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Abstract

Fibroblasts display complex functions associated with distinct gene expression profiles that
influence matrix production and cell communications and the autonomy of tissue development and
repair. Thrombospondin-2 (TSP-2), produced by fibroblasts, is a potent angiogenesis inhibitor and
negatively associated with tissue repair. Single-cell (sc) sequencing analysis on WT and TSP2KO
skin fibroblasts demonstrate distinct cell heterogeneity. Specifically, we found an enrichment of
Sox10+ multipotent progenitor cells, identified as Schwann precursor cells, in TSP2KO fibroblasts,
while fibrosis-related subpopulations decreased. Immunostaining of tissue and cells validated the
increase of this Sox10+ population in KO fibroblasts. Furthermore, in silico analysis suggested
enhanced pro-survival signaling, including WNT, TGF-B, and PDGF-, alongside a reduced
BMP4 response. Additionally, the creation of two TSP2KO NIH3T3 cell lines using the
CRISPR/Cas9 technique allowed functional and signaling validation in a less complex system.
Moreover, KO 3T3 cells exhibited enhanced migration and proliferation, with elevated levels of
pro-regenerative molecules including TGF-B3 and Wnt4, and enrichment of nuclear -catenin.
These functional and molecular alterations likely contribute to improved healing and increased
neurogenesis in TSP2-deficient wounds. Overall, our findings describe the heterogeneity of dermal

fibroblasts and identify pro-regenerative features of TSP2KO fibroblasts.
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Introduction

Skin wounds in mammals heal by fibrosis, a repair mechanism that involves the rapid deposition
of collagen and other extracellular matrix components that contribute to scar formation [1]. This
fibroproliferative response, while effective in preventing infection and fluid loss, often results in
scar tissue formation that differs structurally and functionally from the original skin. This is due
to excess deposition of collagen fibrils that leads to thickening of skin with altered mechanical
properties, and contributes to its inability to regenerate complex tissue structures like hair follicles,
sweat glands. It is appreciated that multiple cell types, including inflammatory cells and fibroblasts,

play critical roles in determining healing outcomes.

Fibroblasts are major extracellular matrix (ECM) producers and perform functions critical to
wound healing [2]. Upon injury, activated fibroblasts migrate to the wound site and proliferate
during the early phase of healing. Subsequently, they differentiate into myofibroblasts that contract
the wound and synthesize new ECM, thus facilitating tissue repair. Fibroblasts also secrete various
signaling molecules that recruit other cell types, such as macrophages, epithelial cells, and
endothelial cells, to coordinate the wound healing process. Control of diverse fibroblast functions,
including proliferation, differentiation, ECM production, and their communication with other cells,

can influence healing outcomes.

In addition to functional diversity, fibroblasts demonstrate molecular heterogeneity across and
within organs, which is also critical for tissue homeostasis [2-5]. For example, subsets of skin and
intestine fibroblasts contribute to tissue renewal via remodeling of the ECM and serving as a stem
cell niche for hair follicles or intestinal crypts, respectively [6, 7]. These subpopulations are

characterized by the expression of WNT signaling components that support epithelial and hair
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follicle stem cell maintenance [6-9]. In contrast, fibroblasts in tissues with lower cellular turnover,
such as the lung and kidney, exhibit fewer stem-like markers but are nonetheless vital for repair,
primarily by secreting signaling molecules [2]. It is appreciated that tissue-specific heterogeneity
is associated with distinct functions in homoeostasis and following injury. Within tissues,
fibroblast subpopulations can be categorized based on their spatial distribution. For example, cells
near the upper layer of skin are defined as papillary fibroblasts (Pdgfra+CD26+Sca-), whereas
cells in the reticular dermis are called reticular fibroblasts (Pdgfra+Dlk1+Sca-) [10]. Papillary and
reticular fibroblasts produce distinct extracellular matrices consisting of non-fibrillary collagens
and proteoglycans and well-organized fibrillary collagen bundles, respectively [11, 12]. Due to the
capability to deposit collagenous ECM, reticular fibroblasts are considered more fibrotic whereas
papillary fibroblasts are more pro-regenerative [13]. Thus, the balance between these two
populations can determine the outcome of skin wound healing [10]. Additionally, fibroblasts with
specific molecular signatures can exhibit distinct behaviors in tissue repair. For example, Enl+
and Cthrcl+ fibroblasts are associated with fibrosis [14, 15], while Wntl+ and Lef1+ fibroblasts

are linked to reduced scarring [15, 16].Therefore, elucidating fibroblast identities and behaviors is

essential for understanding the lack of regeneration in issue repair processes.

Thrombospondin-2 (TSP2) is an ECM matricellular glycoprotein, whose levels of expression are
negatively correlated with tissue repair outcomes. For example, mice with increased or low/null
TSP2 levels display delayed or accelerated wound healing, respectively. Primarily, TSP2 exerts
anti-angiogenetic effects via binding to CD36 and CD47 receptors on endothelial cells [17, 18].
Additionally, TSP2 has been implicated in ECM assembly as it was shown that TSP2 deficiency
disrupts collagen fibril morphology and organization [19]. Moreoever, TSP2 deficient wounds

display increased levels of soluble growth factors and enzymes, such as vascular endothelial
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growth factor (VEGF) and matrix metalloproteinases (MMPs) [20]. Collectively, changes in ECM
assembly and remodeling, along with changes in angiogenesis and growth factor release, suggest
that TSP2 plays a pivotal role in wound healing. Indeed, TSP2KO wounds display accelerated
epithelization, increased angiogenesis, and reduced scar formation [20, 21]. Wounds treated with
anti-TSP2 constructs also exhibit improved healing with enhanced cell infiltration and
angiogenesis, and the emergence of new nerve bundles [22-25]. Collectively, these findings
underscore a strong connection between TSP2 and cellular aspects of generation. Differences
between the healing capacities of WT and TSP2 KO skin, coupled with our understanding of
fibroblasts as the major source of TSP2, prompted us to evaluate these cells in an unbiased high
throughput manner. Specifically, we applied single-cell (sc-) and bulk RNA sequencing on WT
and TSP2KO mouse dermal fibroblasts. In silico analyses indicated an increased Sox10+
population in KO fibroblasts, which was validated by immunostaining of isolated cells and tissue.
Moreover, ECM-related categories and cell functions, including proliferation and migration, were
identified as the top regulated pathways in KO fibroblasts. A potential crosstalk between WNT,
BMP, and TGF-B signaling was suggested, which may contribute to the more regenerative
phenotype of TSP2KO wounds such as enhanced neurogenesis. Additionally, we employed
CRISPR/Cas9 technology to precisely eliminate TSP2 expression and study the subsequent effects
in a less heterogeneous cell population. Functional assays demonstrated enhanced proliferation
and migration of TSP2KO fibroblasts. Molecular analyses revealed increased levels of WNT4 and
TGF-B3 and enrichment in nuclear B-catenin in KO cells. Collectively, our findings highlight the
heterogeneity of skin fibroblasts and their programming towards a fibrotic response. Importantly,
investigation of TSP2-deficient cells reveals a shift of the cell steady state in TSP2KO skin towards

pro-regenerative signaling.
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Method and Materials

Animals

C57bl/6J and TSP2KO mice aged 12 to 14 weeks were used. Only male mice were used for
sequencing. C57bl/6] mice were purchased from Jackson Laboratory. TSP2KO mice were
generated as described previously 18. All animal study procedures were approved by the Yale
Institutional Animal Care and Use Committee (IACUC). All mice were kept in a 12-hour light/dark

environment and fed ordinary feed. All authors complied with ARRIVE guidelines.

Dermal Fibroblasts Isolation and Sequencing Sample Preparation

Dermal fibroblasts (DFs) were isolated from 12-week-old WT and TSP2KO mouse dorsal skin
according to the established protocol. Briefly, mouse dorsal skins were shaved, excised, treated
with 5% antibiotic-antimycotic (Gibco), and incubated in 25 pg/ml Trypsin (Sigma) overnight at
4°C. After separation from the epidermis and adipose tissue, the dermis was physically disrupted
and then digested using collagenase IV (Worthington Biochemical) for 3 hrs under 37 °C. After
centrifuge, cell pellet was then resuspended in 25mM glucose Dulbecco’s Modified Eagle Medium
(DMEM, Gibco) with 10% (v/v) fetal bovine serum (FBS, Peak Serum Inc) and 1% (v/v)

penicillin-streptomycin (P/S, Gibco) and culture for 3-5 days to enrich the fibroblast population.

