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Highlights
¢ Dorsal subcutaneous adipose tissues (subWATS) in piglets exhibited thermogenic potential and fibrotic remodeling under

cold stress.

¢ Single-nucleus RNA-seq (snRNA-seq) and RNA-seq identified MFAPS5 as a critical mediator of cold-induced adipose
plasticity, which promoted fibrogenic lineage commitment in fibro/adipogenic progenitors (FAPS).

* MFAPS overexpression or conditioned medium inhibited adipocyte differentiation and induced fibroblast-like phenotypes
in C3H10T1/2 and porcine stromal vascular fraction (SVF) cells, accompanied by elevated mitochondrial activity.

* MFAPS5 activates the Hippo signaling pathway, thereby increasing the nuclear translocation of YAP1 and upregulating
fibrogenic markers such as ACTA2 and CTGF.
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Abstract

Although pigs lack classical brown adipose tissue, several studies have demonstrated that porcine adipocytes possess the
capacity to undergo thermogenesis through UCP1-independent mechanisms. However, the developmental processes and
regulatory mechanisms underlying these thermogenic adipocytes remain poorly characterized. Here, we found that dorsal
subcutaneous adipose tissues (subWATSs) in pigs exhibits significant thermogenic potential under cold stress. Notably, we
observed substantial cold-induced structural remodeling in dorsal subWATSs, characterized by increased fibrotic deposition.
An integrated analysis of snRNA-seq and RNA-seq data on dorsal subWATs identified MFAP5, which encodes a microfibril-
associated glycoprotein in the extracellular matrix, as a potential regulator of the cold-induced plasticity of dorsal subWATs.
Both MFAP5 overexpression and MFAP5-conditioned medium (MFAP5-CM) not only inhibited preadipocyte differentiation
into adipocytes but also promoted their commitment to non-adipogenic fibrogenic lineages. Furthermore, MFAPS5 treatments
significantly enhanced the mitochondrial biogenesis of these fibrogenic cells. Mechanistic investigations showed that these
phenotypic alterations are predominantly mediated through the Hippo signaling pathway. In summary, our findings elucidate
the pivotal role of MFAPS5 in regulating adipocyte development following cold exposure, thus providing crucial insights into the

molecular mechanisms underlying porcine adaptation to cold stress.

Keywords: piglets, cold adaptation, cell fate, microfibril associated protein 5

1. Introduction

Adipose tissue is primarily composed of fibroblasts, endothelial
cells, fibro/adipogenic progenitors (FAPs), and mature
adipocytes (Norreen-Thorsen et al. 2022). Mammalian
adipose tissue is an extraordinarily flexible and heterogeneous
organ that regulates energy balance. With significant changes
in energy requirements, including fasting, feeding, cold, and
exercise, adipose tissue exhibits remarkable plasticity, with its
metabolism rapidly shifting to meet the energetic needs of the
organism (Krois et al. 2019; Kotarsky et al. 2021; Bornstein et
al. 2023).

Recent studies have demonstrated the plasticity between
adipocyte and fibroblast lineages. The conversion of
adipocytes and nonadipogenic fibroblasts due to external
stimuli or genetic changes affects the remodeling of adipose
tissues. In the ceiling culture method, mature adipocytes
are cultured at the top of a culture bottle, where they de-
differentiate into preadipocytes (Cété et al. 2019). In the
dermis, mature adipocytes undergo de-differentiation to
produce contractile myofibroblasts (Shook et al. 2020). The
activation of B-catenin and SOX4 in mesenchymal progenitors
impairs the adipogenic capacity of adipose tissue and induces
a fate shift toward nonadipogenic lineages (Zeve et al. 2012;
He et al. 2023). However, the mechanisms underlying the
conversion between adipocytes and nonadipogenic fibroblast
lineages remain poorly understood.

Cold stress in piglets represents a critical challenge in
the pig farming industry, and cold stress-induced mortality in
piglets can result in significant economic losses in production
(Le Dividich et al. 1981; Kelley et al. 1982). Although brown
adipose tissue (BAT) plays a crucial role in thermoregulation
and body temperature maintenance (Xiao et al. 2023), current
evidence indicates that pigs lack functional BAT (Trayhurn
et al. 1989; Berg et al. 2006; Hou et al. 2017). However,
studies have shown that while pigs generally lack typical BAT,
beige adipose tissue has been identified as contributing to
thermogenesis in Tibetan and Min pigs. Nevertheless, the
mechanisms underlying the cold response in adipose tissue
of other pig breeds remain poorly understood (Lin et al. 2017;

Zheng et al. 2017; Hou et al. 2018). Collectively, our current
understanding of thermogenic mechanisms in pigs under
cold exposure remains limited. Therefore, further research
is required to elucidate the potential alternative thermogenic
mechanisms in pig adipose tissue.

