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The mechanotransducer Piezol coordinates
metabolism and inflammation to promote

skin growth
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The skin has a remarkable ability to grow under constant stretch. Using a
controlled tissue expansion system in mice, we identified an enhanced
inflammatory-metabolic network in stretched skin via single-cell RNA

sequencing, flow cytometry and spatial transcriptomics. Stretched epidermal
cells exhibit heightened cellular crosstalk of CXCL, CCL, TNF, and TGF-3 sig-
naling. Additionally, skin expansion increases macrophage and monocyte

infiltration in the skin while altering systemic immune cell profiles. Glycolysis-

related genes, including Glutl and Aldoa were significantly elevated. We
hypothesize that Piezol, a non-selective calcium-permeable cation channel,
senses tension in stretched skin, driving these responses. The epidermal-
Piezol loss-of-function animals show reduced skin growth, tissue weight, tis-
sue thickness, macrophage infiltration, and glycolysis activity. Conversely,
animals with a pharmacological Piezol gain of function exhibit an increase in
these factors. Our findings highlight the coordinating role of Piezol for
metabolic changes and immune cell infiltration in tension-induced skin

growth.

As the boundary between the organism and the outside world, the
skin must respond constantly to internal and external mechanical
stimuli. Excessive mechanical stress can lead to harmful changes
in the skin’s structure, while moderate tension can promote skin
growth within a healthy range. For example, physiological stretch
and growth of the skin occur during development, growth into
adulthood, and in pregnancy’. Pathophysiologic skin growth also
occurs during obesity and constitutes a significant burden in
patients who subsequently undergo significant weight loss. The
growth capacity of skin is also harnessed clinically for recon-
structive purposes in a process called tissue expansion (TE)>.
During TE, surgeons place a balloon underneath the skin and

inject saline to enlarge it, causing the skin to grow over time (3-5
months)*°. This model of skin growth differs from wounding or
hair regeneration models®, as it primarily reflects how mechanical
stretching leads to the proliferation of keratinocytes and the
formation of supportive structures such as blood vessels. The
newly generated skin can then be moved to areas that need
coverage. This is required in trauma repair, nevus resection, scalp
reconstruction, or breast reconstruction after surgery. However,
the extended duration of expansion and the risk of infection
during this process are problematic’®. Furthermore, the
mechanism underlying tension-induced skin growth is unclear.
Defining this mechanism will afford insights into organ size
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control and may yield more effective therapeutics to create new
skin potentially without the need for expanders™.

Our previous transcriptomic analyses suggested alterations in
metabolic and inflammatory pathways during tissue expansion”. We
generally categorized stretch-regulated pathways in the skin; micro-
array and epidermal single-cell sequencing demonstrated enriched
terms including metabolic processes, cellular response to cytokine
stimuli, and hypoxia". These observations are consistent with other
studies emphasizing the importance of reprogramming glucose
metabolism in tissue restoration. In glucose metabolism, glycolysis
initiates catabolic metabolism to fuel cell proliferation and tissue
repair during regeneration. In a skin injury model in mice, for example,
keratinocytes increase glycolytic activity, a key requirement for
effective wound healing”. Another study has demonstrated that injury
triggers glycolysis during zebrafish adult tail-fin regeneration, which is
crucial for osteoblast dedifferentiation, proliferation, blastema for-
mation, and tail-fin regeneration™. These findings highlight the critical
connection between glycolysis and skin restoration, raising the ques-
tion of what upstream regulators link injury to modified metabolism.

In addition to metabolic changes, immune cell activation is crucial
for tissue restoration and cell fate determination in skin*'®, Inflam-
matory signals, such as chemokines and cytokines, are essential for
supporting tissue repair”’®, Coordinated communication between
immune cells and local skin stem cells is vital, and failure in this
coordination may lead to chronic inflammation and pathological
fibrosis'”®. Interestingly, recent studies by our group and others
demonstrate that inflammation occurs with skin stretch?*%, with less
information available regarding the specific changes in immune cell
types and their impact on TE. Thus, gaining a better understanding of
these processes could reveal important biological mechanisms related
to TE and help promote skin growth. However, how tension is sensed
in the skin to drive inflammatory and metabolic changes is not known.
An important question is to define the factor that triggers these
changes.