For single-cell RNA sample preparation, after the enrichment assay, fibroblasts were lifted using
trypsin (Sigma), suspended in PBS at a concentration of 1000 cells/ul, and passed through a 100
um cell strainer (BD Bioscience). The single-cell suspension was sent to the Yale Microarray
Center, where library preparation was performed using the Chromium Next GEM single-cell 3’ v3
reagent kit (10x Genomics). The libraries were then sequenced on the Illumina NovaSeq 6000

platform with a 150 bp read length.
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For bulk RNA sequencing, RNA was isolated from passage 1 fibroblasts using the RNeasy Mini
Kit (Qiagen) according to the manufacturer’s protocol. The RNA concentration was determined
using a Nanodrop spectrophotometer (Thermo Scientific). Approximately 2 ug of RNA per sample
was sent to the Yale Genomics Core for sequencing using the Illumina TruSeq Stranded mRNA

kit (Illumina).

Sequencing Data Analysis

Sequencing data were aligned to the mouse genome (mm10) using Cell Ranger (10x Genomics).
The raw matrix was then analyzed with the Seurat R package (version 5.0.3) [26]. Cells with low-
quality reads (nFeatures < 300, or mitochondrial gene percentage < 0.1% or > 10%) were excluded
during the QC process. A total of 18,193 and 20,134 cells remained for WT and KO samples (n=3),
respectively, and these were merged and integrated using canonical correlation analysis (CCA)
reduction (dims.use = 1:40). Graph-based clustering was performed using the FindClusters
function in Seurat (resolution = 0.4, dims.use = 1:40), and markers for each cluster were identified
using the FindAllMarkers function (min.pct = 0.5, log fold change > 0.25). Cluster visualization
on a 2D map was done using uniform manifold approximation and projection (UMAP) via the

RunUMAP function [27].

Given the uneven distribution of cell numbers across clusters, differential gene analysis between
genotypes within individual clusters was performed to minimize confounding variance.
Specifically, comparisons were made between individual KO and WT samples, resulting in the
generation of nine gene lists. A scoring value was created to reflect the frequency of each gene
across the nine gene lists. P-values were integrated using Fisher’s method. Genes were ranked
based on Fisher p-value, average fold change (Avg Log2FC), ratio, power (Avg Log2FC x ratio),

and score (frequency across datasets). Genes with a score of 6 or higher were selected for further
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analysis. Downstream GO pathway and network analysis were performed using the STRING

database (https://string-db.org/).

For cell-cell communication analysis, cells were processed using the NICHES package [28].
Autocrine signaling in endothelial, epithelial, and immune cells were excluded to focus
specifically on fibroblast interactions. The signaling archetypes were annotated based on the
sending and receiving cell types, with most interactions being related to fibroblast autocrine
pathways. Cell-cell signaling edges were down-sampled to mitigate sample variation due to
sample size and integrated with rpca (resolution = 0.2, dims.use = 29). Differential cell-cell

signaling between genotypes was explored using the FindMarkers function.

Violin, ridge, and feature plots of specific gene expression levels were generated using the
corresponding functions in Seurat. Other visualizations, such as dot plots, histograms, and

heatmaps, were generated using the ggplot2 and pheatmap packages [29, 30].

For bulk RNA-seq data, FASTQ files from individual samples were inputted and analyzed using
the Partek Flow platform. Specifically, reads were aligned to the mouse reference genome (mm10)
using STAR within the platform [31]. The aligned reads were then mapped to known transcripts
using RefSeq as the annotation model. Low-expression genes (features < 10) were filtered out, and
the remaining counts were normalized based on the median ratio (DESeq2 only). Following
normalization, principal component analysis (PCA) and differential analysis were performed. A
list of 462 genes was generated using thresholds of FDR < 0.05 and fold change > 1.5 or < -1.5.
Downstream pathway analysis, including GO pathways and GSEA, was conducted using the
STRING database (https://string-db.org/) and the Web-based Gene Set Analysis Toolkit

(https://www.webgestalt.org).
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Flow Cytometry (FACS)

A total of 1,000,000 isolated fibroblasts were fixed using 2% PFA (J.T. Baker) for 20 minutes and
permeabilized with 0.1% Triton-X in PBS for 15 minutes. Cells were treated with 1% BSA in PBS
for non-specific blocking and then incubated with FACS antibodies. Untreated fibroblasts were
used as a negative control, and beads stained with corresponding antibodies were used as a positive
control. All cells were passed through a 100 um cell strainer (BD Bioscience) before being loaded
onto the FACSAria I (BD Bioscience), and signals were recorded for 105 events. Laser
parameters were set based on the negative and positive controls. Data analysis was then performed

using FlowJo software (FlowJo, LLC).

Immunofluorescence (IF) Staining

For wound tissue IF staining, 4-mm thick paraffin-embedded tissue slides from WT and TSP2KO
mouse D7 wounds were processed according to standard protocols. Primary antibody was diluted
in 1% BSA in PBS and applied to the tissue area. After overnight incubation at 4°C, slides were
incubated with secondary antibody solution with DAPI for 1 hr at RT and mounted using
VECTASHIELD® Antifade Mounting Medium (Vector Laboratories, H-1000-10). Stained tissues
were then imaged under EVOS Cell Imaging System (ThermoFisher Scientific). Images were

analyzed with ImageJ (Molecular Devices).

CRISPR TSP2KO Cell lines Creation

CRISPR/Cas9 Knock out experiments were conducted using LentiCRISPR(pXPR 001) plasmid
as directed by the protocol [32]. Briefly, four guideRNA targeting TSP2 geno sequences were
designed (sequence information was enclosed in Table S3.1) and inserted into the vector. To make
lentivirus, lentiCRISPR was co-transfected into HEK293T cells with packaging plasmids pVSVg

(Addgene 8454) and psPAX2 (Addgene 12260). Next, NIH3T3 cells were infected using the
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produced lentivirus with or without TSP2 guide RNA. Infected cells were then processed via single
cell sorting and plated into individual well in 96-well plate to obtain single cell colony. The

depletion of protein was validated using western blot.

Reverse Transcription and quantitative-RT-PCR

Reverse transcription was completed with the QuantiTect Reverse Transcription Kit (Qiagen).
Quantitative real-time PCR (qQRT-PCR) was performed with the iTaq Universal SYBR Green One-
Step Kit (Bio-Rad) on a CFX96 Touch Real-Time PCR machine (Bio-Rad). Primers were ordered
from the Keck Oligonucleotide Facility (Yale University) from sequences found in PrimerBank
(Harvard University) or published literature (Table S1). Data were normalized to GAPDH or f3-

actin expression.

Western Blot

Lysates were extracted from cells using RIPA buffer (pH = 7.4, Boston BioProducts, Inc.)
supplemented with cOmplete EDTA-free protease inhibitor cocktail (Roche). Protein
concentration was determined using BCA protein assay kit according to supplier’s instructions
(Thermofisher). Standard western blot was then performed using a mini-PROTEAN TGX Stain-
Free Gel (10%, Bio-Rad) and the Licor Odyssy CLx system was used to visualize blots.

Densitometry analysis was performed using ImageJ Gels plugin.

Immunofluorescence (IF) Staining

For cell IF staining, samples were fixed in 4% paraformaldehyde (PFA, J.T. Baker), permeabilized
using 0.1% Triton-X, immersed with 1% BSA in PBS for blocking, and incubated with primary
antibody for overnight at 4°C and secondary antibody at RT for 1 hr subsequently. Stained cells
were then imaged under EVOS Cell Imaging System (ThermoFisher Scientific). Images were

analyzed with ImageJ (Molecular Devices).
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Scratch Assay

Cell scratch assay was used to evaluate the migration ability and conducted based on the protocol
described previously !7. Briefly, fibroblasts were seeded in a 6-well plate and allowed to grow to
100 % confluence. A scratch was created in each well with a 200 pL pipet tip. The cells were then
washed with PBS and incubated in fresh media. The plates were then monitored and photographed
using a Zeiss Axio Vert.Al inverted light microscope for the following 24 hours. The area of the
scratch at each time point was measured with ImagelJ, and relative wound closure (%) calculated

for each well. All experiments were performed at least three times in triplicate.