In this study, a cold exposure experiment using Erhualian
piglets revealed that the subcutaneous adipose tissues
(subWATSs) in the dorsal region exhibits thermogenic potential
and fibrotic characteristics. Single nucleus RNA sequencing
(snRNA-seq) and RNA-seq of the dorsal subWATs were used
to investigate the relationship between thermogenesis and
fibrosis in piglets. This research provides novel insights into
the cold adaptation mechanisms of piglets.

2. Materials and methods
2.1. Animals

The pigs used in this study had ad libitum access to a
commercial pig diet (with nutrient levels according to the
Nutrient Requirements of Swinee (NRS)) and water throughout
the experimental period. Erhualian piglets were purchased
from Changzhou Erhualian Cooperative, China.

2.2. Cold exposure experiment

A 1-mon cold exposure experiment test was conducted
on male piglets aged 6—8 wk with similar body weight. A
total of 4 pairs of littermate piglets were divided into the
room temperature (RT) group and the cold exposure group,
with 4 piglets in each group. The temperature of the room
temperature group was (28+0.5)°C, and that of the cold
exposure group was (11+£0.5)°C (Appendix A). They were
feed quantitatively in separate cages. Specifically, the
daily feed allowance was calculated based on each piglet's
initial body weight (at the start of the experiment) at a
standard rate of 1.5 kg d™', with proportional adjustments
made according to weight gain to ensure that both groups
received exactly the same total amount of feed daily. All the
feed provided feed was completely consumed by the piglets
after each feeding.
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2.3. Library construction and analysis of RNA-seq and
snRNA-seq data

Total RNA was isolated from the subWATs of male piglets
in both the RT group and the cold exposure group (n=4
biologically independent samples). RNA libraries were
constructed and sequenced on the lllumina Sequencing
Platform by BGI Genomics Co., Ltd. (Shenzhen, China).
Throughout this study, consistent screening criteria were
applied for identifying differentially expressed genes (DEGs)
in all bioinformatics analyses. Significantly DEGs were
screened under the following conditions: false discovery
rate (FDR)<0.05, |log,FC|>1, and P<0.05. Differential gene
expression analysis was performed using the BGI platform
(https://biosys.bgi.com/).

Three piglets in the RT group and cold exposure group
were mixed with subWATs taken from the dorsal region for
snRNA-seq assay (Genedenovo Biotechnology Co., Ltd.
(Guangzhou, China, Illumina PE150). The Cell Ranger
Single Cell Software Suite was applied for quality control,
and snRNA-seq data were aligned to Sus scrofa 11.1 as
the reference genome. After the initial quality control, low-
quality sequences with barcodes and unique molecular
identifiers (UMIs) were removed. CellRanger and Seurat
R package were used to filter out the low-quality cells: (1)
The number of genes identified in a single cell (500—4,000);
(2) UMI counts>10,000 per cell; and (3) the percentage
of mitochondrial genes in individual cells (less than 5%).
The cell numbers obtained for each sample, quality control
results, and alignment statistics are provided in Appendices
B and C. Data were visualized using Uniform Manifold
Approximation and Projection (UMAP) to project the cells
into 2D space. Distances between the cells were calculated
based on previously identified principal components (PCs).
Briefly, Seurat was used to embed cells in a shared-nearest
neighbor (SNN) graph, with edges drawn between cells via
similar gene expression patterns. To partition this graph
into highly interconnected quasi-cliques or communities, the
SNN graph was first constructed based on the Euclidean
distance in principal component analysis (PCA) space and
the edge weights between any two cells were refined based
on the shared overlap in their local neighborhoods (Jaccard
distance). Cells were then clustered using the Louvain method
to maximize modularity (default resolution=0.5). The RNA
libraries were sequenced on the lllumina sequencing platform
by Genedenovo. Bioinformatic analysis was performed using
Omicsmart, a dynamic real-time interactive online platform
for data analysis (http://www.omicsmart.com). The gene
expression matrix was input into Monocle2, and dimension
reduction was performed. Cells were organized into a tree-like
trajectory that included branches and nodes. Subsequently,
the most primitive cell clusters by differentiation state along
the trajectory were defined as the cell clusters with the
smallest pseudo-time value, then the pseudo-time values for
all cells were calculated. Based on the pseudo-time values,
Monocle2 was used to construct gene expression patterns
as a smooth, nonlinear function of pseudo-time to examine
how gene expression changes with pseudo-time. Genes with
FDR<1e-5 were selected as the differentially expressed genes

(DEGSs). Porcine stroma-vascular fraction (SVF) cells were
treated with either MFAP5-conditioned medium (MFAP5-CM)
or control medium (NC-CM) and induced to differentiate for 8 d.
The extracted RNA and the RNA libraries were sequenced
on the lllumina sequencing platform by Genedenovo.
Bioinformatic analysis was performed using Omicsmart.

2.4. Isolation of SVF and differentiation of preadipocytes

SVF cells were collected from the subWATs isolated from
freshly slaughtered piglets, following the procedures in
our previous report (Lin et al. 2020). The differentiation of
SVF and immortalized porcine preadipocytes (ISP4#) was
performed according to the previously described 4x4 protocol
(Cheng et al. 2023), as shown in the Appendix D-b.

