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Abstract

Cd34+ Pdgfra+ Telocytes (CPTCs) are interstitial stromal cells implicated in long-distance intercellular
communication, yet their role in bridging the distinct anatomical layers of the abdominal wall remains
undefined. In this study, we combined single-cell RNA sequencing with functional assays to map the
CPTC landscape across the skin, superficial fascia (SF), and deep fascia (DF), validating our findings
through immunofluorescence and transmission electron microscopy. We identified a hierarchical stromal
organization where CPTCs display layer-specific transcription factor networks tailored to local niches,
co-existing with a conserved adhesion program. Notably, SF-CPTCs were characterized as an interfacial
signaling hub with superior developmental plasticity. Ligand-receptor interaction analysis predicted that
SF-CPTCs mediate cross-layer communication via the Wnt and Nectin pathways. We validated this
mechanism using a sequential co-culture model, showing that SF-CPTCs integrate upstream signals to
regulate target gene expression in adjacent layers. Primed SF-CPTCs significantly upregulated Lrp6 and
Myc in deep fascia-resident myosatellite cells and induced Nectin2 and Ctnnb1 in cutaneous
keratinocytes, whereas unprimed cells did not. Collectively, our data demonstrate that SF-CPTCs operate
as a dynamic signaling gateway, integrating the skin and muscle compartments into a unified functional
unit.

Introduction

The fascial system constitutes a ubiquitous, organism-wide connective tissue network that integrates
the body into a functional whole'?. Embedded within this interstitial matrix are Cd34 + Pdgfra+ Telocytes
(CPTCs), a distinctive population of stromal cells characterized by extremely long, thin prolongations
known as telopodes®. CPTCs have been identified across diverse organs, forming intricate three-
dimensional networks through homo- and hetero-cellular contacts*°. Structurally, these cells are
uniquely positioned to integrate mechanical and chemical signals®, leading to the hypothesis that TCs
function as essential interstitial signaling hubs”. While their morphology suggests a role in physical
connectivity, the molecular mechanisms—specifically the cell-cell communication and junctional
architectures—that enable TCs to coordinate tissue homeostasis remain to be fully elucidated®.

Anatomically, the abdominal wall represents a complex, stratified continuum rather than a series of
isolated layers'?. It transitions from the skin, which functions as the primary immune and physical
barrier!?, to the deep fascia, a dense, collagen-rich sheath responsible for high-tension force
transmission and muscular containment'2. Bridging these distinct compartments is the superficial
fascia, a loose, adipose-rich connective tissue layer'3. This intermediate zone does not merely fill space;
it acts as a critical "soft interface" that accommodates mechanical stimulus and houses dense

neurovascular networks'. This structural continuity implies that physiological signals—whether
mechanical forces or inflammatory mediators—must propagate across these boundaries to orchestrate

a unified tissue response’®. However, the cellular machinery that maintains this trans-tissue connectivity
while respecting the specialized function of each layer is poorly understood'®.
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Effective coordination across these layers requires stromal cells to communicate with highly diverse
neighbors—ranging from keratinocytes in the skin to myosatellite cells in the muscle'’. While Telocytes
are known to maintain physical contacts through gap and adherens junctions'®, it remains unclear how
they adapt these connections to such distinct microenvironments. Specifically, do TCs function as a
uniform stromal scaffold, or do they differentiate into specialized subsets to match their local
partners'®? Furthermore, the identity of the specific stromal population responsible for bridging the
superficial and deep layers—physically connecting the skin to the muscle fascia—has not yet been
defined?°.

Here, we performed single-cell RNA sequencing (scRNA-seq) to delineate the transcriptional landscape
and intercellular communication networks of CPTCs along the rat abdominal midline. We identify a
significant layer-dependent heterogeneity among CPTCs, driven by distinct transcription factor programs
that tailor their signaling output to local cell types. Despite this functional divergence, we reveal a
universally conserved activation of adhesion-related pathways across all layers, underscoring the
fundamental importance of cellular connectivity in CPTC function. Importantly, trajectory and
communication analyses position the superficial fascia CPTCs as a high-plasticity interfacial hub that
orchestrates cross-layer signal transmission. Our findings provide a high-resolution map of the stromal
communication architecture, proposing that CPTCs serve as both local signaling centers and a
continuous bridge integrating the skin-fascia system.