Cell Proliferation

Fibroblast proliferation was examined using Cell Counting Kit-8 (CCK-8, ab228554, Abcam)
according to the manufacture protocol. Specifically, a total number of 3x103 CRISPR Control and
TSP2KO NIH 3T3s were seeded in a 96-well plate per well. Cell proliferation rate was determined

in cultures supplemented with 10% CCK-8 using a plate reader (O.D. 460) 10% CCK-8 solution.

Cell Transfection

Cell transfection was performed using transfectamine 5000 (AAT Bioquest) or lipofectamine 3000
(Thermo Fisher) according to the suppliers’ protocola. Briefly, TSP2KO CRISPR cells were
seeded on a 6-well plate the day before transfection at a concentration of 2x10*. Once reach 80%
confluency, reagents and pcDNA plasmid were thawed in advance, then mixed at the ratio of 2.5ug
DNA: 7.5 pL transfectamine 5000, or 2.5ug DNA: 3.75 pL lipofectamine 3000: 5 uL. P3000 in
Optimen. After sitting in room temperature for 20 mins, the DNA and lipofectamine mixture was
added into individual plates with fresh media. After 48-72 hr incubation, media was changed to
normal media with 750 pg/ml G418 (Gibco), and cells are cultured for another 48 hrs to select out

those without transfection. Then cells were processed either by western blot or immunostaining
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for molecular validation and further analysis. Cells transfected with pcDNA3.1 GFP were utilized
to assess transfection efficiency. For B-catenin stanning, pcDNA3.1 ¢ was used as a control vector

instead.

Reagents

The following primary antibodies were used for flow cytometry, IHC or IF: Sox10 Antibody
[Alexa Fluor 700] (1:200, Novus Biologics, NBP2-59621AF700), anti-Neurofilament H (NFH)
(1:200, EMD Millipore, AB1989), anti-Vimentin (1:500, EMD Millipore, AB5733), TGFB3
Rabbit pAb (1:250, ABclonal, A8460), Sox10 Rabbit pAb (1:100, ABclonal, A15100), B-catenin

(IF: 1:20, R&D system, AF1329).

The following primary antibodies were used for western blot: TSP2 Antibody (1:250, GenScript),
B-Catenin Antibody (1:500, Cell Signaling, 956285), Anti-LOX antibody (1:500, Abcam, ab31238),
Human/Mouse Wnt4 antibody (1:500, R&D system, MAB475), TGFB3 Rabbit pAb (1:500,
ABclonal, A8460), GAPDH Rabbit mAb (1:1000, Cell Signaling, 5174S), and anti-B-actin (1:1000,

Abcam, ab8226), HSP90 Anbody (1:1000, Santa Cruz Biotechnology, sc-13119)

The following secondary antibodies were used for immunofluorescence staining or flow cytometry:
anti-rabbit IgG Alexa Fluor 488 (1:1000, Invitrogen, al 1008), anti-chicken IgG Alexa Fluor 488
(1:1000, Abcam, ab150169), anti-rabbit IgG Alexa Fluor 555 (1:1000, Abcam, ab150078), anti-
goat IgG Alexa Fluor 647 (1:500, Invitrogen, a21447), and anti-goat IgG Alexa Fluor 488 (1:1000,
Invitrogen, a21467). The following secondary antibodies were used for western blots in the Licor
Odyssy DLx system: anti-mouse IgG Alexa Fluor 680 (1:1000, Invitrogen, al0038), and anti-

rabbit IgG Alexa Fluor 800 (1:1000, Invitrogen, a32735).

Statistical Analyses
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Error bars represent the standard deviation (SD) unless stated otherwise. An unpaired Student’s t-
test (two-tailed) was performed for comparisons between two groups. For comparisons involving
three or more groups, one-way analysis of variance (ANOVA) with Tukey’s post hoc test for
multiple comparisons was used. Statistical methods other than these two were specified with the
results. All statistical analyses were performed using GraphPad Prism 9 or in R. Non-significant

comparisons are not shown in the figures by default.
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Results

Single-cell RNA transcriptomics reveals distinct WT and TSP2KO dermal fibroblast

heterogeneity.

Isolated dermal fibroblasts (DFs) from WT and TSP2KO mouse back skin (male, 12-week-old,
n=3) were subjected to single-cell RNA sequencing (scRNA-seq) (Figure 1A). After assessing
sample quality based on UMI counts, gene features, and mitochondrial percentage, we obtained
20,134 cells from KO and 18,193 cells from WT samples. Using classical markers such as Collal,
Ptprc, Epcam, and Cdh5, we identified four major cell types in the skin: mesenchymal, immune,
epithelial, and endothelial cells (Figure S1). Cell proportion analysis revealed >95% fibroblast
abundance across samples, confirming the reliability of the fibroblast enrichment protocol (Figure

S1).

Within the Collal+ population, we identified 10 distinct cell subtypes based on specific marker
expression: DCN+, Rspo3+, Dkk2+, Ebf2+, Tacol+, IFN_Stimulated fibroblasts (Fb), Schwann
Precursors (ScP), Vascular smooth muscle cells (VSMC), and Schwann (Sc) or Fibroblast (Fb)

Cycling cells (Top2a+) (Figure 1).

The main fibroblast populations, Den+, Rspo3+, and Dkk2+, decreased in KO group. They express
common fibroblast markers such as Thyl (CD90), Pdgfra, S100a4, Dlk1, and Ly6a (Sca) with
ECM-related genes, including Adamts2, Dkk3, Lox, and Fbnl, enriched in the Den+ population.
Rspo3+ fibroblasts were highly positive for Enl, Ltbp1l, Wnt5a, and Fgf10, genes associated with
WNT and TGF-f signaling pathways. In contrast, Dkk2+ fibroblasts expressed Bmprlb, Ptgsl,

Ptgs2, and Mmp3, constituting a novel signaling profile.

14


https://doi.org/10.1101/2024.12.06.627278
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.12.06.627278; this version posted December 12, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

A notable finding was the increased proportion of a Sox10+ population in the KO samples (Figure
1), in which various neural crest stem cell makers including Sox2, Sox10, and Ngfr were present.
Flow cytometry analysis of mouse skin fibroblasts confirmed this increased population of Sox10+
cells in the TSP2KO group (Figure 1). Moreover, this population expressed Schwann-cell-lineage
markers like Erbb3, S100b, and Gap43 instead of melanocyte markers like Mitf. However, they
were negative for the mature Schwann cell markers like Egr2, Pou3fl, and Mbp (Figure 1 & S1).
Thus, we believe this population remains in a more dedifferentiated state and named it Schwann

Precursors (ScP). Cycling cells were identified using markers such as Top2a and Ccna2.

Unlike major fibroblast populations that displayed overlap in multiple genes, smaller subsets
showed patterns in the expression of specific markers. For example, Tacol, which encodes a
mitochondrial protein that functions as a translational activator of mitochondrially-encoded
cytochrome c oxidase 1, was only expressed in Tacol+ fibroblasts. Interestingly, this population,
though small in WT, almost disappeared in KO fibroblasts (Figure S1). [IFN-Stimulated fibroblasts
expressed a combination of interferon (IFN) -stimulated genes including Ifitl, Ifit3, and Oasl2,
suggesting a potential role in immune response for acute infection. Ebf2, a highly selective marker
for brown and beige fat precursor cells [33], was present in two cell populations. Nevertheless,
none of these populations expressed other adipocyte precursor cell markers like KIf4 and Pparg
(Figure S1). Instead, one was positive for smooth muscle cell markers like Myh11, Myoml, and
Cnnl thus identified as vascular smooth muscle cell (VSMC). The other was then named Ebf2+

fibroblasts with Igfbp4 and Vit enrichment.

Taken together, clustering analysis demonstrates the heterogeneity of skin fibroblasts and suggests

a shift in cell state distribution with TSP2 depletion. Specifically, cells expressing standard skin
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fibroblast markers such as Pdgfra, Thyl, Enl, Dcn, Rspo3 are diminished in the KO population.