2.5. Cell lines and culture

C3H10T1/2 differentiation was induced by treating
confluent cells for 48 h in a medium containing 0.5 mmol L™
3-isobutyl-1-methylxanthine (Sangon, China, A606630),
5 umol L™ dexamethasone (Sangon, A601187), 0.12 ug
mL™" insulin (Novolin R), 5 n mol L™ T3 (Makclin, China,
T819947) and 1 umol L™ rosiglitazone (Makclin, China,
R832516). Two days after induction, cells were switched to
maintenance medium containing 0.12 pg mL™"insulin, 5 nmol
L™ T3 and 1 pymol L™ rosiglitazone. The schematic diagram
of C3H10T1/2 added with MFAP5-CM is shown in Appendix E.

2.6. RNA isolation and RT-qPCR

Total RNA was isolated from cells or tissues using TRIzol
(Accurate Biology, China, AG21101) according to the
manufacturer’s instruction. For reverse transcription, 1 ug
RNA was used to generate cDNA using the 5xEvo M-MLV
RT Master Mix (Accurate Biology, AG11706) and RT-qPCR
was carried out with SYBR gPCR Master Mix on ABI (Applied
Biosystems, USA). The relative mRNA levels were calculated
with the 27%4°T method and normalized to RPLPO mRNA. The
primer sequences are listed in Appendix F.

2.7. Oil Red O staining

Cells at the specified stage of differentiation were rinsed
with PBS and fixed with 4% formaldehyde in PBS for
20 min. After washing twice in PBS, cells were stained with
Oil Red O at RT for 20 min. The cells were washed twice
with PBS and photographed. For quantification, the stained
adipocytes were incubated with isopropanol for 10 min, and
the absorption value of the solution at 510 nm was measured
with a spectrophotometer.

2.8. Immunofluorescence

Differentiated ISP4# were fixed with 4% PFA for 15 min,
washed with PBS, and blocked with PBS containing 5% BSA
and 0.3% Triton X-100 for 1 h at room temperature. They
were then incubated with primary antibody YAP1 overnight at
4°C (Proteintech, China, 13584-1-AP), and subsequently with
the secondary fluorescent-conjugated antibody (Beyotime,
China, A0516) at RT in the dark for 1 h. DAPI was used to
visualize the nuclei. Image acquisition was performed with
an LSM 900 microscope (Zeiss, Germany).
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2.9. Lentiviral production and infection

For constructing the overexpression lentiviral plasmids, the
MFAP5 CDS sequences were cloned into the Smal sites
of the pLVX-V5-IRES-neo vector (the primers for cloning
MFAPS5 are shown in Appendix F). To generate lentivirus
particles, lentiviral constructs were co-transfected with pM2D.
G and psPAX2 into HEK293T cells. Media containing
lentivirus was harvested, filtered, and concentrated at 48 h
and 72 h post-transfection. Then 60% of confluent ISP4#
were incubated with lentivirus premixed with polybrene
(10 pg mL™) (Servicebio, China, G1803) for 72 h. Finally, 800
ug mL™" G418 antibiotic (Beyotime, ST081) was added to screen
positive cells, and growth was maintained at 100 ug mL™".

2.10. Western blotting

Protein was extracted from tissues and cells with RIPA
reagent (NCM Biotech, China, WB3100) according to the
manufacturer’s instructions, and it was supplemented with
a phosphatase and protease inhibitors (Beyotime, P1050).
Samples were denatured using sodium dodecyl sulfate (SDS)
loading buffer (Yeasen Biotech, China, 20315ES20). Total
protein was separated by SDS-PAGE and transferred to
polyvinylidene fluoride (PVDF) membrane (Millipore, USA,
Merck-ISEQO00010). All membranes were then blocked by
incubation with 5% BSA in Tris-buffered saline containing
Tween-20 (TBST, TBS with 0.1% Tween 20) for 1 h at RT.
Membranes were incubated with primary antibodies overnight
at 4°C and then with HRP-conjugated anti-rabbit IgG (Beyotime,
A0208), anti-mouse IgG (Beyotime, A0216) secondary antibody
for 1h at room temperature. Enhanced chemiluminescence
(ECL) Western blotting substrates (Biosharp, China, BL520B)
were used to visualize the results. Images were acquired
using the Amersham ImageQuant 800 (Cytiva). The following
antibodies were used: Anti-Tubulin (Proteintech, 11224-1-AP),
anti-MFAPS (Affinity, China, DF13146), anti-UCP3 (ABclonal,
China, A23285), anti-PPARG (Proteintech, 16643-1-AP), anti-
ACTA2 (Proteintech, 67735-1-lg), anti-HSL, (Proteintech,
17333-1-AP), anti-CPT1A (Proteintech, 15184-1-AP), anti-
PRDM16 (Affinity, DF13303), anti-PGC1A (Proteintech, 66369-
1-1g), anti-COX4 (Proteintech, 11242-1-AP), anti-TOM20
(ABclonal, A19403), anti-p44/42 MAPK (ERK1/2) (CST, 4695),
anti-phospho-p44/42 MAPK (ERK1/2) (Thr202/Tyr204) (CST,
USA, 4370), anti-p38 MAPK (Proteintech, 80821-2-RR), anti-
phospho-p38 MAPK (Thr180/Tyr182) (Proteintech, 28796-1-
AP), anti-YAP1 (Proteintech, 13584-1-AP), and anti-Phospho-
YAP1 (S127) (HuaBio, China, ET1611-69).