One such candidate factor would be a mechanotransducer in
keratinocytes sensitive to external physical stimuli. Piezo proteins,
including Piezol and Piezo2, are evolutionarily conserved mechan-
osensitive calcium-permeable cation channels that play a crucial role in
converting mechanical force into electrochemical signals®. Piezol is
abundantly expressed in the skin, while Piezo2 is more prevalent in
dorsal root ganglion (DRG) neurons®™. In keratinocytes, Piezol mod-
ulates cutaneous mechanosensation®, while in hair follicles mechani-
cally compressed stem cells undergo calcium-dependent apoptosis
through the Piezol-TNFa signal®. These findings suggest the func-
tional roles of Piezol in skin mechanosensation. In our tissue expan-
sion model, we observed an increased calcium ion binding signal in the
skin after tissue expansion’. Additionally, the top two upregulated
genes from single-cell sequencing, SIO0A8 and SI00A9", are asso-
ciated with calcium signals®. Given this evidence from our work and
others, we hypothesize that the calcium-permeable cation channel
Piezol functions as an upstream mechanotransducer to coordinate
necessary downstream biological activity to induce organ growth
during tissue expansion.

In summary, the functional data on PIEZOL1 for a role in both
metabolism and immunity suggest the need for more study to define a
physiological context where these functions might be relevant. A
unified coherent model where PIEZO coordinates inflammation,
metabolism, and mechanosensing in a single response is missing. Here,
we discovered that mechanosensing through Piezol mediates such
coordination in tension-induced skin growth through an
inflammatory-metabolic network. These results advance our under-
standing of tension-induced skin growth and suggest promising ave-
nues for innovative therapeutic strategies in wound healing and tissue
engineering.

Results

A mouse model of tissue expansion

We developed a mouse model of tissue expansion to study the cellular
and molecular mechanisms involved in tension-induced skin growth. A
miniaturized silicone tissue expander is placed under the back skin and
gradually inflated with saline injection through a remote port leading
to substantial skin growth (Fig. 1A, B). Samples are collected following
the completion of all injections starting at PI-O (day O post-complete
injection), PI-14, PI-32, and PI-70 time points after the tissue expansion.
We use non-expanded (NE) controls to compare changes in tissue
weight and histology (Fig. 1A). Our findings show that the expanded
skin increased in size and weight over time as compared to the NE
controls (Fig. 1B, C). Histologically, we observed thickening of the
expanded skin’s epidermis, while the thickness of the dermis did not
change significantly (Fig. 1D).

Spatial transcriptomics unveils a stretch-induced bio-program
To examine specific pathway changes within the entire skin at both the
spatial and single-cell level, we gathered expanded (E) and non-
expanded (NE) control samples for a multi-panel in situ spatial tran-
scriptomics (xenium; 10x Genomics). Spatial clustering revealed 6
groups of cells organized in the bilaminar skin, including the supra-
basal, basal, hair follicle (HF), sebaceous gland (SG), dermal cells
(including fibroblasts and endothelial cells in the dermis), and immune
cells (Fig. 1E, F, Fig. S1). We then compared how the relative amounts of
each population changed during expansion. The fractions of basal and
suprabasal cells increased after expansion, indicating robust growth
(Fig. 1G). Meanwhile, there was a decrease in HF and SG cells, con-
sistent with our previous findings of a lack of hair follicle neogenesis
during epidermal area expansion (Fig. 1G). Finally, we observed ele-
vated infiltration of immune cells in the skin, suggesting a tension-
induced skin inflammatory response (Fig. 1G).

Based on our previous publication and literature precedent, we
curated a top list of genes that show significant induction, which we
named as stretch-induced signature genes°. We assessed these
transcripts spatially on the Xenium assay. We calculated the stretch
signature score depending on this list and found significant increase of
this pathway score in the E skin samples across various cell types
(Fig. 1H). Within this pathway, We identified several genes correlating
to skin expansion, such as Aktl, ltghl and Myh9, which sense
mechanical stress in the skin niche™, were significantly higher in
expanded cell groups of basal, HF, dermal, and immune cells (Fig. 1I).
Additionally, the gene Postn, which is linked to mechanical sensing and
restoration”, displayed a tension-induced pattern in epidermal kera-
tinocytes, dermal fibroblasts, and immune cells (Fig. 1I). Some genes
exhibited differences between epidermal and dermal cells. For
instance, S100a8, Stfal, and Sprr2a3 were significantly elevated in
epidermal cells with robust expression, but not in dermal and immune
cells (Fig. 11).