In contrast, a population resembling Schwann precursor cells is increased in the KO group.
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Figure 1. Single cell transcriptomics reveals distinct WT and TSP2KO dermal fibroblast
heterogeneity. (A) Diagram of dermal fibroblast isolation and sequencing process; (B) Cell
cluster UMAP plot; (B) Cell type distribution in each genotype; (D) Dot plot of selected marker
genes for each cell cluster; (E) Feature plots of representative markers for Schwann cell
development within Sox10+ population; (F) Histogram of Sox10-700 intensity of unstained and
stained dermal fibroblasts and quantification of Sox10+ cells in WT and TSP2KO groups (n = 3,
Unpaired T test, two-tailed, *, p<0.05).
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Cell-cluster specific gene differential analysis highlights shifted cell states with the loss of
TSP2.

To further explore the differences among fibroblast subpopulations, we conducted a cluster-
specific differential gene analysis. In all clusters, TSP2 was among the top downregulated genes
in KO samples, confirming the dataset's reliability. Similarly, osteoglycin (Ogn), a small keratan
sulfate proteoglycan, was consistently downregulated in all KO clusters except Schwann
precursors (Figure 2 and Table S2-6). In the largest fibroblast subpopulations (Dcn+ and Rspo3+),
homeobox C8 (Hoxc8), a transcription factor essential for growth and differentiation, and growth
factor augmenter of liver regeneration (Gfer), a protein critical for mitochondrial biogenesis, were
downregulated in KO samples. In contrast, genes such as Greml, Sod2, Tnc, Cebpb, and Snrip
were commonly upregulated in the Dent, Rspo3+, and Dkk2+ populations (Figure 2 and S2.2).
These upregulated genes in the KO group are involved in crucial biological processes and cellular
homeostasis. For instance, Greml is a BMP antagonist and VEGFR agonist to regulate cell
differentiation and angiogenesis [34, 35]; Sod2 encodes mitochondrial superoxide dismutase 2,
which protects cells from oxidative stress; Tnc (tenascin-C), as described before, is a matrix
glycoprotein mediating cell and ECM interactions; Cebpb is a transcription factor that is involved
in cell proliferation and differentiation; and Snrfp encodes a protein that participates in pre-mRNA
splicing and RNA binding. In addition to these shared genes, Dcn+ fibroblasts demonstrated more
growth factor- and extracellular matrix-related genes that are highly differential expressed between
WT and KO samples including Igtbp2, Fgf10, Col18al, Postn, Col5a3, Col4a5, Col8al, Colllal,
and Efemp1. These genes are related to morphogenesis, matrix organization, and cell adhesion per
GO pathway enrichment analysis. Rspo3+ cells displayed downregulation of Sfrpl (secreted

frizzled-related protein 1), a WNT inhibitor, indicating a potential negative effect of TSP2 in WNT
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activation. Interestingly, Trp53, a gene that induces cell cycle arrest and apoptosis is increased in
KO, which may contribute to the decreased percentage of Rspo3+ population. Consequently, GO
analysis highlighted fibroblast proliferation, locomotion, and migration as top biological processes

affected by the loss of TSP2.

Schwann Precursors in KO group expressed elevated levels of many genes that are pro-survival
and pro-angiogenic. The top 10 upregulated genes included Pdgfb (Platelet-derived growth factor
subunit), Mcam (Cell surface glycoprotein MUC18), Moxdl (monooxygenase protein), Jagl
(Jagged-1), Plpl (Myelin proteolipid protein), Cdh2 (Calcium-dependent cell adhesion protein),
Col18al, Sdc4 (Cell surface proteoglycan), Edil3 (EGF like repeats and discoidin domains 3),
Anxal (Annexin Al) (Figure 2 and Table S2). Most of those play a positive role in cell
proliferation, migration, survival, and fate determination via both autocrine and paracrine
pathways. Specifically, Pdgfb is known for its effect in promoting cell survival and proliferation.
Jagl is a potent Notch ligand which can activate a series of biological processes including
angiogenesis [36]. Mcam and Cdh2 are critical for cell adhesion thus regulating cell interactions.
Edil3 is essential in angiogenesis and vascular development and Annexin-Al is important for
VEGF-mediated endothelial cell migration. GO analysis identified that positive regulation of
endothelial cell migration was the top regulated pathway, followed by cell-substrate adhesion and

epithelial cell development.

Overall, cluster-specific differential analysis emphasizes the heterogeneous effects of TSP2
deficiency on fibroblast function and molecular expression. Nevertheless, common features,
including alterations in BMP and WNT signaling related molecules, are observed across major

fibroblast populations. Additionally, various cell function-related genes such as Pdgfb, Jagl, and
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Cdh2 are involved in both autocrine and paracrine interactions, pointing to potential disruptions in

cell-cell communication.
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Figure 2. Cell-cluster-specific gene differential analysis identifies highly regulated genes by
TSP2 depletion in each cluster. (A) Heatmap of highly differential genes (score > 6, |power| >
1), (B) GO pathway analysis, and (C) violin plots of highly regulated genes between WT and KO
within Schwann Precursors, DCN+, and Rspo3+ fibroblasts.
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Cell-cell communication analysis indicates enhanced PDGFb and reduced Bmp4 signaling
in TSP2KO fibroblasts.

To investigate cell-cell signaling, we applied the NICHES method, which analyzes communication
between individual pairs of cells (referred to as edges), to our dataset. Signaling involving
Schwann Precursors and Schwann Cycling cells was enriched in the KO population (Figure 3).
Ligand-receptor communications involving Erbb3 and Ngfr were particularly prominent for them
as receiving population. Signaling received by fibroblast populations was marked by mechanisms
involving FGF receptors, such as Fgf5-Fgfrl, Fgf10-Fgfrl, and Pf4-Fgft2. Signaling via these
pathways originated from Schwann Precursors, other fibroblasts, and immune cells, respectively

(Figure 3).

Enrichment of communications between WT and KO fibroblasts showed difference due to both
perturbed cell numbers and molecule expression. For example, Wnt5a-Mcam (Fb—ScP) and Fgf10-
Fgfr1/2 (Fb—Fb), were enriched in either KO or WT populations due to differences in ScP and
traditional fibroblast population. TSP2-related signaling was downregulated in KO samples as
expected. Notably, Bmp4 signaling pathways, including Bmp4-Bmprla/Bmpr2/Acvr2/Acvr] are
enriched in WT group with Dcn+ and Rspo3+ cells being the major producers and receivers.
Therefore, the reduction of BMP4 communication in KO might be due to the decreased percentage
of major fibroblast population. In contrast, PDGFb-related signaling, including Pdgfb-Lipl,
Pdgfb-Pdgfrb, and Pdgfb-Itgav, and Notch signaling was upregulated in KO fibroblasts (Figure 3
and S3). Circuit plot delineating cell-cell communications demonstrated that Schwann Precursors
and Schwann Cycling cells were the major senders of PDGFDb signaling, with more cells involved

and enhanced signaling intensity represented by the thickness of the edges (Figure 3).
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Overall, cell-cell communication analysis suggests enhanced PDGFb and reduced Bmp4 signaling
in TSP2KO cells with altered cell players. These analyses are aligned with previous observations
such as increased PDGFb expression in KO Schwann Precursors and enhanced Bmp4 antagonist,
Greml, in Dcn+ fibroblasts. Given the roles of PDGFb and BMP signaling in cell proliferation,
migration, and differentiation[37-39], TSP2KO fibroblasts likely exhibit altered behavior in these

processes.
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Figure 3. NICHE analysis indicates enhanced PDGFb and reduced Bmp4 intercellular
signaling in TSP2KO fibroblasts. (A) The distribution of WT and KO signaling edges in a 2D
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UMAP plot; (B) Sending cell type and receiving cell type of each edge; (C) Signaling Archetypes
defined via Louvain clustering; (D) Representative signaling mechanism for each cluster; (E)
Volcano plot of highly regulated ligand-receptor mechanisms perturbed by KO; (F) Circuit plot of
PDGFb and Bmp4 family signaling in WT and KO cells (edge thickness is proportional to mean
connectivity and frequency, respectively).
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Bulk RNA sequencing confirms perturbation of ECM-related proteins and suggests a

positive regulation of WNT pathway in KO fibroblasts.