Materials and Methods
Experimental Animals and Ethical Approval

Female Sprague-Dawley (SD) rats (8 weeks old, weighing approximately 250 g) were procured from
Beijing Vital River Laboratory Animal Technology Co. Ltd. Rats were housed in ventilated cages at 25°C
with a natural light-dark cycle and ad libitum access to food and water. All experimental protocols were
reviewed and approved by the Institutional Animal Care and Use Committee (IACUC) of Nanjing
Agricultural University (ID NJAU N0.20231120173) and conducted in strict compliance with the ARRIVE
guidelines.

Tissue Collection and Layer-Specific Dissection

To characterize the spatial heterogeneity of the abdominal midline, subcutaneous tissues were
harvested and precisely micro-dissected into three distinct anatomical layers under a stereomicroscope:
(1) Skin, comprising the epidermal and dermal layers; (2) Superficial Fascia (SF), the loose, adipose-rich
connective tissue layer; and (3) Deep Fascia (DF), the dense collagenous sheath overlying the abdominal
muscles. Samples were collected from the abdominal midline region. For single-cell RNA sequencing,
tissues were immediately processed into single-cell suspensions. For histological and ultrastructural
analyses, tissues were fixed in 4% paraformaldehyde (PFA) or 2.5% glutaraldehyde, respectively.
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Single-Cell Suspension Preparation

Fresh tissue samples were minced into small fragments on ice and digested with a dissociation solution
containing collagenase type | and type IV dissolved in DMEM/F12 medium containing 10% Fetal Bovine
Serum (FBS). Digestion was performed at 37°C with shaking for 40 min. The resulting cell suspensions
were sequentially filtered through 100-pm and 40-pym nylon strainers to remove debris. Red blood cells
were lysed using RBC Lysis Solution, and dead cells were removed using a Dead Cell Removal kit
(Miltenyi Biotec) to ensure cell viability > 95%.

10x Genomics Library Construction and Sequencing

Single-cell libraries were constructed using the Chromium Single Cell 3' Reagent Kit v3.1 (10x Genomics)
according to the manufacturer's protocol. Single cells were encapsulated into Gel Beads-in-Emulsion
(GEMs), followed by reverse transcription, cDNA amplification, and library construction. Libraries were
quantified using an Agilent 2100 Bioanalyzer and sequenced on an lllumina NovaSeq 6000 platform with
paired-end 150 bp reads.

scRNA-seq Data Processing and Analysis

scRNA sequencing data were processed using Cell Ranger (v7.2.0) and aligned to the rat genome
(mRatBN7.2). Downstream analysis was performed using Seurat (v4.3.0) in R.

Clustering and Annotation

Cells with high mitochondrial content (> 10%) or low gene counts were filtered. Data were normalized,
and Harmony was employed to integrate datasets from different layers and correct for batch effects.

Dimensionality reduction was performed using UMAP. Cell types were annotated based on canonical

marker genes.

Regulatory Network Analysis

Transcription factor regulons were identified using pySCENIC, and Regulon Specificity Scores (RSS) were
calculated to identify layer-specific regulators.

Trajectory and Velocity Analysis

Developmental trajectories were reconstructed using Monocle 3 to order cells along a pseudotime axis.
Transcriptional dynamics and directionality were further inferred using RNA Velocity (scVelo).
Developmental potential was scored using CytoTRACE.
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Cell-Cell Communication

Intercellular communication networks were inferred using CellCall to calculate communication scores.
NicheNet was employed to predict ligand-receptor links and downstream target gene activation.

Histology and Immunofluorescence (IF)

Tissues fixed in 4% PFA were embedded in paraffin and sectioned (5 pm). Sections were stained with
Hematoxylin and Eosin (H&E) and Masson'’s trichrome to visualize tissue architecture. For
immunofluorescence, sections underwent heat-induced epitope retrieval and were incubated overnight
at 4°C with primary antibodies. After washing, sections were incubated with fluorophore-conjugated
secondary antibodies and counterstained with DAPI. Images were captured using a confocal
microscope (Carl Zeiss, LSM900).