2.11. Statistical analysis

All values are expressed as meantSEM. The error bars
(SEM) shown for all results were derived from biological
replicates. Results were analyzed by Student’s t-tests
using GraphPad Prism 8.0 software, and P-value <0.05 was
considered statistically significant.

3. Results

3.1. subWATs on the dorsal side of Erhualian piglets
have the potential to resist cold

To investigate the characteristics of porcine adipose tissue

in response to cold stimuli, adipose tissue samples were
collected from the 2 groups at various anatomical locations,
including subWATs in the dorsal region, deep neck, scapula,
deep scapula, inguinal fat, deep inguinal fat, perirenal,
axillary, frontal neck, and heart fat. In the RT group, all
adipose tissue depots exhibited typical white adipose tissue
morphology. However, in the cold exposure group, sizes of
adipocytes at different anatomical locations showed varying
degrees of reduction (Fig. 1-A). Notably, subWATs from the
dorsal, inguinal, and deep cervical regions demonstrated
significant upregulation of genes associated with lipolysis
(ATGL, HSL) and thermogenesis (UCP3, PGC1A, PRDM16,
TFAM) (Fig. 1-B), suggesting these adipose depots are
particularly responsive to cold-induced thermogenesis. In
contrast, subWATs from the remaining 7 adipose depots
showed no significant alterations in the expression of
lipolysis- and thermogenesis-related genes (Appendix A-e).

Furthermore, histological analysis revealed that dorsal
subWATs exhibited distinct morphological alterations
compared to the other depots, displaying characteristics
resembling murine brown adipose tissue and showing
evidence of fibrotic remodeling (Fig. 1-C). Bodipy staining
confirmed the adipose nature of these transformed tissues,
revealing a significant reduction in lipid droplet content
in cold-exposed specimens (Fig. 1-D). Masson staining
demonstrated extensive fibrotic remodeling within the
adipose tissue (Fig. 1-E). Western blot analysis revealed
significant upregulation of thermogenic markers (PRDM16,
UCP3, TOM20) and the lipolytic enzyme HSL in dorsal
subWATs following cold exposure (Fig. 1-F). ACTA2,
encoding a-smooth muscle actin, serves as a specific marker
for myofibroblasts and plays crucial roles in smooth muscle
contraction (Rockey et al. 2013; Newman et al. 2021).
gPCR and Western blot analyses confirmed the significant
upregulation of ACTA2 expression in the dorsal subWATs
following cold exposure (Fig. 1-F and G).

In vitro, isoproterenol (ISO) and Mirabegron were used to
simulate the cold stimulation of SVF cells (Miller et al. 2015;
Winther et al. 2018; O’Mara et al. 2020). PGC1A, DIO2,
PRDM16, CD137, and UCP3 were significantly upregulated
in SVF, and the expression level of the ACTA2 gene was also
significantly upregulated (Fig. 1-H). These results indicate
that subWATs on the dorsal side of Erhualian piglets are
thermogenic-related fat, and the adipose tissue undergoes
fibrosis.