To investigate global transcriptional changes caused by TSP2 deficiency in fibroblasts, we
performed bulk-RNA sequencing, which is more sensitive to rare transcripts, on RNA isolated
from DFs. We identified 462 significantly perturbed genes and confirmed changes in ECM genes
and cell migration. ECM proteins identified by both sequencing including Cspg4, Tnc, Adamts2,
Postn, Dcn, Tgtbi, and Lum, are known to contribute to ECM assembly and cell-ECM interactions.
Interestingly, DCN knockout ECM exhibits similar structural changes as TSP2KO fibrils [40].
Previous proteomic data also showed decreased levels of Dcn, Lum, and Tgfbi in KO skin ECM,
so we aimed to validate their expression levels first. However, qPCR and western blot results were
inconsistent for Dcn, Tgtbi, and Lum, likely due to cell heterogeneity. This heterogeneity was also
emphasized in the Tissue expression pattern of the global genes where Schwann cell, Microglia,
Bone-marrow derived macrophages and glial cells are suggested to be top compartments affected

(Figure S4).

Intriguingly, Gene Set Enrichment Analysis (GSEA) indicated a positive regulation of cell-cell
WNT signaling in addition to vascular-related processes in KO fibroblasts, implicating a new
molecular pathway affected by loss of TSP2. Western blot and qPCR on dermal fibroblasts
confirmed a robust increased expression of TGF-B3 and WNT4, two molecules that are involved
in WNT signaling, in KO group. Furthermore, pathways involving interleukin-1 receptor activity
and immune responses were downregulated in KO fibroblasts, suggesting a potential role for TSP2

in inflammation.
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In summary, bulk RNA seq analysis confirms perturbation in ECM proteins and cell functions and
hints a positive regulation of WNT signaling globally after incorporates cell heterogeneity. These
findings are in consistent with established understanding of TSP2 function but also suggest new

molecular pathways regulated by TSP2, for example, WNT4 and TGF-3.

Z-score

Enrichment Score

A

123 198 response to cytokine-]
response to bacterium-|
immune response-| g
response to other organism-] g
to external biotic stimulus-] g
Cspg4 response to extenal biotc stimulus g
response to bioti us- o
Fgf13 cattmigrationd 4= §
2
Pmmi1 cell motility- 2
Simay locomotion-]
Tpm1 of cell or
Pard3bos: A
o]
Wt matrix
Tem21 cell surface-]
rim
external side of plasma membrane- e
receptor complex- s
actin cytoskeleton] o
plasma membrane protein complex] g
region part 12’ D
extracellular space-] H vascular process in circulatory system
intrinsic component of plasma membrane-] regulation of tube size
neuronpartd | [cell-cell signaling by wnt |
3 B8 8 & response to BMP
acid bi cardiocyte differentiation
actomyosin structure organization
interleukin-1 receptor activity- temperature homeostasis
collagen binding ] <= = response to transforming growth factor beta
thtm1 cytokine receptor activity- g ref:l;z\eem:rilzzg nswgna\ing pathway
tm actin filament binding-] 5 mgene’;‘amng
Slfn2 actin binding T chemokine production
Fcer1glil receptor ligand activity-] | 3 taxis
_— ol i % biological process involved in symbiotic interaction
Zfp361 5 signaling receptor binding] s acute inflammatory response
Stab protein-containing complex binding4 ] humoral immune response
1 identical protein binding | receptor signaling pathway via STAT
response to chemokine
WT TSP2KO 1.0 05 0.0 05 10
WT1 WT2TK1 TK2 s
R 5
T DCN L= Lum 3 a *
5 £ TGF-beta i I WNT4 - TGFB3 TSpy T == - @15
£ 06 F S = I « BN T
& 0 2010 & 0.0010 3 5 *k >
5 & o * g 2 o008 *k g 0.04 L
e o g o =
3 . 2 0.08 2 0.0008 ] HSP90 S 40
3 B 2 0. = e 3
3 04 s B e = 0.03 k]
N @ [ 5 0.006 B =
s = 0.06 £ 0.0006 . F £ s
5 £ E H | Fom 2
5 E X £ 0 @
202 § 0.04 § 0.0004 w| £ £ Te gos
2
3 £ = £ = TGFB3 H
3 g 002 [ $ 0.0002 3 0002 g o001 s
< = 2 K 2 5
z 00 £ < < < 2 0.0
4 o Z 0.00 2 0.0000 2 o Z 000 ° WT TSP2KO
E & & 14 0 © [ o o () a
& B S e 8 S o S e BE
& & & &

Figure 4. Bulk-RNA sequencing confirms perturbation in ECM proteins and suggests a
positive regulation of Wnt pathway in KO fibroblasts. (A) Heatmap of genes that are
differential expressed between two genotypes. (B) GO analysis. (C) Network map of ECM proteins
identified. (D) GSEA analysis. (E) qPCR of genes that are shown up in multiple unbiased analysis
in WT and KO primary fibroblasts. (F) Western blot of TGF-B3 in cell lysates isolated from WT
and TSP2KO (TK) mouse dermal fibroblasts. (n = 3-8, unpaired T-test, two-tailed, *, p<0.05, **,

p<0.001)
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Depletion of TSP2 in NIH3T3 cells using CRISPR/Cas9 allows functional exploration in a
less heterogeneous system

Given the heterogeneity observed in both in vivo environments and isolated primary dermal
fibroblasts, we used CRISPR/Cas9 to deplete TSP2 in NIH 3T3 cells to create a less complex
system. Briefly, we designed four guide RNAs targeting different regions of the TSP2 gene and
used virus-encoded delivery to infect NIH 3T3 cells. After single cell sorting, we obtained colonies
for two KO cell lines (KO-1 and KO-2) and one control cell line infected with an empty vector
(Figure 5). Western blot analysis of cell lysates and media from the two TSP2 KO cell lines
confirmed successful TSP2 depletion. Additionally, a downstream target of TSP2, Lox, was
reduced in KO samples, providing further validation of the knockout (Figure 5). gPCR analysis
showed no significant difference in Sox10 and Ngfr mRNA levels between KO and control cell
lines (Figure S5), indicating that TSP2 depletion does not alter cell fate in NIH3T3s, and that the

population is homogeneous.

We then explored the impact of TSP2 deficiency on two critical cell functions in tissue repair—
proliferation and migration, which were also highlighted as top regulated pathways from previous
sequencing analysis. Cell proliferation, assessed using a CCK-8 assay, showed a higher cell count
in the KO group compared to the control after 48 hours of culture (Figure 5). Similarly, scratch
assay results revealed that TSP2 KO cells closed the wound area more efficiently than control cells
24 hours post-scratch (Figure 5). These in vitro analyses suggest that depletion of TSP2 improves
fibroblast functions, further emphasizing the potential of TSP2 as a therapeutic target for impaired

wound healing.
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In summary, we successfully established two TSP2 KO CRISPR cell lines and observed enhanced
proliferation and migration in the deficient cells. These findings align with previous in vivo

observations and functional pathway analyses from RNA sequencing.
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TSP2 deficiency induces B-catenin activation in the setting of increased Wnt4/ TGF-§3.

Pro-regenerative molecules and signaling were suggested to upregulated in TSP2 KO primary
fibroblasts. Here, we reassured mRNA and protein levels of TGF-f3 and found it to be increased
in TSP2KO NIH3T3 cells compared to controls (Figure 6). Moreover, WNT4, a WNT signaling
pathway ligand, showed upregulation in CRISPR KO cells, which is consistent with observations
in primary DFs (Figure 4 & 6). Generally, a B-catenin signaling cascade is initiated by the binding
between WNT ligand and receptor with activation of Racl. Previous research has also shown that
TSP2 deficiency was associated with increased active Racl level. Therefore, we measured (-
catenin in TSP2KO NIH3T3 cells to assess the activation state of WNT signaling.
Immunofluorescence analysis showed an increased nuclear ratio of B-catenin in TSP2KO cells
compared to WT and control 3T3 cells (Figure 6). Furthermore, western blot of Control and KO
cell lysates confirmed increased level of total active B-catenin in the latter (Figure 6), suggesting

a mechanism involving enhanced stabilization.

Conversely, rescuing TSP2 expression in KO cells using pcDNA-TSP2 led to reduced Wnt4 and
TGF-B3 protein levels compared to cells transfected with pcDNA-GFP (Figure 6). Furthermore,
B-catenin immunostaining also showed lower nuclear intensity in KO cells transfected with

pcDNA-TSP2 compared to those with pcDNA 3.1c.

In summary, TSP2 deficiency promotes P-catenin stabilization and nuclear translocation,

accompanied by increased expression of Wnt4 and TGF-p33.
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Neurogenesis is enhanced in TSP2KO skin wounds with increased Sox10+ fibroblasts and

TGF-p3 expression.