Transmission Electron Microscopy (TEM)

Tissues fixed in 2.5% glutaraldehyde were post-fixed with 1% osmium tetroxide, dehydrated in a graded
ethanol series, and embedded in epoxy resin. Ultrathin sections (50 nm) were stained with uranyl acetate
and lead citrate and examined using a Hitachi HT7800 transmission electron microscope operated at 80
kV.

Extraction and culture of CPTCs

TCs were extracted from the rat AMF. Tissue samples were collected and processed following
established protocols?'. The AMF was dissected and digested with a dissociation solution, composed of
collagenase type 4 and type 1, dissolved in DMEM/F12 medium containing 10% Fetal Bovine Serum
(FBS). The resulting cell suspension was first filtered through a 100 yum mesh and then through a 40 pm
mesh to remove tissue debris. To stop the enzymatic reaction, the suspension was washed with PBS.
The resulting cell suspension was plated in T75 flasks for 2 hours. Then, slowly adherent cells left on the
flask surface were transferred to new culture flasks and cultured.

Isolated CPTCs were cultured in DMEM/F12 medium, supplemented with 10% FBS and 1% penicillin-
streptomycin. The cells were incubated in a 37°C incubator with 5% CO, and 95% humidity.
Immunofluorescence staining was performed to confirm the purity of the CPTC population. Cell slides
were positioned in the wells of 12-well plates before seeding. Samples were harvested at 72 hours by
adding 1 mL of 4% PFA solution to each well and then fixed at 4 °C for 24 hours before any assays were
conducted.

Sequential Co-culture Assay

SF-CPTCs were seeded in the upper chamber of Transwell inserts (0.4 um pore size). In the priming
phase, SF-CPTCs were treated with recombinant Wnt2 or Nectin protein for 12 hours. The inserts were
then washed three times with PBS to remove free ligands. In the effector phase, the primed SF-CPTC
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inserts were transferred to wells containing target cells (L6 myosatellite cells or HaCaT keratinocytes)
and co-cultured for 24 hours.

RNA Extraction and Quantitative Real-Time PCR (qPCR)

Total RNA was extracted from target cells (L6 or HaCaT) using TRIzol reagent and reverse-transcribed
into cDNA using a Reverse Transcription Kit. gPCR was performed using SYBR Green Master Mix on a
Bio-Rad CFX Connect system. Relative gene expression was calculated using the 2 - AACt method, with
GAPDH serving as the internal control.

Results

Intrinsic regulatory programs underpin the spatial heterogeneity of CPTCs

To achieve a comprehensive cellular characterization of the abdominal midline, we performed single-cell
RNA sequencing (scRNA-seq) using the 10X Chromium system on the skin, superficial fascia (SF), and
deep fascia (DF) of normal rats’ abdominal midline (Figure 1A1-A3). Unsupervised clustering identified
diverse cell subsets, which were subsequently annotated according to specifically expressed or highly
enriched marker genes. Among these populations, CPTCs (highlighted by the dotted box) were selected
for further analysis to explore their heterogeneity across different anatomical layers. Dimensionality
reduction revealed a striking layer-dependent segregation of CPTCs (Figure 1B-C). Notably, these distinct
spatial identities persisted after Harmony batch correction, confirming they arise from intrinsic
transcriptional differences rather than technical artifacts.

Initial pathway profiling via ClusterGVis provided a broad molecular overview (Figure 1D). To uncover the
upstream drivers governing these molecular profiles, we focused on the underlying transcription factor
(TF) regulatory networks. We identified high-confidence candidate TFs by intersecting pySCENIC-inferred
regulon specificity scores (RSS) (Figure 1E) with layer-specific expression (Figure 1F). Subsequently, to
validate the functional output of these drivers, we intersected their downstream targets (Table S1) with
layer-enriched marker signatures. This strategy isolated a set of genuine, TF-regulated signature genes
that exhibited distinct spatial segregation on UMAP (Figure 1G), while Venn analysis confirmed their
strict exclusivity to each layer (Figure TH).