3.2. RNA-seq identified thermogenesis- and fibrosis-
related gene signatures in dorsal subWATs

To verify the morphological observations, RNA-seq of
subWATs in the dorsal region was performed. A total of 207
DEGs were found in dorsal subWATs after cold exposure,
with 166 genes upregulated and 41 genes downregulated
(Fig. 2-A). gPCR verification of DEGs were consistent with
the sequencing results (Appendix A-f). The results of gene
set enrichment analysis (GSEA) showed that the oxidative
phosphorylation, thermogenesis, and cardiac muscle
contraction pathways were significantly upregulated in the
subWATs of the dorsal region under cold stimulation (Fig. 2-B).
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Fig. 1 Responses of adipose tissues from different parts of Erhualian piglets to cold stimulation. A, representative images of H&E-stained
adipose tissue sections from Erhualian piglets housed for 1 mon at room temperature (RT) or under cold exposure. Scale bar=50um. B, qRT-
PCR analysis of thermogenesis-related gene expression in adipose tissue samples (n=3—4 biologically independent samples). C, representative
images of H&E-stained subcutaneous adipose tissue (subWAT) slices from the dorsal region of Erhualian piglets under cold exposure. D,
representative images of Bodipy-stained subWAT slices from the dorsal region of Erhualian piglets under room temperature or cold exposure
conditions. E, representative images of Masson-stained subWAT slices from the dorsal region of Erhualian piglets under cold exposure. F,
Western blot analysis of thermogenesis-related gene expression in subWAT samples of the dorsal region (n=3 biologically independent samples).
G, gRT-PCR analysis of ACTAZ2 gene expression in subWAT samples from the dorsal region of Erhualian piglets at room temperature or under
cold exposure (n=4 biologically independent samples). H, gqRT-PCR analysis of thermogenesis-related gene and ACTAZ2 gene expression in
SVF adipocytes treated with isoproterenol (ISO) or Mirabegron (n=4 biologically independent samples). NC, normal control. All numerical values
are presented as mean+SEM; two-tailed unpaired Student’s t-test P-values are indicated as: *, P<0.05; ", P<0.01; ™, P<0.001.
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Fig. 2 Gene expression alterations in dorsal subcutaneous adipose tissues (subWATSs) are revealed by cold exposure via RNA-
seq. A, volcano plots showing a global overview of the gene expression profiles of subWATSs on the dorsal region of Erhualian piglets.
B, gene set enrichment analysis (GSEA) of the enriched pathyways in cold exposure group compared with RT group. C, the top 20 GO
terms revealed by GO (cellular composition and biology) enrichment analysis of differentially expressed genes (DEGs). D, the top 20
enrichment pathways revealed by KEGG enrichment analysis of DEGs.

GO enrichment analysis revealed that DEGs are mainly
related to myofibril assembly, muscle contraction, extracellular
matrix organization, oxidative phosphorylation, and other
biological processes. At the cellular component level,
differential genes are mainly related to myofibril, extracellular
matrix, Z-disc, actin filaments, and others (Fig. 2-C). KEGG
enrichment analysis showed that genes related to oxidative
phosphorylation, myocardial contraction, and thermogenesis
were differentially expressed in the subWATs of the dorsal
region after cold stimulation (Fig. 2-D).

3.3. FAPs in subWATs of the dorsal region develop
into a nonadipogenic fibroblasts lineage

To establish a comprehensive cellular atlas of dorsal
subWATs and characterize their adaptive response to cold
stimulation at single-cell resolution, we performed snRNA-
seq on dorsal subWAT samples from both the RT and
cold exposure groups. Using unsupervised graph-based
clustering analysis, we identified 9 distinct cell clusters within
the integrated cellular atlas (Fig. 3-A). Based on the highly
expressed genes within each cluster and established marker
genes (Burl et al. 2018; Vijay et al. 2020; Norreen-Thorsen
et al. 2022; Maniyadath et al. 2023), these populations were
classified as FAPs, adipocytes, endotheliocyte, smooth
muscle cells (SMC), Schwann, T cells, macrophages, B cells,
and monocytes (Fig. 3-B). The adipocytes (28.36%), FAPs
(20.35%), and endotheliocytes (27.89%) constituted the
predominant cell populations (Appendix G-a). Comparative
analysis demonstrated that cold stimulation induced cellular

remodeling in the dorsal subWATs, characterized by a 5.68%
reduction in the adipocyte proportion, accompanied by
3.51% and 3.2% increases in the FAPs and endothelial cell
populations, respectively (Fig. 3-C).

After the observed FAPs proportional increase,
subclustering analysis was further performed to characterize
the heterogeneity of FAPs, which identified 8 distinct
subpopulations (Fig. 3-D). Gene expression profiling
identified FAPO, FAP2, FAP3, FAP4, and FAPG6 as adipogenic
subpopulations, based on their expression of established
adipogenic markers including LPL, PPARG, LIPE, and
ADIPOQ (Fig. 3-E). In contrast, FAP1, FAP5, and FAP7
were classified as nonadipogenic fibroblast populations,
characterized by their expression of adipogenesis-inhibiting
factors including POSTN, COL1A1, FN1, and ZNF521 (Fig.
3-E). FAPs represent mesenchymal-derived interstitial
progenitors capable of bidirectional differentiation into both
adipogenic and nonadipogenic fibroblast lineages (Cristancho
and Lazar 2011). A pseudotemporal trajectory analysis using
Monocle2 revealed 2 primary differentiation pathways for
porcine FAPs: adipocyte lineage and nonadipogenic fibroblast
lineage (Fig. 3-F). Cold exposure significantly altered the
composition of FAPs by reducing the adipogenic potential
population while enhancing commitment to nonadipogenic
fibroblast lineages (Fig. 3-G). Collectively, these findings
demonstrate that cold exposure promotes FAP differentiation
toward nonadipogenic fibroblast lineages.