In our previous microarray data analysis, we found enrichment of
the hypoxia pathway in expanded skin™. In the xenium assay, we
assessed a list of genes related to angiogenesis and found that this
pathway is significantly elevated in the expanded skin cell groups,
indicating robust blood vessel growth to support skin restoration
(Fig. 1H). As an example, Hifla and Arnt exhibited a significant increase
in expanded epidermal, dermal, and immune cell clusters (Fig. 1H, I).
The spatial density heatmap of key transcripts showed a higher
enrichment of angiogenesis genes in the expanded skin (Fig. 1J). The
angiogenesis genes are distributed across the entire skin, with higher
expression in the epidermis compared to the dermis (Fig. 1)).

Furthermore, stress granule related score is significantly elevated
across epidermal and dermal cell types (Fig. 1H). Genes associated with
stress granules that modulate stress responses®, such as G3bpl and
Pabpcl, were elevated across the skin cell groups (Fig. 11, bottom).
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Tension activates an inflammatory-metabolic molecular
network

To molecularly define the events occurring during epidermal thick-
ening, we isolated epithelial cells for single-cell sequencing to observe
biological changes in identified cell clusters (Figs. S2A, S2B). By
examining the expression of known cell type-specific markers, we
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categorized 13 clusters (Fig. S2B) falling into four major cell types
(Fig. S1A), including spinous cells (Krt1* and Krt10%), basal cells (Krt14*
and Krt5"), proliferating basal cells (Mki67*, Krtl4*, and Krt5*), HF-
associated cells (Krtl5*, Krtl7*, and Krt79"), Hair follicle stem cells
(HFSCs, Lgr5" and Cd34"), sebaceous glands (SG, Mgstl® and Scdl’),
and immune cells (Cd3g’, Cd207%). Gene set enrichment analysis
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Fig. 1| Tension activates an inflammatory-metabolic molecular network in
the skin. A tissue expansion (TE) protocol. I-#, injection day #; PI-#, post-last
injection day #. B Representative images of pre- and post-TE, along with skin his-
tology. C Skin weight changes post-expansion. (n=3-7). D Quantification of skin
layer thickness. (n=3-8). E Spatial clustering of expanded skin with post-xenium
HE. NE has one piece of tissue; E has 2 pieces of tissue. F Integrated UMAP of cell
clusters from Xenium assay. Cells include both NE and E samples. G Identified cell
type fractions from Xenium assay. H Pathway scores from Xenium assay.

1 Representative Genes’ expression of different pathways among different cellular

populations. J Upper: spatial heatmap of angiogenesis pathway; middle: spatial plot
of angiogenesis genes in skin; lower: high-resolution spatial map of angiogenesis
genes in NE and E skin. K Gene Set Enrichment Analysis (GSEA) of scRNA-seq,
grouped by cell type. To perform univariate statistical analysis, the two-sided
Student’s t-test was used. For multivariate analyses, the one-way ANOVA test was
used. The Wilcoxon rank-sum test was used for all violin plots in this manuscript.
Abbreviations: E the skin overlying the inflated expander, NE the skin overlying the
expander in mice where the expander was not inflated. NES normalized enrichment
score, HF hair follicle, SG sebaceous gland.

(GSEA) confirmed that expanded basal and HF cells undergo a sig-
nificant cellular response to external stimuli (Fig. 1K). Confirming our
spatial transcriptomics, the cells from expanded skin are enriched in
pathways relating to cellular response to external stimuli, inflamma-
tory response, glucose metabolism, and other metabolic-related
pathways (Fig. 1K).

Tension induces an inflammatory signature in expanded skin
To better understand the inflammatory changes resulting from tissue
expansion, we performed gene set enrichment analysis (GSEA) using
all epidermal cells from single-cell RNA sequencing (scRNA-seq) data.
The study revealed that stretched keratinocytes exhibit enrichment in
several inflammation-related pathways, such as chronic inflammatory
response, leukocyte migration, and production of molecular-mediated
inflammatory response (Fig. S2C, D). These findings suggest that
stretched keratinocytes release signals that attract immune cell infil-
tration and enhance inflammation as a primary response to tissue
expansion.

We then investigated how stretching affects the communication
between different cell types. Using CellChat*’, we inferred the cell-cell
communication of epidermal cells and observed distinct patterns and
strengths of interactions between NE and E epidermal cells (Fig. S2E).
Specifically, hair follicle stem cells (HFSC) had reduced activity after
stretching, consistent with our previous stem cell lineage-tracing
results®. Expanded cells showed increased activity in sending and
receiving inflammatory signals (Fig. S2F), including the CXCL, CCL,
TNF, and TGF-f signaling.