GSEA confirmed that CPTCs execute layer-specific biological functions (Figure 11). Skin CPTCs were
predominantly enriched in pathways associated with epidermal homeostasis, such as keratinization and
epithelium development. Superficial fascia CPTCs exhibited a dynamic transcriptional profile, highlighted
by the regulation of locomotion and cellular response to chemical stimuli. In contrast, deep fascia
CPTCs were primarily characterized by structural remodeling pathways, notably extracellular matrix
organization and skeletal system development. Notably, despite these distinct spatial profiles, all CPTC
populations universally maintained a conserved adhesion-related transcriptional program. Specifically,
‘cell-cell adhesion” was prominently enriched in skin CPTCs, ‘regulation of adhesion’ in superficial fascia
CPTCs, and ‘cell adhesion’ in deep fascia CPTCs. This conserved transcriptional axis suggests a
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fundamental role for adhesion biology across all CPTC populations, implying that these cells may
universally contribute to maintaining tissue structural integrity, facilitating intercellular communication,
and transducing mechanical stimulus through adhesion-mediated signaling cascades.

CPTCs mediate layer-specific cell-cell communication as local signaling hubs

The conserved expression of adhesion molecules suggests that CPTCs are structurally primed for
extensive intercellular contact. To determine whether this physical connectivity translates into functional
signaling, we systematically mapped ligand—receptor interactions between CPTCs and their niche-
specific neighbors.

In the cutaneous layer, CPTCs occupied a distinct niche surrounding hair follicles (Figure 2A-B) and were
markedly enriched with the exosome marker Tsg101 (Figure 2C), implying a robust capacity for vesicle-
mediated secretion. CellCall analysis substantiated this structural potential, revealing a dense
communication network between CPTCs and epithelial lineages, particularly keratinocytes and hair
follicle stem cells (HFSCs) (Figure 2D). Functional annotation of these interactions identified the
enrichment of Hippo and Notch signaling modules-critical regulators of tissue homeostasis-alongside
Estrogen signaling involved in cell cycle control (Figure 2E). Further mapping of the ligand-transcription
factor axis (Figure 2F) demonstrated that CPTCs drive downstream programs via Rspo1, Fgf7, and
Bmp4, thereby actively coordinating epithelial renewal and local immune surveillance.

In the superficial fascia, CPTCs functioned as integral components of the stromal reticular network.
Immunofluorescence confirmed their physical coupling via connexin 43 (Cx43) gap junctions (Figure 3A)
and cadherin 1 (Cdh1) adheren junctions (Figure 3B). Spatially, CPTCs exhibited intimate proximity to
mast cells (Figure 3C) and nerve fibers (Figure 3D), suggesting a neuro-immune-stromal interactome.
Ultrastructurally, CPTCs were observed enveloping microvasculature and releasing extracellular vesicles
into the perivascular space (Figure 2E-F). Consistent with this spatial architecture, ligand-receptor
analysis positioned CPTCs as key signaling senders to myofibroblasts, macrophages, and endothelial
cells, predominantly through the Sema (e.g., Sema4g-Plxnb2) and Nectin axes (Figure 3G), underscoring
their role in maintaining fascial integrity and vascular stability.

In the deep fascia, CPTCs displayed a distinct perifascicular distribution, maintaining tight associations
with the perivascular stroma (Figure 4A). Communication network analysis revealed a preferential
signaling axis directed toward myosatellite cells (Figure 4B, Table S2). GSEA enrichment highlighted
MAPK signaling, focal adhesion as dominant interaction modules (Figure 4C). Mechanistically, this
crosstalk was predicted to be mediated by specific growth factor ligands, including Fgf10, Fgf18, and
Wnt5a, which converge on downstream transcription factors such as Foxo1 and Jun (Figure 4D). These
data suggest that deep fascia CPTCs constitute a specialized niche component that modulates the
activation and fate determination of myogenic progenitors.

Collectively, these findings establish CPTCs as versatile signaling hubs. CPTCs maintain layer-specific
communication patterns consistent with their local microenvironments: supporting epithelial
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homeostasis in the skin, coordinating neurovascular-immune niches in the superficial fascia, and
modulating myogenesis in the deep fascia.