Compared to the RT group, the nonadipocyte fibroblast
populations (FAP1, FAP5 and FAP7) in the cold exposure
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Fig. 3 Cellular compositions in subcutaneous adipose tissues (subWATSs) of the dorsal region are altered by cold exposure.
A, Uniform Manifold Approximation and Projection (UMAP) of subWAT cell types. B, bubble chart showing scaled average expression levels
of selected cell-type-enriched marker genes. C, the fraction of each cell type in subWATs of the dorsal region from the room temperature (RT)
group or the cold exposure group. SMC, smooth muscle cell. D, UMAP of fibro/adipogenic progenitor (FAP) subpopulations. E, bubble chart showing
scaled average expression of FAP subpopulation-enriched marker genes. F, trajectory inference and state information of FAP subpopulations. G,
the fraction of each FAP subpopulation in subWATS of the dorsal region from the RT group or the cold exposure group. H, Venn diagram showing
the significantly upregulated overlapping genes for DEGs of the FAP1, FAP5, and FAP?Y cluster and RNA-seq of subWATSs in the dorsal region, gRT-
PCR and Western blotting analysis of MFAPS5 gene expression in subWAT samples from the dorsal region of Erhualian piglets housed for 1 mon
at RT or under cold exposure (n=3 biologically independent samples). 1, UMAP of MFAPS positive cells. J, the top 20 enrichment pathways
revealed by KEGG enrichment analysis of upregulated DEGs in MFAPS positive cells. All numerical values are presented as mean+SEM;
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group exhibited a total of 919 upregulated DEGs. Comparative
analysis revealed that the nonadipocyte fibroblast lineage
exhibited 18 differentially upregulated genes that overlapped
with the DEGs identified in the subWATs RNA-seq analysis.
Among these overlapping genes, MFAP5 was identified as a
significantly DEG (Fig. 3-H). qPCR and Western blot analyses
confirmed the significant upregulation of MFAP5 expression in
dorsal subWATs following cold exposure (Fig. 3-H). MFAP5
is mainly expressed in the FAPs, with a significant increase
in the MFAP5-positive cell population observed in the cold
exposure group (Fig. 3-1). Furthermore, pathway enrichment
analysis of differentially upregulated genes in MFAP5-positive
cells following cold exposure revealed significant involvement
in the thermogenesis, myocardial contraction, and oxidative
phosphorylation pathways (Fig. 3-J). These findings suggest
that MFAPS5-positive cell populations in dorsal subWATs may
play a crucial role in adaptive responses to cold exposure.

3.4. MFAP5 promotes FAPs development towards the
nonadipogenic lineage

Previous studies have demonstrated that MFAPS
functions as a secreted protein, with detectable levels
in the culture medium of human adipose-derived stem
cells (ASCs) (Hoerst et al. 2019). To investigate the
potential of MFAPS5 for altering FAP fate and promoting
non-adipocyte differentiation, we added growth phase
MFAP5-CM to the C3H10T1/2 and porcine SVF cells
with adipogenic differentiation ability. Oil Red O staining
revealed a significant reduction in lipid accumulation in
C3H10T1/2 cells following MFAP5-CM treatment (Fig. 4-A).
gRT-PCR and Western blot analysis demonstrated
the downregulation of adipogenic-related genes and
upregulation of fibroblast markers (Fig. 4-B, C and G).
These findings were further validated in porcine SVF
cells, where MFAP5-CM treatment also significantly
inhibited lipid accumulation (Fig. 4-D), while reducing
ACTA2 expression (Fig. 4-E and G). To further validate
these findings, we conducted RNA-seq analysis on
MFAP5-CM-treated SVF cells, which revealed significant
downregulation of adipogenic markers (PPARG, CD36,
AdipoQ, and PLINT) and upregulation of non-adipogenic
markers (TGFB1, POSTN, MYH11, and WNT5A) (Fig. 4-H).
Furthermore, KEGG pathway enrichment analysis of DEGs
demonstrated significant enrichment of downregulated
genes in the PPAR signaling pathway and fatty acid
metabolism (Fig. 4-1). Concurrently, the expression
of several mitochondrial biogenesis-related proteins,
including PGC1A, UCP3, TOM20, and COX4 were
upregulated in both C3H10T1/2 and SVF cells treated with
MFAP5-CM (Fig. 4-J). Taken together, our results indicate
that elevated MFAP5 expression attenuates adipocyte
development while promoting non-adipogenic fibroblast
differentiation.

3.5. Overexpression of MFAPS5 inhibits the differenti-
ation of preadipocytes into adipocytes and promotes
nonadipocyte fibroblasts