Furthermore, we calculated the communication probability of
inflammatory-related pathways and found differential crosstalk of
CXCL, CCL, TNF, and TGF- signaling in the stretched epidermal cells
(Fig. 2A). Upon stretching, keratinocytes sent more CXCL signaling and
received more TNF signaling from immune cells (Fig. 2A). Additionally,
TGF-f signaling was enhanced, particularly in the upper (infundibu-
lum, HF 1) and middle (HF II, II) hair follicle cells (Fig. 2A). Specifically,
we see more basal-immune cell interactions of CXCL signaling after
expansion (Fig. 2A). These analyses support a keratinocyte-induced
metabolic inflammation after tissue expansion.

Next, we used xenium to confirm and map the inflammatory
cytokines in the skin. By creating a spatial plot overlaid with post-
xenium HE, we visualized the distribution of a selected list of cytokines
in both non-expanded (NE) and expanded (E) skin samples. In general,
stretched skin expressed more cytokine transcripts (Fig. 2B). Statisti-
cally, we identified significantly higher Immune pathway scores in E
samples, depending on the expressions of these cytokines (Fig. 2C,
upper panel). The immune_score shows significant elevation in both
the epidermal and dermal cells in the expanded (E) skin (Fig. 2C). These
findings confirm that tissue expansion activates an inflammatory sig-
nature in the skin.

Tension induces immune cell infiltration in the skin

We then experimentally confirmed the changes in the immune cells in
response to stretching. We started by defining the types of immune
cells present in the skin of mice in the tissue expansion model. We

collected fresh skin samples from mice with and without tissue
expansion 14 days after the initial procedure and used flow cytometry
to analyze the changes in immune cells (Fig. S3A). We found that
tension induces significant immune cell infiltration into the skin, pre-
dominantly myeloid cells but not lymphoid T cells (Fig. 2D, E, Fig. S3A).
In particular, mostly macrophages but also neutrophils and monocytes
infiltrated into the stretched skin (Fig. 2D, E). Consistent with these
findings, we observed a significant general infiltration of immune cells
(CD45") in the expanded skin, suggesting a sterile and prolonged
inflammation due to stretching (Fig. 2F, G, Fig. S3B). However, tension
reduced the amount of epidermal Langerhans cells (LC) with mild but
insignificant increases in dermal dendritic cells (DC) (Fig. 2F, G).
Immunofluorescence analysis confirmed the increased presence of
CD68" macrophages in the stretched skin (Fig. 2H).

Skin expansion alters the circulating blood cell profile

We next examined whether tension-induced inflammatory changes
were confined to the skin or manifested systemically as well. After
performing tissue expansion, we collected blood cells from both non-
expanded (NE) and expanded (E) mice 14 days post-injection, and then
isolated peripheral blood mononuclear cells (PBMC) for RNA-
sequencing (Fig. S4A). We found 1037 differentially expressed genes
(DEGS), including 767 upregulated and 370 downregulated genes
(Fig. S4B). The GO analysis revealed higher activation of myeloid
lineages and lower activity of lymphoid lineages of immune cells in
E-PBMC (Fig. S4C-F, pathways marked with red *). Additionally,
E-PBMC showed upregulated pathways related to Hif-1 signaling and
glycolysis/gluconeogenesis, which is consistent with our findings from
single-cell sequencing (Fig. S4E, pathways marked with blue *). Inter-
estingly, we observed downregulation of pathways associated with
insulin secretion and type | diabetes, implying systemic metabolic
changes resulting from local skin expansion (Fig. S4F, pathways
marked with green *). Though PBMCs do not secrete insulin, these
pathway changes reflect an overlap to PBMC responses that indicate
metabolic and inflammatory states and suggest systemic metabolic
changes that are relevant to these pathways or an involvement of the
immune system in these biological processes.

We next collected circulating PBMCs from NE and E mice, and
checked their myeloid lineage cell fraction changes, and found CD11b*
myeloid cells have decreased circulating proportion in E (expanded)
mice vs NE (nonexpanded) controls. Given our discovery of increased
myeloid cells in the stretched skin, these results indicate a robust
mobilization of myeloid cells from the blood to skin after TE, dimin-
ishing the circulating population (Fig. S3C). In all, coincident with tis-
sue expansion induced skin growth is mobilization of circulating
Myeloid cell populations into the skin, consistent with the known
contribution of myeloid cells for tissue restoration in multiple con-
texts. These results demonstrate non-local effects on organismal
physiology after skin expansion.

