked for 1 h at RT in blocking buffer (PBS with 1% BSA,
and0.1%TritonX-100), incubatedwithprimaryantibodiesovernight at
4 °C, and incubated with secondary antibodies for 1 h at RT. The fol-
lowing primary antibodies were used: anti-SMA-FITC (Sigma,
F3777,1:500), anti-CD31 (R&D, AF3628,1:50), anti-perilipin-1 (1:500),
anti-CD45 (R&D, AF114), anti-PDGFRα (R&D, AF1062,1:200), anti-
PDGFRβ (eBioscience, 14-1402-82, 1:200). Alexa Fluor 488- or 555-
conjugated secondary antibodies (Invitrogen, 1:1000) were used to
detect primary antibodies.

Histopathological analysis
The mice were subjected to perfusion fixation with 4% paraformalde-
hyde, and iBAT, ingWAT, and pgWAT were collected at the indicated
time points. For the preparation of paraffin sections, adipose tissues
were fixed with 4% formaldehyde and embedded in paraffin. Adipose
sections (5-μm thick) were stained with hematoxylin and eosin (H&E),
and the histological featureswereobserved and captured under a light
microscope (Olympus, Tokyo, Japan). Features in the images were
measured and quantified using Image-Pro Plus 6.0.

RNA extraction and quantitative real-time PCR (qRT-PCR)
Total RNA from cells or tissues was extracted by TRIzol reagent (Invi-
trogen) according to the manufacturer’s instructions. Serum RNA was
extracted using a miRNeasy Micro Kit (Qiagen). qRT-PCR was per-
formed using SYBR Premix Ex Taq II (Takara), 50 ng of cDNA, and
500 nmol/L primers as well as an ABI 7500-fast detector. The primer
sequences are listed in Table S1.

Micro-positron emission tomography (PET)/computed tomo-
graphy (CT) study
An intravenous injection of 18F-fluorodeoxyglucose (18F-FDG; 200–300
μCi per mouse) was then given to each mouse, and the mice were
maintained at 4 °C for an additional hour. Mice were anesthetized in a
chamber with 3% isoflurane. Whole-body PET scans were performed
using amicro-PET/CT system (SuperArgus, Sedecal, Spain) at RTwith a
scanning time of 10min. Acquired PET images were co-registered with
the CT images, and 18F-FDG uptake in the interscapular BAT area was
analyzed using PMOD software to evaluate BAT activity. 18F-FDG
uptake in BAT was quantified as the percentage of injected dose per
gram tissue (%ID/g) with decay correction.

Isolation of nuclei from brown adipose tissue for snRNA-seq
The iBAT was collected from Kit-CreER; Rosa26-RFP mice housed at
4 °C. To prepare single-nucleus suspensions from iBAT, tissue was
frozen using liquid nitrogen and then lysed to obtain a single-nucleus
suspension by adding 2mL of chilled lysis buffer (10mM Tris-HCl,
10mM NaCl, 3mM MgCl2, and 0.1% Nonidet™ P40 Substitute in
Nuclease-Free Water) to the tissue. The tissue was homogenized 5–15
times using a tissue grinder, and the tissue was lysed on ice for 30min
with gentle swirling 3–5 times during the incubation. The reserved
chilledHibernate A®/B27®/GlutaMAX™ (HEB)media was then returned
to the lysed tissue solution, and the tissue was further triturated with
5–7 passes through a 1-mL pipette. A 30-µm cell strainer (MACS Smart

Strainer; Miltenyi Biotech 130-110-915) was washed with 1mL of PBS,
and the lysed tissue solution was filtered through the strainer to
removedebris andclumps. Filterednucleiwere centrifuged at 500RCF
for 5min at 4 °C. The supernatant was removed, and nuclei were
washed in 1mL of Nuclei Wash and Resuspension Buffer [1X PBS with
1.0% BSA and 0.2 U/µl RNase inhibitor]. Nuclei were manually counted
by Trypan blue and acridine orange/propidium iodide after each
centrifugation and resuspended.

Single-nucleus RNA library preparation and sequencing
The single-nucleus suspensions were processed using the 10x Geno-
mics platform. Nuclei were loaded onto 3’ library chips from the
Chromium Next GEM Single Cell 3′ Library Kit according to the 10x
Genomics protocol. In brief, Next GEM technology was utilized to
partition the single-nucleus suspension into gel bead-in-emulsion in
the 10x Chromium controller instrument. Cell lysis, barcoded reverse
transcription of RNA, amplification, shearing, 5′ adapter addition, and
sample index PCR were then performed. The loaded nuclei comprised
16,000 nuclei, and the libraries were sequenced on an Illumina
NovaSeq 6000.