Fibroblasts in TSP2KO skin are shown to shift towards a pro-regenerative phenotype including
increased presence of Schwann multipotent Schwann cells, elevated levels of TGF-B3, and
enhanced WNT signaling. Interestingly, a recent study indicates that -catenin is required for the
functional activation of Schwann cells following injury, leading to the release of TGF-f3, which
promotes tissue repair [41]. Given the crucial role of dedifferentiated Schwann cells in peripheral
nerve regeneration [41-45], we hypothesized that neurogenesis would be increased in TSP2KO

skin wounds.

To test this hypothesis, we stained day 7 (D7) WT and TSP2KO skin wounds for Neurofilament
H (NFH), a marker of neurons. Quantification of NFH+ areas within the total wound area revealed
an increased formation of de novo nerve bundles in KO wounds compared to WT wounds (Figure
7). Additionally, the nerve bundles in KO wounds were significantly larger in diameter than those
in WT wounds (Figure 7). Inmunofluorescence staining for Sox10 in vivo demonstrated a higher
number of Sox10+ cells in KO skin wounds (Figure 7 and S6). Further analysis of TGF-33+ areas

confirmed increased production of TGF-3 by KO fibroblasts (Figure 7 and S6).

Taken together, these in vivo results support the hypothesis that depletion of TSP2 promotes
neurogenesis in wounds. The increased production of TGF-B3, along with the higher presence of
Sox10+ cells in KO wounds, not only validates in silico and in vitro observations, but also
highlights a potential link between TSP2 deficiency and enhanced tissue regeneration. These
findings suggest that TSP2KO skin environment is conducive to nerve repair, likely contributed

by the shifted steady state of fibroblasts.
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Discussion

In this study, we explored the correlation between TSP2 and regeneration by focusing on
fibroblasts, a major player in skin repair. Single-cell RNA sequencing enabled us to investigate
fibroblast heterogeneity in greater detail. Despite differences between subtypes, all fibroblast
populations shared common markers like Collal and showed enrichment in pathways related to
ECM proteins and cellular functions, consistent with current understanding of fibroblast biology.
However, the overlapping expression of markers between fibroblast subtypes complicated cluster
annotation in our study, particularly for the largest populations such as Dcn+, Rspo3+, and Dkk2+
fibroblasts. While these subtypes share common markers, certain genes were more highly
expressed in specific clusters. For instance, Thyl, a key marker associated with fibrosis in skin
[46], showed greater expression in Den+ fibroblasts. Thy! is known to influence fibroblast lineage
commitment between myofibroblasts and lipofibroblasts [47]. Similarly, Enl, a marker more
prevalent in Rspo3+ fibroblasts, has been reported to promote fibrosis during tissue repair. The
reduction in both Den+ and Rspo3+ fibroblast populations in TSP2KO mice may contribute to the

reduced scar formation in wounds and the reduced levels of Collal protein in the KO ECM [25].

In addition to fibrotic markers, the traditional fibroblasts also express numerous ECM- and cell
function- related proteins which are perturbed by TSP2 deficiency. For example, Ogn and Tnc,
non-structural ECM proteins, are discovered to be the top down- and up- regulated genes in
TSP2KO fibroblasts, respectively. Ogn, a proteoglycan, is known to modulate cell proliferation,
migration, differentiation, and matrix assembly [48]. Knockdown of Ogn promotes smooth muscle
cell proliferation and migration via the VEGF/VEGFR?2 axis [49]. Conversely, overexpression of
Tnc fosters fibroblast migration and differentiation, functions that are important for tissue repair

[50]. We also observed changes in BMP pathway-related genes, such as the upregulation of Grem1,
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an antagonist of BMP signaling, and the downregulation of the transcription factor Hoxc8 in
TSP2KO fibroblasts [34, 51, 52]. These alterations may contribute to the reduced BMP signaling
identified in the cell-cell communication analysis, further highlighting the complex regulatory role

of TSP2 in fibroblast behavior and ECM dynamics.

In contrast to the decrease of fibrosis-related fibroblast population, an increase of Sox10+
multipotent population is found in KO fibroblasts. While in vitro experiments have demonstrated
that fibroblasts can be converted into Schwann cells with specific stimulus [53], the exact origin
of these cells in the in vivo remains elusive. Nevertheless, KO ScP demonstrated elevated levels
of PDGFb, Cdh2, and Jagl signaling, which might contribute to their cell fate regulation via
improved survival, enhanced migration, and inhibited differentiation. Specifically, PDGFb has
been identified as a critical factor in the autocrine survival circuit of Schwann precursor cells [38,
54], and its enhanced expression in the KO Sox10+ population likely contributes to their wider
distribution within the skin ECM. Moreover, Schwann precursor migration depends on interactions
with both cells and the ECM, as they are directed by axonal guidance. A recent study identified
N-cadherin (Cdh2) as a master regulator of collective Schwann cell migration through Slit2/3-
mediated contact inhibition locomotion [55]. In our TSP2KO model, the increased expression of
Cdh2 in ScPs, along with a more "loosened" ECM environment, likely facilitates their migration
through the ECM. Additionally, elevated Jagl is associated with activation of Notch signaling
which has a dual role in Schwann cell biology: while it promotes proliferation in early stages, it
acts as a negative regulator of myelination during later stages of differentiation [56, 57]. This
suggests that Notch activation may contribute to the retention of a progenitor-like state in these
cells. Interestingly, TSP2 has been reported to both potentiate and suppress Notch signaling

through its interaction with Jagl [58, 59], highlighting a potential regulatory mechanism that
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warrants further investigation. Despite the various hypotheses discussed above, the expansion of
the Sox 10+ population in TSP2KO fibroblasts is discovered and validated for the first time. These
cells not only exhibit molecular similarities to multipotent Schwann progenitors but are also
suggested to release pro-angiogenic and regenerative ligands. This profile may enhance the
regenerative potential of the fibroblast population and foster an environment conducive to tissue

repair.

Proliferation and migration, two cell functions that are critical for tissue repair, are enhanced in
TSP2KO fibroblasts. The improvement in cell functions contribute to the acceleration of wound
healing in TSP2KO mouse [21]. Under normal conditions, enhanced fibroblast proliferation and
ECM deposition and contraction lead to scarring, which is not seen in the KO wounds. This
suggests anti-scarring signaling pathways might also be activated with TSP2 depletion in addition
to the deduction of fibrosis-related fibroblast population. One well-known anti-scarring molecule
is TGF-B3 [60, 61], of which the expression level increases in KO fibroblasts and wounds. TGF-
B3 exerts its anti-scarring effect via reducing collagen type 1 deposition and increasing MMP-9
production [61], which are also observed in TSP2KO wounds. Additionally, TGF-B3 mediates
dermal fibroblast and keratinocytes migration to serve as a traffic control [62]. Interestingly,
studies have found that exogenous WNT ligand treatment increased TGF-B3 expression and
stimulation with TGF-B3 lead to Wnt4 upregulation [63, 64], which was seen in our TSP2-deficient

cells.