Tension increases glucose metabolism in the skin
In our scRNA-seq analysis of stretched keratinocytes, we observed
changes in the glucose metabolic pathway (see Fig. 3A). Interestingly,
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we found that glucose metabolism and the glycolysis pathway are
enriched in stretched keratinocytes. In contrast, the insulin-mediated
glucose uptake pathway is decreased (see Fig. 3A). Instead, the non-
insulin-dependent glucose transporter Glutl was elevated (Slc2al).
Slc2al (Glutl) is one of the most upregulated genes after tissue
expansion in the epidermal scRNA-seq data (Fig. S5A, Fig. 3B). Other

glycolysis-related genes, such as PgkI, Pkm, and Ldha are upregulated
in both datasets, while Aldoa is upregulated in epidermal scRNA-seq
but downregulated in the skin microarray (Fig. S5A, Fig. 3B).

To investigate changes in glucose metabolism throughout the
skin, we reexamined our xenium assays and evaluated the expression
of genes related to glycolysis in the skin (Fig. 3C). The spatial plot
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Fig. 2 | Mechanical tension induces immune cell infiltration in the skin. A The
heatmap quantification of signaling communication probability across distinct cell
types. Boxes mark the differential crosstalk between cells. Arrows on the left panel
show basal-immune interactions. B Spatial plot of selected cytokines from xenium
assay. C The upper UMAP shows immune_score based on the expression of the
cytokine panel list in (B). The below violin plot showed immune_scores across
various cell types between E and NE. D, E Flow cytometry for T-Myeloid sorting
among isolated single cells from skin samples of PI-14. Cells in the left square are
selected as single live cells. Immune cells are gated as CD45". The FITC lineage
antibody is a cocktail of FITC anti-mCD3¢/FITC anti-mGr-1/FITC anti-mCD11b/FITC
anti-mCD45R(B220)/FITC anti-mTer-119. The lineage antibody mix reacts with
major hematopoietic cell lineages, such as T lymphocytes, B lymphocytes, mono-
cytes/macrophages, granulocytes, NK cells, and erythrocytes. The Lin* Thyl™ cells

are myeloid cells. The majority of Lin* Thyl" cells are T cells. NE,n=5, E, n=3.

F, G Flow cytometry analysis of Myeloid cells. Gate for CD45" lineage™ (Siglec-F,
CD3e", CD19", and NK1.1") to exclude eosinophils, T cells, B cells, and NK cells.
Lineage™ CD11b* Ly6G/6 C* cells are identified as monocytes/neutrophils (Ly6G/
6C") and macrophages (CD64"). From the CD11b* Ly6c gate, macrophages
(EpCAM CD64"), Langerhans cells (LC, CD64 EpCAM" MHC II'), and dermal den-
dritic cells (DC, CD64 EpCAM MHC II'CD11c") are identified. (n=3). H CD68"
macrophages accumulate in expanded skin samples as measured by immuno-
fluorescence. Dashed lines were used to separate the epidermis and dermis. (n=3).
To perform univariate statistical analysis, the two-sided Student’s t-test was used.
For multivariate analyses, the one-way ANOVA test was used. Wilcoxon rank-sum
test was used for all violin plot in this manuscript.

revealed an overall enrichment of glycolysis genes in the E skin.
quantification of Glycolysis_score is elevated in E skin, with significant
increase in all cell types (Fig. 3D, left). Genes such as Glutl (Slc2ai),
Aldoa, Pkm, and Pgkl showed increased expression in the epidermal
cell clusters, consistent with single-cell sequencing (Fig. 3D, right
panel). Furthermore, dermal cells and immune cells also exhibited
significantly increased expression of glycolysis genes, including Pgk1,
Pkm, Aldoa, Glutl, and Ldha, indicating that tension induces an overall
alteration in glucose metabolism across the skin tissue (Fig. 3D).
Immunofluorescence staining confirmed elevated levels of the glyco-
lysis genes Glutl and Aldoa in expanded skin (Fig. 3E). Interestingly,
Glutl was expressed in the basal stem cells, while Aldoa was more
prevalent in suprabasal cells (Fig. 3E). Altogether, these results
demonstrate tissue wide increases in glycolysis to satisfy the energy
demands of organ size increase.