Processing of single-nucleus RNA-seq data and quality control
Cell Ranger (version 5.0) was applied to filter low-quality reads, align
reads to the human reference genome (GRCh38), assign cell barcodes,
and generate the unique molecular identifier (UMI) matrices. To
eliminate sample-to-sample variability caused by ambient RNApresent
in all droplets from a given single-cell suspension, we utilized the R
package SoupX v1.2.2 (SoupX removes ambient RNA contamination
from droplet-based single-cell RNA sequencing data)25 for ambient
RNA decontamination. This process involved calculating the con-
tamination rate for each cell based on the ambient RNA expression
profile derived from low RNA content droplets in the unfiltered gene-
barcode matrix provided by the Cell Ranger pipeline. The count
data were then normalized (RNA expression by a factor of 10,000
with log-transformed). To remove the background noise, the expres-
sionof each cellwas then correctedusing the estimated contamination
fractions (with set Contamination Fraction (dataset, 0.88, for-
ceAccept = TRUE)) and the ambient RNA profile. The output gene
expression matrices were analyzed by R software (version 3.6.1) with
the Seurat package (version 3.2.0) for further QC. All samples
were merged into one Seurat object using the merge function in
Seurat. Then, cells with fewer than 300 genes detected, or fewer than
500 UMI counts detected, or >30% mitochondrial UMI counts were
filtered out.

Dimension reduction, unsupervised clustering, and cell-type
annotation
First, we identified highly variable genes (HVGs) that were used for
subsequent analysis using the Find Variable Features function with
selection.method= “mvp.” Dimension reduction and unsupervised
clustering were performed according to the standard workflow in
Seurat. Mitochondrial genes, dissociation-induced genes, and human
leukocyte antigengeneswere removed from theHVGs for downstream
analyses. The effect of the percentage of mitochondrial gene count
was regressed out using the Scale Data function with the following
parameter: “vars.to.regress = c(“nCount_RNA,” “percent.mt”).” A prin-
cipal component analysis (PCA) matrix was calculated to reduce noise
by using RunPCA with default parameters, and the top 18 components
were used based on the knee point at the cumulative curve of standard
deviations of each principal component. The PCA-reduced data were
then used to compute a shared nearest neighbor graph, and they were
further subjected to graph-based clustering with the Louvain Method.
The clustered cells were then projected into a two-dimensional space
for visualization using the nonlinear dimensional reduction method,
RunUMAP, in the Seurat package.
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DotPlot visualization and differential expression analysis
DotPlot is a classical plot to show the expression of marker genes in
each cell cluster. Usually, the dot size represents the percentage of
cells that expressed the gene, and the color represents the scaled value
of the average expression level of gene X in cluster Y. In single-cell/
nucleus analysis, the average expression levels of genes are calculated
by normalization of the transcriptome data (gene sequence reads by a
factor of 10,000 with log-transformed). To identify differentially
expressed genes between two groups of clusters, we used the Find-
Markers function to perform differential gene expression analysis.
Genes with adjusted P value less than 0.05 were considered as differ-
entially expressed genes.

Trajectory inference
To map differentiation of the APCs, Pre-BAs, and BAs subpopulations,
trajectory analysis was performed with Monocle2 (version 2.14.0),
which determined the significant transitional relationships among cell
types and clusters. Raw count data from the Seurat object was con-
verted to a Cell Data Set object using the import CDS function in
Monocle. The top 100 HVGs of each subpopulation were set as the
ordering genes. The minimum spanning tree was constructed using
the ReduceDimensions function (reduction_method= “DDRTree”).

Statistics analysis
All data are presented as themean ± standard error of themean (SEM).
GraphPad Prism 10 was used to perform all statistical analyses. Two
group comparisons were conducted by two-tailed unpaired Student’s
t-tests, and p < 0.05 was considered statistically significant.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
All data needed to evaluate the conclusions in the paper are present in
the paper and/or the Supplementary Materials. Source data are pro-
videdwith this paper. All data supporting the findings described in this
manuscript are also available from the corresponding author upon
request. Single-nucleus RNA-seq dataset has been deposited in the
Genome Sequence Archive (Genomics, Proteomics & Bioinformatics
2021) in National Genomics Data Center (Nucleic Acids Res 2022),
China National Center for Bioinformation/Beijing Institute of Geno-
mics,ChineseAcademyof Sciences (GSA:CRA011067) that are publicly
accessible at https://ngdc.cncb.ac.cn/gsa/browse/CRA011067. Source
data are provided with this paper.
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