Nevertheless, current knowledge is very limited on the interactions between TSP2 and the WNT
pathway with only one study in cancer cells reporting that TSP2 activates WNT signaling [65]. In
that study, TSP2 was shown to inhibit B-catenin degradation to induce activation. However, in our

study, we observe opposite correlation between TSP2 and activation status of P-catenin.
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Specifically, we found that TSP2 deficiency led to enhanced stabilization and nuclear translocation
of B-catenin, indicating activation of the pathway. The elevated level of WNT4, and increased
active Racl suggested previously might work synergistically to induce this change [66] [67, 68].
Additionally, scRNA sequencing analysis suggested a decrease of WNT antagonist Sfrp2 in KO
fibroblasts, which might contribute to B-catenin activation as well. As one of the initial molecular
responses to injury, WNT activation plays a critical role in would healing and inhibited signaling
has been reported in impaired tissue regeneration [69]. Strategies to re-activate f-catenin have led
to improved cell functions and wound healing [70]. The enhanced cell proliferation, migration,
and improved tissue regeneration observed in the TSP2KO environment are likely mediated, in
part, by the activation of the WNT/B-catenin pathway, highlighting TSP2 as a promising

therapeutic target for addressing impaired healing.
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Conclusion

We identified distinct molecular and functional heterogeneity among fibroblasts in both WT and
TSP2KO skin, with an enrichment of pro-regenerative phenotypes in the latter. Notably, we
observed an increased presence of Sox10+ populations, resembling Schwann precursor cells, and
a reduction of fibrosis-related populations in TSP2KO fibroblasts. The expansion of Sox10+
populations was further confirmed through immunostaining of tissues and cells. Pro-survival and
pro-migratory molecules, such as PDGFb and Jagl, expressed by these multipotent progenitors,
may contribute to a conducive environment for tissue regeneration, including increased
neurogenesis. Despite the cell heterogeneity observed, pathways related to cell function and ECM
signaling were identified as the top regulated categories linked to TSP2 deletion, highlighting
TSP2's role as a mediator of cell and ECM interactions. Additionally, this study is the first to
identify the positive regulation of pro-regenerative molecules and pathways, including TGF-3
and WNT signaling, as downstream effects of TSP2 deficiency. The activation of B-catenin
signaling likely contributes to the enhanced proliferation and migration seen in CRISPR-
engineered TSP2KO fibroblasts. Together, changes in cell heterogeneity, improved cell functions,
and activation of WNT4/B-catenin/TGF-B3 signaling likely underpin the enhanced tissue
regeneration observed in TSP2KO wounds. These findings not only enhance our understanding
towards fibroblasts in tissue repair but also highlight a potential therapeutic target for impaired

regeneration.
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Data Availability

All data needed to evaluate the conclusions in the paper are included in this article and its
supplementary information. Datasets are deposited onto NCBI GEO. Codes used for analysis are

available upon request.

References

1. Do, N. and S. Eming, Skin fibrosis: Models and mechanisms. Current research in
translational medicine, 2016. 64(4): p. 185-193.

2. Gomes, R.N., F. Manuel, and D.S. Nascimento, The bright side of fibroblasts: molecular
signature and regenerative cues in major organs. NPJ Regen Med, 2021. 6(1): p. 43.

3. Bensa, T., S. Tekkela, and E. Rognoni, Skin fibroblast functional heterogeneity in health
and disease. J Pathol, 2023. 260(5): p. 609-620.

4. Lujano Olazaba, O., J. Farrow, and T. Monkkonen, Fibroblast heterogeneity and
functions: insights from single-cell sequencing in wound healing, breast cancer, ovarian
cancer and melanoma. Front Genet, 2024. 15: p. 1304853.

5. Lynch, M.D. and F.M. Watt, Fibroblast heterogeneity: implications for human disease. J
Clin Invest, 2018. 128(1): p. 26-35.

6. Meran, L., A. Baulies, and V.S.W. Li, Intestinal Stem Cell Niche: The Extracellular
Matrix and Cellular Components. Stem Cells Int, 2017. 2017: p. 7970385.

7. Myung, P., T. Andl, and R. Atit, The origins of skin diversity: lessons from dermal
fibroblasts. Development, 2022. 149(23).

8. Valenta, T., et al., Wnt Ligands Secreted by Subepithelial Mesenchymal Cells Are
Essential for the Survival of Intestinal Stem Cells and Gut Homeostasis. Cell Rep, 2016.
15(5): p. 911-918.

0. Telerman, S.B., et al., Dermal Blimpl Acts Downstream of Epidermal TGFbeta and
Whnt/beta-Catenin to Regulate Hair Follicle Formation and Growth. J Invest Dermatol,
2017.137(11): p. 2270-228]1.

10.  Woodley, D.T., Distinct Fibroblasts in the Papillary and Reticular Dermis: Implications
for Wound Healing. Dermatol Clin, 2017. 35(1): p. 95-100.

11. Sorrell, J.M. and A.L. Caplan, Fibroblast heterogeneity: more than skin deep. J Cell Sci,
2004. 117(Pt 5): p. 667-75.

12. Stunova, A. and L. Vistejnova, Dermal fibroblasts-A heterogeneous population with
regulatory function in wound healing. Cytokine Growth Factor Rev, 2018. 39: p. 137-
150.

13.  Philippeos, C., et al., Spatial and Single-Cell Transcriptional Profiling Identifies
Functionally Distinct Human Dermal Fibroblast Subpopulations. J Invest Dermatol,
2018. 138(4): p. 811-825.

14. Tsukui, T., et al., Collagen-producing lung cell atlas identifies multiple subsets with
distinct localization and relevance to fibrosis. Nat Commun, 2020. 11(1): p. 1920.

36



15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.
31.

32.

Rinkevich, Y., et al., Skin fibrosis. Identification and isolation of a dermal lineage with
intrinsic fibrogenic potential. Science, 2015. 348(6232): p. aaa2151.

Phan, Q.M., et al., Lef] expression in fibroblasts maintains developmental potential in
adult skin to regenerate wounds. Elife, 2020. 9.

Armstrong, L.C., et al., Thrombospondin 2 inhibits microvascular endothelial cell
proliferation by a caspase-independent mechanism. Molecular biology of the cell, 2002.
13(6): p. 1893-1905.

Gao, Q., et al., Thrombospondin-1 signaling through CD47 inhibits cell cycle
progression and induces senescence in endothelial cells. Cell death & disease, 2016.
7(9): p. €2368-¢2368.

Kyriakides, T.R., et al., Mice that lack thrombospondin 2 display connective tissue
abnormalities that are associated with disordered collagen fibrillogenesis, an increased
vascular density, and a bleeding diathesis. The Journal of cell biology, 1998. 140(2): p.
419-430.

MacLauchlan, S., et al., Enhanced angiogenesis and reduced contraction in
thrombospondin-2—null wounds is associated with increased levels of matrix
metalloproteinases-2 and— 9, and soluble VEGF. Journal of Histochemistry &
Cytochemistry, 2009. 57(4): p. 301-313.

Kyriakides, T.R., J.W. Tam, and P. Bornstein, Accelerated wound healing in mice with a
disruption of the thrombospondin 2 gene. Journal of investigative dermatology, 1999.
113(5): p. 782-787.

Chen, Z., et al., Novel muscle-derived extracellular matrix hydrogel promotes
angiogenesis and neurogenesis in volumetric muscle loss. Matrix Biology, 2024. 127: p.
38-47.

Chen, Z., et al., Bone-derived extracellular matrix hydrogel from thrombospondin-2
knock-out mice for bone repair. Acta Biomaterialia, 2024. 186: p. 85-94.

Morris, A.H., et al., Tunable hydrogels derived from genetically engineered extracellular
matrix accelerate diabetic wound healing. ACS applied materials & interfaces, 2018.
10(49): p. 41892-41901.

Morris, A.H., et al., Decellularized materials derived from TSP2-KO mice promote
enhanced neovascularization and integration in diabetic wounds. Biomaterials, 2018.
169: p. 61-71.

Hao, Y., et al., Dictionary learning for integrative, multimodal and scalable single-cell
analysis. Nature biotechnology, 2024. 42(2): p. 293-304.

Mclnnes, L., J. Healy, and J. Melville, Umap: Uniform manifold approximation and
projection for dimension reduction. arXiv preprint arXiv:1802.03426, 2018.

Raredon, M.S.B., et al., Comprehensive visualization of cell—cell interactions in single-
cell and spatial transcriptomics with NICHES. Bioinformatics, 2023. 39(1): p. btac775.
Wickham, H., W. Chang, and M.H. Wickham, Package ‘ggplot2’. Create elegant data
visualisations using the grammar of graphics. Version, 2016. 2(1): p. 1-189.

Kolde, R. and M.R. Kolde, Package ‘pheatmap’. R package, 2015. 1(7): p. 790.

Dobin, A., et al., STAR: ultrafast universal RNA-seq aligner. Bioinformatics, 2013.
29(1): p. 15-21.

Shalem, O., et al., Genome-scale CRISPR-Cas9 knockout screening in human cells.
Science, 2014. 343(6166): p. 84-87.

37



33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

Wang, W., et al., Ebf2 is a selective marker of brown and beige adipogenic precursor
cells. Proceedings of the National Academy of Sciences, 2014. 111(40): p. 14466-14471.
Koppens, M.A., et al., Bone morphogenetic protein pathway antagonism by Grem1
regulates epithelial cell fate in intestinal regeneration. Gastroenterology, 2021. 161(1): p.
239-254. €9.