Superficial-fascia CPTCs function as an interfacial hub orchestrating communication across layered
fascia-skin systems

Having established that CPTCs in each anatomical layer exhibit distinct communication patterns, we
next sought to determine whether these populations are functionally connected across layers.

Histological staining (Masson and H&E) revealed the continuous architecture extending from the skin
through the superficial to the deep fascia (Figure 5A1-A2), providing a structural basis for interlayer
coordination. IF further demonstrated that CPTCs are distributed throughout these layers, forming a
morphologically continuous network spanning from the skin layer through the superficial retinaculum to
the deep fascia (Figure 5B—C). These findings suggested that SF-CPTCs may constitute an
interconnected signaling continuum that bridges superficial and deep tissue layers, rather than acting as
isolated local populations.

To resolve the hierarchical relationship within this continuum, we reconstructed the developmental
trajectories of CPTCs. Monocle analysis positioned superficial-fascia (SF) CPTCs at the trajectory root
(Figure 5D), a finding corroborated by RNA velocity, which showed transcriptional dynamics flowing from
the SF population toward both skin and deep-fascia (DF) lineages (Figure 5E). Consistently, SF-CPTCs
exhibited the highest developmental plasticity as indicated by CytoTRACE scoring (Figure 5F),
suggesting they serve as a transitional reservoir or progenitor pool for the fascial network.

Consistent with this upstream developmental status, Cellcall analysis identified SF-CPTCs as a central
signaling hub. While Skin and DF populations primarily engaged in intra-layer regulation, SF-CPTCs
broadcasted directional signals to adjacent layers (Figure 5G). Specifically, SF-CPTCs communicated
with the skin layer mainly through adherens junction pathways, while their interactions with the deep
fascia were dominated by Wnt and PI3K-Akt signaling. Sankey visualization further elucidated the
specific ligand-receptor-transcription factor axes (Figure 5G), highlighting the transcriptional programs
through which SF-CPTCs orchestrate interlayer coordination.

To rigorously dissect the directionality of cross-layer signaling, we established a sequential co-culture
model to determine whether SF-CPTCs can capture environmental cues and relay them to downstream
targets. Specifically, SF-CPTCs were pre-conditioned with specific ligands (Wnt2 or Nectin) for 12 hours,
followed by co-culture with deep-fascia (L6 myosatellite cells) or cutaneous (HaCaT keratinocytes)
target cells for 24 hours (Figure 6A, D).

We first examined the Wnt signaling axis at the deep fascial interface. Strikingly, L6 myosatellite cells co-
cultured with untreated SF-CPTCs showed no significant alteration in Wnt receptor (Lrp6) or effector
(Myc) expression compared to monoculture controls (Figure 6B-C). However, co-culture with Wnt2-
primed SF-CPTCs triggered a robust upregulation of both Lrp6 and Myc in L6 cells (Figure 6B-C).
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Importantly, since Wnt2 was restricted to the pre-treatment phase, this response indicates that SF-
CPTCs effectively integrated the Wnt signal and transduced it to the myogenic compartment.

A similar relay mechanism was observed at the cutaneous interface involving adhesive signaling. While
untreated SF-CPTCs maintained basal levels of Nectin2 and Ctnnb1 in HaCaT keratinocytes, Nectin-
primed SF-CPTCs elicited a potent upregulation of these targets (Figure 6E-F).

Collectively, these findings demonstrate that SF-CPTCs do not merely secrete constitutive factors; rather,
they function as dynamic, bidirectional signal transduction hubs within the skin-fascia continuum. At the
deep fascial interface, SF-CPTCs relay Wnt2 signals to activate the Wnt-Lrp6-Myc axis in underlying L6
myosatellite cells. At the cutaneous interface, Nectin-primed SF-CPTCs upregulate Nectin2 and Ctnnb1
in HaCaT keratinocytes, engaging an adhesion-mediated signaling cascade. Together, these results
reveal that SF-CPTCs are capable of sensing transient microenvironmental stimuli and translating them
into sustained, layer-specific regulatory outputs across the fascia-muscle and fascia-skin axes.