To elucidate the role of MFAPS, we examined its expression

pattern at various time points during SVF adipogenesis.
Throughout adipogenesis, AdipoQ and PPARG expression
was markedly upregulated (Appendix D-a), whereas MFAPS
expression was substantially downregulated (Fig. 5-A).
To investigate the impact of MFAP5 overexpression on
preadipocyte adipogenic capacity, we established stable
MFAP5-expressing ISP4# cells, in which MFAP5 overexpression
significantly attenuated the expression of key adipogenic
markers, AdipoQ and PPARG (Fig. 5-B). Oil Red O staining
revealed that MFAPS overexpression impaired preadipocyte
differentiation into mature adipocytes, which was further
supported by the downregulation of adipogenic markers
(Fig. 5-C and D). Furthermore, MFAP5 overexpression
upregulated the expression of FAP markers (PDGFRA, SCA1,
and DCN) and fibroblast-associated genes (ACTA2, CNN1,
VIM, CTHRC1, and TGFBT) (Fig. 5-D and E). Western blot
analysis corroborated the mRNA findings, demonstrating
that MFAP5 overexpression suppressed PPARG while
enhancing ACTA2 expression (Fig. 5-F; Appendix D-c).
Notably, MFAP5 overexpression also induced fibroblast-
associated gene expression in undifferentiated ISP4# cells
(Fig. 5-G and H; Appendix D-d). The upregulated genes of
MFAPS5 positive cells were enriched in the thermogenesis
and oxidative phosphorylation pathways in the cold exposure
group. Consequently, we assessed the expression profiles of
mitochondrial biogenesis and thermogenesis-related genes.
MFAPS5 overexpression significantly upregulated the expression
levels of mitochondrial biogenesis and thermogenesis-related
genes (Fig. 5-1 and J; Appendix D-e), along with a notable
increase in mitochondrial activity (Fig. 5-K).

3.6. MFAP5 promotes nonadipogenic lineages via the
Hippo signaling pathway

To further elucidate the downstream mechanisms of MFAPS
regulation, the MAPK signaling pathway was investigated,
as it was significantly enriched among differentially
downregulated genes in MFAP5-positive cells within dorsal
subWATs during cold exposure (Appendix G-b). Western
blot analysis confirmed our hypothesis by demonstrating
that the phosphorylation of both ERK and p38 MAPK were
significantly suppressed in overexpression-MFAP5 (OE-
MFAPS5) ISP4# cells (Fig. 6-A). As shown in Fig. 6-B, the
downstream effects of MFAP5-CM treatment appear to be
independent of the MAPK signaling pathway.

KEGG pathway analysis of the upregulated genes in SVF
cells treated with MFAP5-CM identified significant enrichment
of the Hippo signaling pathway (Appendix E-b). YAP1, a
key downstream effector of the Hippo signaling pathway, is
translocated to the nucleus in its non-phosphorylated state
to regulate target gene expression (Huang et al. 2005).
Western blot analysis demonstrated significant upregulation
of YAP1 in both SVF and C3H10T1/2 cells, accompanied by
an inhibition of phosphorylated YAP1 (p-YAP1) in SVF cells,
while p-YAP1 levels remained unchanged in C3H10T1/2
cells (Fig. 6-C). Furthermore, MFAP5 overexpression
markedly upregulated YAP1 expression in ISP4# cells while
concurrently suppressing p-YAP1 levels (Fig. 6-D). The
expression of connective tissue growth factor (CTGF), a
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downstream target gene of the Hippo signaling pathway, was
significantly upregulated, suggesting the activation of the
Hippo signaling pathway by MFAPS (Fig. 6-E) (Tamura et al.
2021; Wu et al. 2024). The MFAPS5 overexpression exhibited
significantly enhanced nuclear fluorescence intensity of YAP1,
suggesting that MFAP5 promotes YAP1 nuclear translocation
to mediate its biological effects (Fig. 6-F). Collectively, these
findings demonstrate that MFAPS5 primarily mediates its
biological effects through the Hippo signaling pathway.

4. Discussion

Cold exposure is a major challenge in piglet breeding, and
the cold resistance of piglets is a widely sought trait among
breeders. The Erhualian pig is a local pig breed in China,
known for its high yield, high fat content, and excellent
meat quality (Li et al. 2017; Xie et al. 2023). However,
the response of Erhualian pigs with a large litter size to
cold exposure has not been described yet. Therefore,
we analyzed the responses of their adipose tissue to cold
exposure, which will help us to understand the regulatory
mechanism of cold resistance traits and has certain reference
significance for the breeding of Erhualian pigs.

Previous studies have reported the presence of beige fat in
the inguinal, perirenal, and axillary adipose tissues of Chinese
cold resistant pig breeds during acute cold stimulation (Lin
et al. 2017). As far as we know, this study provides the first
comprehensive evaluation of the thermogenic potential of
adipose tissue in various parts of pigs. In this study, the
adipose tissues of ten parts of Erhualian pigs were studied
during cold exposure and that the subcutaneous, inguinal,
and deep neck adipose tissues of Erhualian pigs were found
to have thermogenic potential. This is not entirely consistent
with previous studies on adipose tissues in regions with
thermogenic potential. This inconsistency may have arisen
because our cold exposure cycles and temperatures were
different and the breeds of pigs were different, but it also
indicates that groin adipose is the most commonly reported
adipose part that has resistance to cold.