Skin TE has no short-term impact on systemic glucose
metabolism

Our results indicate that stretched skin modifies glucose metabolism
and inflammation locally and systemically (Figs. 1-3 and S2-4). This
mimics the chronic inflammation and metabolic disorders such as type
2 diabetes that are associated with obesity®.. Our initial data indicate
that skin TE does not affect blood glucose levels in mice at Pl-14
(Fig. S6A). Nevertheless, given the overlapping features in both obesity
and our TE model of stretching, skin growth, inflammation, and dys-
metabolism, we tested whether skin stretching in the absence of
obesity in our model contributes to systemic glucose metabolism
dysregulation and insulin resistance. To test this, we measured chan-
ges in systemic glucose metabolism in the mice using the Insulin Tol-
erance Test (ITT) and Glucose Tolerance Test (GTT) assays™. We
prepared mice with and without skin stretching on PI-14 and per-
formed ITT and GTT assays separately (Fig. S6B). We fasted mice for
5 h before the insulin or glucose challenge (Fig. S6C). We examined the
changes in raw blood glucose numbers (Fig. S6D, E, left panels) and
normalized them to baseline (Fig. S6D, E, right panels). The mice with
skin stretching had lower blood glucose levels, and we see skin
stretching slightly improved glucose tolerance and insulin sensitivity
through no significant ITT and GTT differences were observed by using
the area under curve test (Fig. S6D, E). Thus at least in the conditions
tested here, acute local skin stretch did not change body-wide glucose
catabolism and needs further testing in the context of chronic
changes.

Epidermal-Piezol knockout impairs skin expansion

Given these local effects, we hypothesize that skin mechanosensing
induces tissue growth and is accompanied by elevated local inflam-
mation and metabolic reprogramming. We next sought to define the
mechanosensors that mediate these changes (Fig. 3F). Piezol has been
reported to be separately associated with both modified metabolism

and inflammation’***, which matches our findings from the TE model.
It is a calcium-permeable cation channel abundant in mechano-active
tissues such as epidermal keratinocytes*. Notably, our single-cell
sequencing identified the top two upregulated genes, SI00A8 and
S100A9, both of which are associated with calcium signaling pathways.
Piezol regulates wound repairing, modulates cutaneous
mechanosensation®, and connects mechanosensing with inflamma-
tion in the skin. In a model of mechanical force-induced stress in the
skin, researchers demonstrated that knocking down Piezol in epi-
dermal stem cells reduces the immune activation pathways®. Thus, we
hypothesize that Piezol, a mechanically gated calcium-permeable
cation channel®, acts as the mechano-transducer in stretched kerati-
nocytes to mediate the downstream response. To test this hypothesis,
we established a mouse strain to conditionally delete epidermal Piezol
upon TAM injection (Fig. 4A, B). TAM injections significantly knocked
down Piezol gene expression in this K5;P1f mouse line (Fig. 4C).

We examined the effects of epidermal Piezol deletion on skin
growth during tissue expansion (Fig. 4D). We found that surface area
growth was markedly attenuated in the tissue expanded K5;P1f animals
(Fig. 4E, F). The skin weight is decreased in K5;P1f animals (P =0.10),
with significant reduction of epidermal and dermal thickness (Fig. 4G,
H, I). We then investigated how epidermal Piezol affects tension-
induced inflammatory-metabolic network changes. Immuno-
fluorescence staining showed that after Piezol deletion, the expanded
mice exhibited decreased macrophage infiltration, accompanied by
lower expression levels of the glycolysis proteins Glutl and Aldoa
(Fig. 4), K). Glutl, which is prevalent in basal stem cells, was sig-
nificantly reduced in K5;P1f animals after expansion (Fig. 4J, K). In
summary, epidermal Piezol deletion impairs skin growth and mole-
cular network changes during TE.

Piezol activator promotes tissue expansion

Given that loss of function in Piezol inhibited tissue expansion, we next
sought to test if gain of function of Piezol could augment tissue
expansion. We tested whether chemically activating Piezol could
enhance our in vivo tissue expansion (TE) model. We applied Yodal, a
small molecule Piezol agonist®* (Fig. 5A). Yodal-treated animals
exhibited a more rapid increase in skin surface area and achieved a
larger final size compared to the untreated control E group (Fig. 5A, B).
The Yodal-treated animals also showed increased skin weight (Fig. 5C),
with a significantly thicker epidermal layer and a thinner dermal layer
(Fig. 5D, E).

To test for the augmentation of other skin stretch features after
Piezol activation, we collected samples treated with Yodal along with
untreated samples at the PI-7 time point for the spatial transcriptomics
(Xenium) assay. The spatial plot revealed six main clusters of cells
identified from Xenium (Figs. S7A, B and 5F), which were spatially
distributed in the same pattern as post-Xenium HE (Fig. 5F). Cell
fraction analysis indicated that Yodal treatment further increased the
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basal and suprabasal cell fractions after expansion while decreasing
the sebaceous gland (SG) and hair follicle (HF) cell proportions
(Fig. 5G). Separated cluster mapping further shows decreased SG and
HF in Yodal-treated group (Fig. 5H).