Discussion

CPTCs constitute a widely distributed population of interstitial stromal cells?224 that display remarkable
plasticity across tissues?®. Yet, how CPTCs diverge or align across distinct layers within the same
anatomical region has remained largely unresolved?®. By profiling CPTCs from the skin, superficial
fascia, and deep fascia along the rat abdominal midline, we uncovered a clear pattern of cross-layer
heterogeneity shaped by local microenvironmental cues. Through systematic analysis of layer-specific
transcription factors and their downstream regulatory programs, we delineated a stratified regulatory
architecture, revealing hierarchical TF—gene networks that correspond to the distinct physiological
functions of each layer. Specifically, skin CPTCs exhibited immune- and barrier-oriented signatures,
superficial fascia CPTCs showed mechanosensory features, and deep fascia CPTCs displayed matrix-
remodeling and tensile-maintenance programs?’. These findings indicate that contiguous tissues along
the skin—fascia axis do not share a homogeneous CPTC pool, but instead host region-specific stromal

states tailored to local demands?8.

Building on this transcriptional specialization, an important question is how these divergent identities
translate into communication behaviors. Our analyses indicate that CPTCs form layer-specific
communication hubs that regulate distinct cellular partners. In the skin, CPTCs interface with
keratinocyte lineages and HFSC-associated pathways, supporting epithelial renewal and immune
balance. Superficial fascia CPTCs, enriched in junctional proteins and embedded among vasculature,
nerves, and immune cells, likely integrate mechanical cues with neurovascular and inflammatory signals.
In contrast, deep fascia CPTCs exhibit signaling features linked to myogenic regulation and matrix
homeostasis, consistent with their localization within collagen-dense muscle compartments.
Collectively, these patterns demonstrate that each anatomical layer hosts a functionally distinct CPTC
program—skin-resident CPTCs are tuned toward epithelial and immune equilibrium?®, superficial fascia

CPTCs toward mechanosensory coordination®?, and deep fascia CPTCs toward structural and
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regenerative adaptation®'32. Rather than acting as a monolithic stromal entity, CPTCs operate as layer-
defined regulators with context-dependent functions.

Despite this functional divergence, a conserved adhesion-related program was consistently maintained
across all CPTC subsets. Such conservation indicates that regional specialization does not diminish
their capacity for intercellular cohesion®3. Through their long telopodes, CPTCs may establish continuity
across fascial planes, enabling the transmission of mechanical, inflammatory, or metabolic cues beyond
their layer of origin®*. This raises the possibility that local perturbations — such as mechanical
stimulation induced by acupuncture— originating in the skin, superficial fascia, or deep fascia could
propagate through a CPTC-based stromal network. In this view, fascia may rely on CPTCs as a primary
stromal interface for information transfer, with cell-cell adhesion and telopodes continuity forming the
structural basis for sustained cross-layer communication3°.

This interpretation aligns with prior descriptions of CD34+ membranous cells (CMC)3®. Some
investigators have proposed that the elongated 2D telopodes observed under transmission electron
microscopy may represent sectional views of the thin, sheet-like 3D structures visualized as CMCs under
scanning electron microscopy. This perspective, coupled with the overlapping morphological and
functional features we observed, suggests that CPTCs and CMCs may occupy a similar regulatory niche
—or potentially represent partially overlapping stromal identities within fascia-associated connective

tissue.

Beyond layer-specific communication, our data indicate that CPTCs also possess the capacity to
coordinate signals across fascial boundaries. In this context, superficial fascia CPTCs emerge as a
particularly influential population, functioning predominantly as upstream signal initiators. Lineage
inference consistently positioned them at the apex of CPTC trajectories—appearing as the predicted
origin in pseudotime analyses, the primary inflow source in RNA velocity fields, and the subset with the
highest CytoTRACE-defined developmental potential®’38. These results suggest that superficial fascia

CPTCs may exist in a progenitor-like or state-flexible configuration, enabling them to transition between

phenotypic states or retain a broad developmental potential that underlies the stromal continuum?®.