Mitola, S., et al., Gremlin is a novel agonist of the major proangiogenic receptor
VEGFR?2. Blood, The Journal of the American Society of Hematology, 2010. 116(18): p.
3677-3680.

Liu, J., et al., JAGI enhances angiogenesis in triple-negative breast cancer through
promoting the secretion of exosomal [ncRNA MALATI. Genes & Diseases, 2023. 10(5):
p.-2167-2178.

Battegay, E.J., et al., PDGF-BB modulates endothelial proliferation and angiogenesis in
vitro via PDGF beta-receptors. The Journal of cell biology, 1994. 125(4): p. 917-928.
Eccleston, P., et al., Schwann cells secrete a PDGF-like factor: evidence for an autocrine
growth mechanism involving PDGF. European Journal of Neuroscience, 1990. 2(11): p.
985-992.

Li, Z., et al., BMP4 signaling acts via dual-specificity phosphatase 9 to control ERK
activity in mouse embryonic stem cells. Cell stem cell, 2012. 10(2): p. 171-182.
Danielson, K.G., et al., Targeted disruption of decorin leads to abnormal collagen fibril
morphology and skin fragility. The Journal of cell biology, 1997. 136(3): p. 729-743.
Ou, M.-Y ., et al., Dedifferentiated Schwann cell-derived TGF-f3 is essential for the
neural system to promote wound healing. Theranostics, 2022. 12(12): p. 5470.

Carr, M.J. and A.P. Johnston, Schwann cells as drivers of tissue repair and regeneration.
Current opinion in neurobiology, 2017. 47: p. 52-57.

Clements, M.P., et al., The wound microenvironment reprograms Schwann cells to
invasive mesenchymal-like cells to drive peripheral nerve regeneration. Neuron, 2017.
96(1): p. 98-114. e7.

Silva, W.N., et al., Role of Schwann cells in cutaneous wound healing. Wound Repair
and Regeneration, 2018. 26(5): p. 392-397.

Zhou, S., et al., Diminished schwann cell repair responses play a role in delayed
diabetes-associated wound healing. Frontiers in Physiology, 2022. 13: p. 814754.
Marangoni, R.G., et al., Thy-1 plays a pathogenic role and is a potential biomarker for
skin fibrosis in scleroderma. JCI insight, 2022. 7(19).

Koumas, L., et al., Thy-1 expression in human fibroblast subsets defines myofibroblastic
or lipofibroblastic phenotypes. The American journal of pathology, 2003. 163(4): p.
1291-1300.

Deckx, S., S. Heymans, and A.P. Papageorgiou, The diverse functions of osteoglycin: a
deceitful dwarf, or a master regulator of disease? The FASEB journal, 2016. 30(8): p.
2651-2661.

Wang, Z., et al., Osteoglycin knockdown promotes vascular smooth muscle cell
proliferation and migration in aortic dissection via the VEGF/VEGFR?2 axis. Molecular
Medicine Reports, 2021. 23(1): p. 1-1.

Katoh, D., et al., Tenascin-C induces phenotypic changes in fibroblasts to myofibroblasts
with high contractility through the integrin avf1/transforming growth factor p/SMAD
signaling axis in human breast cancer. The American journal of pathology, 2020.
190(10): p. 2123-2135.

38



51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Kang, M., et al., Hoxc8 represses BMP-induced expression of Smad6. Molecules and
cells, 2010. 29(1): p. 29-34.

Lei, H., et al., The identification of Hoxc8 target genes. Proceedings of the National
Academy of Sciences, 2005. 102(7): p. 2420-2424.

Thoma, E.C., et al., Chemical conversion of human fibroblasts into functional Schwann
cells. Stem cell reports, 2014. 3(4): p. 539-547.

Meier, C., et al., Developing Schwann cells acquire the ability to survive without axons
by establishing an autocrine circuit involving insulin-like growth factor, neurotrophin-3,
and platelet-derived growth factor-BB. Journal of Neuroscience, 1999. 19(10): p. 3847-
3859.

Hoving, J.J., et al., N-cadherin directs the collective Schwann cell migration required for
nerve regeneration through Slit2/3-mediated contact inhibition of locomotion. Elife,
2024.13: p. e88872.

Li, Y., et al., Notch and Schwann cell transformation. Oncogene, 2004. 23(5): p. 1146-
1152.

Woodhoo, A., et al., Notch controls embryonic Schwann cell differentiation, postnatal
myelination and adult plasticity. Nature neuroscience, 2009. 12(7): p. 839-847.

Meng, H., et al., Thrombospondin 2 potentiates notch3/jaggedl signaling. Journal of
Biological Chemistry, 2009. 284(12): p. 7866-7874.

Pan, W., et al., TSP2 acts as a suppresser of cell invasion, migration and angiogenesis in
medulloblastoma by inhibiting the Notch signaling pathway. Brain Research, 2019. 1718:
p. 223-230.

Occleston, N.L., et al., Prevention and reduction of scarring in the skin by transforming
growth factor beta 3 (TGFf3): from laboratory discovery to clinical pharmaceutical.
Journal of Biomaterials Science, Polymer Edition, 2008. 19(8): p. 1047-1063.
Hosokawa, R., et al., TGF-f3 decreases type I collagen and scarring after labioplasty.
Journal of dental research, 2003. 82(7): p. 558-564.

Han, A., et al., The anti-motility signaling mechanism of TGF[33 that controls cell traffic
during skin wound healing. Biology open, 2012. 1(12): p. 1169-1177.

Carre, A.L., et al., Wnt signal increases during postnatal skin repair and Wnt3a
treatment increases pro-regenerative TGF-b3 in fetal but not in postnatal dermal
fibroblasts. Journal of the American College of Surgeons, 2011. 213(3): p. S91.

Antony, A K., et al., Upregulation of WNT-4 expression in keloid fibroblasts after TGF-
B1&-B3 stimulation. Journal of the American College of Surgeons, 2006. 203(3): p. S57.
Liu, Y., etal., The RP11-417E7. 1/THBS?2 signaling pathway promotes colorectal cancer
metastasis by activating the Wnt/[-catenin pathway and facilitating exosome-mediated
M2 macrophage polarization. Journal of Experimental & Clinical Cancer Research,
2024. 43(1): p. 195.

Xing, H., et al., Dysregulation of TSP2-Racl-WAVE?2 axis in diabetic cells leads to
cytoskeletal disorganization, increased cell stiffness, and dysfunction. Sci Rep, 2022.
12(1): p. 22474.

Esufali, S. and B. Bapat, Cross-talk between Racl GTPase and dysregulated Wnt
signaling pathway leads to cellular redistribution of p-catenin and TCF/LEF-mediated
transcriptional activation. Oncogene, 2004. 23(50): p. 8260-8271.

Wu, X., et al., Racl activation controls nuclear localization of p-catenin during
canonical Wnt signaling. Cell, 2008. 133(2): p. 340-353.

39



69.  Zhao, Y., etal., Expression changes of Wnt/p-catenin signaling pathway in diabetic
ulcer. Chinese Journal of Pathophysiology, 2015: p. 2033-2038.

70. Choi, S., M. Yoon, and K.-Y. Choi, Approaches for regenerative healing of cutaneous
wound with an emphasis on strategies activating the Wnt/[-catenin pathway. Advances in
wound care, 2022. 11(2): p. 70-86.

Author Contribution Statement

Y.H. contributed to the design, conduction, data analysis, interpretation of all experiments. N.W.
contributed to scRNA seq analysis. H.X. contributed to RNA seq data collection. J.T., J.Z., and
J.L. contributed to CRISPR cell creation. D.G., H.C.H. contributed to flow cytometry. All
authors provided feedback for the manuscript. S. R. contributed to data analysis and
interpretation. T.R.K. contributed to project design and data interpretation. Y.H., T.R.K., and S.

R. wrote the paper and all authors provided feedback.

Acknowledgement

This project was supported by NIH grant DK 132645 and National Institute of General Medical
Sciences of the National Institutes of Health under Award Number 1S100D030363-01A.
Moreover, we want to thank Yale University Keck Microarray Shared Resource, Keck DNA
Sequencing Facility and Yale Harvey Cushing/John Hay Whitney Medical Library for their

assistance. We would also like to thank Dianqing (Dan) Wu Lab for sharing pcDNA 3.1c vector.

Disclosures

We declare that we have no competing financial interests.

40