We examined the previously studies pathways (as presented in
Fig. 1H), which are increased in the E group compared to the NE control
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(Figs. 1H, 51). After Yodal treatment, we observed a further increase of
these pathways in the suprabasal, basal, HF, dermal, and immune cells
when compared to the untreated E group, including Stretch_signa-
ture_score, Angiogenesis_score, and Stress_granule_score (Fig. 5I, left).
We further investigated the expression of representative genes within
these pathways (Fig. 5l, right). For example, Ak¢1, which mediate skin
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Fig. 3 | Tension enhances the glycolysis pathway in the skin. A Glucose
metabolic-related pathway enrichment analyses of stretched keratinocytes versus
controls. Pathways with a positive score are increased after stretch. B Heatmap of
glycolysis pathway-related gene expression levels. C upper: spatial heatmap of
glycolysis pathway; middle: spatial plot of glycolysis-related genes; lower: high-
resolution spatial map of glycolysis genes in NE and E skin. D The upper UMAP
shows Glycolysis_score based on the expression of the gene panel list in (C). The left
below violin plot shows Glycolysis_scores across various cell types between E and

NE. The right violin plot shows the expression of the representative glycolysis genes
in xenium clusters. E Immunofluorescence of glycolysis-related genes Glut1/Slc2al
and Aldoa in the E and NE samples of the epidermis. Followed by expression level
quantification. (n =3). F Running summary. To perform univariate statistical ana-
lysis, the two-sided Student’s t-test was used. For multivariate analyses, the one-way
ANOVA test was used. The Wilcoxon rank-sum test was used for all violin plots in
this manuscript.

growth and tissue repair, is significantly increased in E-Yd1 versus
E-con samples (Fig. 5I). Other genes including ltgbl and Myh9, which
sense mechanical stress in the skin niche™°, Postn, which is linked to
mechanical sensing and restoration”, are all significantly amplified
across different cell types in E-Yodal group compared to E-con sam-
ples (Fig. 51, right). Some genes exhibited differences between epi-
dermal and dermal cells. For instance, $100a8, Stfal, and Sprr2a3 were
significantly elevated in epidermal cells with robust expression, and
are boosted by Yodal-treatment, but not in dermal and immune cells
(Fig. 51, right). Stress granule-related genes G3bpl and G3bp2, show
enhanced expression in the E-Yd1 group (Fig. S7C). Specifically, G3bp1
is higher in basal, HF, and SG cell clusters, and G3bp2 is higher in HF
groups (Fig. S7D). These findings suggest that Yodal-induced activa-
tion of Piezol in the skin amplifies tension-induced biological changes
and gene signatures.

The spatial heatmap also showed enhanced enrichment of
angiogenesis-related genes in the Yodal-treated group (Fig. 5), upper
panel), distributed across the entire skin (Fig. 5J, lower panel). A violin
plot showed increased Hifia in all cell types of the Yodal-treated
expanded skin compared to the untreated (E-con) and NE con-
trols (Fig. 5I).

The growth-related gene Akt was found to be increased in the
groups treated with Yodal, as compared to the non-treated E group
(Fig. 5I). Tension-induced skin growth is based on cell hyperprolifera-
tion and is dependent on the Hippo effector YAP". We evaluated the
proliferation marker Ki67 and Yapl changes, which have previously
been confirmed to be induced by tension”. Yodal treatment does not
significantly induce transcripts of these genes. However, immuno-
fluorescence reveals significantly higher Ki67* cell numbers after
Yodal treatment (Fig. 5K, L). Additionally, the number of nuclear YAP*
cells is significantly increased, particularly in the basal layer of pro-
genitor keratinocytes, indicating more active expansion (Fig. 5K, L).

In summary, the in vivo activation of Piezol with Yodal induces
greater YAP nuclear translocation in epidermal stem cells to accelerate
tissue expansion (Fig. SM).

Piezol activation amplifies metabolic and inflammatory changes
Tension in the skin leads to changes in the inflammatory and metabolic
networks underlying skin growth (Fig. 1G, K, Fig. 2, and Fig. 3). We
wanted to find out if activating Piezol accelerates these network
changes. We mapped the cytokine and glycolysis genes in our spatial
transcriptomics data (Fig. 6A, B). A spatial heatmap revealed that skin
treated with Yodal showed a higher cytokine panel score and greater
expression of related genes, evident in all skin layers (Fig. 6A). In
another spatial heatmap, the glycolysis gene panel scored more highly
in the Yodal-treated expanded group compared to the untreated
expanded group and was distributed throughout the skin (Fig. 6B).