Importantly, our functional validation extends this concept of a "stromal continuum" from a
developmental trajectory to a dynamic signaling mechanism. By employing a sequential co-culture
model, we demonstrated that SF-CPTCs do not functionally isolate the fascial layers, nor do they act as
primary generators of these morphogenic cues. Instead, they operate as directional signal relays,
functioning analogous to an informational gateway that manages the transmission of
microenvironmental inputs to distinct anatomical targets. The observation that SF-CPTCs require
specific "priming" (e.g., by Wnt or adhesive ligands) to elicit responses in cutaneous or deep-muscular
neighbors reveals a "context-dependent sensitization" strategy. This mechanism likely serves as a
physiological gatekeeper, ensuring that powerful homeostatic pathways remain quiescent under basal
conditions but are rapidly amplified across the tissue axis upon stimulation. Such a mode positions SF-
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CPTCs not merely as passive structural components, but as an active distribution hub, capable of
orchestrating the spatiotemporal propagation of signals across the skin-fascia continuum.

Finally, building on our previous work showing that superficial fascia CPTCs respond to acupuncture by
strengthening adhesion interfaces and subsequently modulating macrophage behavior®?, the present
findings provide a mechanistic rationale for this phenomenon. Their heightened state flexibility,
combined with the conserved adhesion-related programs identified across layers, suggests that
superficial fascia CPTCs are intrinsically equipped to translate mechanical cues into coordinated stromal

responses?!. This distinct combination of plasticity and stable adhesive architecture may underlie their
ability to reorganize intercellular contacts and engage immune-regulatory circuits upon external
stimulation, offering an integrated framework for understanding their role in acupuncture-induced

macrophage modulation°.

Taken together, both the layer-specific and cross-layer communication features of CPTCs suggest they
operate along two coordinated axes: one supporting localized, microenvironment-tailored functions
within each anatomical layer, and another maintaining long-range stromal continuity that facilitates
communication across the skin—fascia continuum.
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Figure 1

Single-cell transcriptomic atlas reveals layer-specific heterogeneity and conserved adhesion programs of
CPTCs.

(A) UMAP visualization of scRNA-seq data from the deep fascia (A1), superficial fascia (A2), and skin
(A3) of normal rats. CPTC populations are highlighted by dashed lines.

(B-C) UMAP projection of re-clustered CPTCs (B) showing distinct spatial segregation by layer, and
feature plots (C) displaying the expression of canonical markers Cd34 and Pdgfra.
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(D) Heatmap and trend analysis (ClusterGVis) displaying layer-enriched molecular signatures and
corresponding GO biological processes.

(E-F) Analysis of transcription factor (TF) regulatory networks. Regulon Specificity Scores (RSS) of top
candidate TFs (E) and dot plot of their specific expression patterns (F) in CPTCs. (G-H) UMAP
visualization of TF-regulated signature genes

(G) and Venn diagram
(H) demonstrating the high exclusivity of these gene sets to their respective anatomical layers.

() GSEA enrichment analysis showing layer-specific functional modules alongside a universally
conserved adhesion-related transcriptional program.
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Figure 2

Skin-CPTCs occupy a follicular niche and orchestrate epithelial homeostasis.
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(A-C) Structural identification and secretory characterization. Immunofluorescence (A) reveals CPTCs
residing in the distinct niche surrounding hair follicles (HF), confirmed by transmission electron
microscopy (B). Co-staining with Tsg101 (C) demonstrates significant enrichment of exosomal markers
in CPTCs. Arrows:CPTCs. Scale bars: 20 um.

(D) Chord diagram illustrating the dense intercellular communication network between CPTCs and
epithelial lineages, including keratinocytes and hair follicle stem cells (HFSCs).

(E) Dot plot of the CPTC regulatory network. Functional annotation identifies key signaling modules
governing homeostasis and cell cycle control in target cells. *, P < 0.05; **, P < 0.01; ***, P < 0.001.