Interestingly, we observed for the first time the appearance
of brown adipose like cells and microfibers in the subWATs of
the dorsal region of Erhualian pigs after cold exposure, but
it is unclear whether these changes can contribute to cold
resistance. An snRNA-seq and RNA-seq combined analysis
identified MFAP5 as a candidate gene. MFAPS5 is one of
the DEGs shared by nonadipogenic fibroblasts subgroups
(FAP1, FAP5, and FAP7 subgroups). Here we report that
the overexpression of MFAP5 or addition of MFAP5-CM
inhibits the expression of adipogenic genes in adipogenic
cells, while promoting gene expression in adipocyte stem
cells and fibroblasts, indicating that MFAP5 can reverse the
fate of adipocytes. MFAPS5 is expressed in the extracellular
matrix (ECM) of human adipose tissue and is believed to be
involved in the assembly of microfibrils and the composition of
elastin (Lemaire et al. 2007; Vaittinen et al. 2015). Excessive
ECM components can limit the swelling ability of adipocytes
(Lin et al. 2016; Huan-Xian et al. 2023), and our results are
consistent with early studies showing a negative correlation
between MFAPS and adipogenic differentiation (Zhang et al.

2023). FAPs are stem cells that differentiate into adipocytes
and fibroblasts (Maniyadath et al. 2023). In our results, the
FAP1, FAP5, and FAP7 subgroups (nonadipogenic fibroblasts
subgroups) were not derived from source proliferation, but
rather from the differentiation of stem cells with adipogenic
potential. Studies have reported that nonadipogenic
lineages obtained through transdifferentiation are the main
contributors to the extracellular matrix of adipocytes (Datta
et al. 2018). MFAPS5 is often used as a fibroblast marker
(Valenzi et al. 2019; Peng et al. 2023). Recombinant MFAPS
can significantly enhance collagen contractility and pro-
fibrosis gene expression in dermal fibroblasts (Han et al.
2023), and targeting MFAPS with an immunologic approach
can inhibit fibrosis in ovarian and pancreatic cancer (Yeung et
al. 2019). Adding MFAP5-CM to porcine SVF cells resulted
in the upregulation of other fibroblast genes such as TGFB1,
POSTN, MYH11, but the inhibition of ACTA2. Studies have
reported that adding ASC-conditioned medium to TGF@-
induced myofibroblasts inhibits ACTA2 expression due to
the secretion of BMP4 from ASCs (Hoerst et al. 2019). lt is
interesting that the addition of MFAP5-CM did not promote
fibroblast gene expression in C2C12 cells without adipogenic
ability, although it promoted C2C12 myogenic differentiation.
However, its detailed mechanism deserves further research
in the future. We speculate that it may be influenced by other
factors secreted by the MFAPS cell line, as adipocytes are
highly active secretory cells that can secrete multiple factors
which participate in various physiological processes (Villarroya
et al. 2017; Ghesmati et al. 2024).

In our results, the overexpression of MFAPS or addition
of MFAP5-CM promoted the upregulation of PGC1A,
TOM20, COX4, and UCP3 in ISP4#, C3H10T1/2, and SVF.
Studies have reported that the adaptive thermogenesis
of cold resistant pigs mainly relies on UCP3, although
PGC1A, TOM20, and COX4 are star molecules involved in
mitochondrial biogenesis (Du et al. 2017; Jang et al. 2021;
Zhang et al. 2022). Mitochondria are important organelles
that maintain homeostasis in response to varying cellular
demands, such as brown and beige adipose that contain a
large amount of biologically active mitochondria when facing
cold conditions (lkeda et al. 2018; Shao et al. 2019). But
suitable tools for determining whether these fibroblasts in
pig adipose tissue have a thermogenic function are currently
lacking. In this study, no pathway for the development of
brown adipose tissue was detected, and no typical brown or
beige adipose tissue morphology was observed.

Some reports have identified YAP in the Hippo signaling
pathway as a regulatory factor for mitochondrial biogenesis.
In human umbilical vein endothelial cells, YAP knockdown
leads to the downregulation of PGC1A, thereby impairing
mitochondrial biogenesis (Mammoto et al. 2018). In another
study, Hippo signaling effector YAP induced mitochondrial
biogenesis through the translation of TFAM in mouse
skeletal muscle (Hwang et al. 2022). In this study, the
appearance of fibrous tissue in adipose tissue after cold
exposure was due to the development of MFAP5-positive
cells into a nonadipocyte fibroblast lineage. The observed
brown adipocyte like morphology should have arose after
fat consumption, as the lipolysis genes ATGL and HSL were
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significantly upregulated. Therefore, we speculate that the
adipose tissue of Erhualian piglets mainly resists cold through
changes in cell lineage leading to mitochondrial biosynthesis.

5. Conclusion

This study showed that the subWATs of the dorsal region
underwent remodeling after cold exposure, with a reduction
in adipocytes and an increase in the proportion of FAPs, and
developed toward the nonadipogenic fibroblast lineages. The
transformation of the progenitor cell lineage can promote
mitochondrial biogenesis, which is beneficial for resisting
cold. MFAPS5 is crucial for the transformation of adipocytes to
the nonadipogenic fibroblast lineage. In summary, our results
indicate that MFAPS plays an important role in adipocyte
development and fate determination, providing new insights
into the cold resistance of pig adipose tissue and contributing
to future improvements in piglet production efficiency.
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