(F) Sankey diagrams mapping the ligand-receptor-transcription factor axis. CPTCs drive downstream
transcriptional programs in epithelial targets via the secretion of ligands.
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Figure 3
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(A-B) IF visualization of CPTC connectivity. CPTCs maintain a reticular network through physical

coupling via gap junctions(A) and adherens junctions (B). Scale bars: 20 pm.
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(C-D) Spatial mapping of the stromal niche. CPTCs exhibit intimate proximity to mast cells (C) and nerve
fibers (D).

(E-F) Ultrastructural characterization byTEM. Images reveal CPTC telopodes releasing extracellular
vesicles (E) and enveloping adjacent cells (F), confirming their structural and communicative role.EXO:
exosome; Ma: Mast cells

(G) Ligand-receptor interaction analysis. The dot plot identifies CPTCs as key signaling senders targeting
myofibroblasts, macrophages, and endothelial cells.
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Figure 4

Deep fascia-resident CPTCs modulate myogenic progenitor fate via specific signaling axes.
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(A) TEM visualizing the spatial niche of CPTCs in the deep fascia. Images show the unique intercalation
of CPTC telopodes between muscle bundles and their close association with the perivascular stroma.

(B) Chord diagram illustrating the intercellular communication network. The width of the links is
proportional to communication strength, highlighting a preferential signaling axis directed from CPTCs
to myosatellite cells.

(C) Functional enrichment analysis of ligand-receptor pairs between CPTCs and myosatellite cells. Bar
plot indicates dominant interaction modules, including MAPK signaling and Focal adhesion. *, P < 0.05;
*** P <0.001.

(D) Sankey diagram mapping the specific ligand-receptor-transcription factor (L-R-TF) axis. CPTCs
regulate myosatellite cell activation and fate determination through the secretion of ligands such as
Fgf10, Fgf18, and Wnt5a, which converge on downstream transcription factors.
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Figure 5

SF-CPTCs serve as a developmental reservoir and signaling hub bridging anatomical layers.

(A-C) Structural continuity of the fascial network. Masson trichrome (A1) and H&E (A2) staining illustrate
the continuous architecture extending from skin to deep fascia (DF) via superficial fascia (SF).
Immunofluorescence (B) and high-magnification views (C) reveal a morphologically continuous network
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of CPTCs (arrows) spanning the superficial-skin interface (C1) and superficial-deep interface (C2). Scale
bars: 400 pm (A), 100 pm (B), 20 um (C).

(D-F) Reconstruction of developmental trajectories. Monocle pseudotime analysis (D) identifies SF-
CPTCs at the trajectory root. RNA velocity stream plot (E) visualizes transcriptional dynamics flowing
from the SF population toward both Skin- and DF-CPTC lineages. CytoTRACE scoring (F) confirms the
superior developmental plasticity of SF-CPTCs compared to other subsets.

(G) Intercellular communication analysis via CellCall. The chord diagram (left) and dot plot (right)
characterize the signaling flux, highlighting SF-CPTCs as a central hub broadcasting Wnt and PI3K-Akt
signals to the deep fascia, and Adherens junction signals to the skin. (H) Sankey diagrams mapping the
specific ligand-receptor-transcription factor axes. SF-CPTCs coordinate interlayer targets via distinct
molecular programs, such as the Wnt—Myc axis for deep fascia and the Nectin/Wnt-Ctnnb1 axis for skin.
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SF-CPTCs transduce signals to cross-layer targets.

(A) Schematic of the sequential co-culture assay. SF-CPTCs were pre-treated with Wnt2 (12 h), washed,
and then transferred to co-culture with L6 cells for 24 h.

(B—C) qPCR analysis of Lrp6 (B) and Myc (C) in L6 cells. Comparisons show L6 cells co-cultured with
either untreated SF-CPTCs or Wnt2-primed SF-CPTCs. Data represent fold change relative to L6

monoculture. **P < 0.01.

Page 25/26



(D) Schematic of the sequential co-culture assay for the cutaneous interface. SF-CPTCs were pre-treated
with Nectin protein (12 h) before co-culture with HaCaT cells.

(E-F) gPCR analysis of Nectin2 (E) and Ctnnb1 (F) in HaCaT cells, demonstrating the inductive effect of
Nectin-primed SF-CPTCs compared to untreated controls. Data represent fold change. **P < 0.01.
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