We tested if inflammation and glycolysis pathway score changes
after skin stretch could be accelerated with Piezol activation. We
found that Yodal treatment elevated immune_score across all cell
types (Fig. 6C). Similarly, the Glycolysis_score is also boosted by Piezol
activation through Yodal treatment and are significant across all cell
types (Fig. 6D, left). Furthermore, gene expression analysis showed
that activating Piezol with Yodal led to an increase in tension-induced
glycolysis transcripts in multiple cell clusters, including Glutl, Aldoa
and Ldha (Fig. 6D, right).

We also investigated the modification of other metabolic path-
ways. We found that the fatty acid binding pathway is another enriched
metabolic term in stretched cells (see Fig. 1K, S8A). Further analysis
using a heatmap revealed an increase in the expression of genes rela-
ted to the fatty acid binding pathway in stretched epidermal cells, with
Fabp5 being among the top 3 genes (see Fig. S8B). When subjected to
tension, Fabp5 expression increased in various cell types, including
basal, HF, and spinous cells, as well as dermal and immune cells (see
Fig. S8C, D). Additionally, we found that Yodal-induced activation of
Piezol further elevated Fabp5 expression across the entire skin (see
Fig. S8D).

To verify these findings, we did immunofluorescence staining and
observed significantly increased infiltration of CD68" macrophages
and elevated expression of glucose metabolism proteins Glutl and
Aldoa in the Yodal-treated group (Fig. 6F, G). These findings demon-
strate that activating Piezol with Yodal accelerates the main molecular
features seen in skin stretch—increased immune infiltration and the
glycolysis pathway.

Discussion

Tissue expansion, a process in which the skin is stretched to stimulate
growth, provides a unique opportunity to study the adaptive respon-
ses by which physical forces lead to organ growth. Our findings here
provide crucial insights into the mechanobiology of skin restoration,
particularly in the context of clinical tissue expansion (TE). The iden-
tification of an enhanced immuno-metabolic network in stretched
skin, as revealed through single-cell and spatial transcriptomics, sheds
light on the cellular and molecular changes underlying tension-
induced growth dynamics in skin. We find that the mechan-
otransducer Piezol is a key upstream regulatory orchestrating these
responses and enabling skin growth.

Heterogeneous response of skin compartments to mechanical
tension

Skin exhibits nonhomogeneous mechanical stability; different con-
stituent cell types modulate or react to stretch differently. For exam-
ple, from our previous work, we found the hypodermis layer decreases
following TE, while the epidermal layer exhibits robust growth, and the
dermal layer shows no significant depth change. More specifically, we
found that while epidermis displays robust growth during tissue
expansion, with significant contributions from Lgré* epidermal stem
cells through the Hippo pathway activator YAP", dermal expansion is
much more modest. The mechanisms responsible for the disparate
effects of tension in skin elements are unknown and of biologic and
clinical importance. Poor expansion of the dermis leads to erosion and
expander exposure during tissue expansion and underlies pathologic
striae observed in pregnancy and obesity. However, in a recent
study, inhibiting YAP in dermal fibroblasts reduces the fibrotic
response and promotes wound regeneration”, indicating that the
differing responses of the epidermis and dermis during tissue expan-
sion may arise from their varied reactions to the same signals. In
another study, converting fibroblasts toward a pro-regenerative, adi-
pogenic state similar to unwounded skin during autologous split-
thickness skin grafting (STSG)*® inhibited scarring, suggesting that
modulating fibrosis may facilitate dermal restoration during tissue
expansion.
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Fig. 4 | Loss of Epidermal-Piezol inhibits tissue expansion in vivo. A Breeding
strategy to delete Piezol in Krt5* skin stem cells using Cre-Loxp recombination.
B workflow of tamoxifen injections for K5-cre;Piezol-flox (K5;P1f) mice to induce
gene knockout. C RT-PCR reveals Piezol knockout efficiency in K5;P1f strain com-
pared to P1f control strain. (n = 3). D Tissue expansion workflow in K5;P1f strain and
control strain. E Surface area quantification shows that Piezol knockout in the
epidermis significantly decreases stretch-induced skin growth. The area under
curve comparison was used. F Representative image of expanded P1f and K5;P1f
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mice at PI-14. G Skin weight changes. (n=6). H, I Epidermal-Piezol knockout
decreases stretch-induced skin weight and epidermal thickness after skin stretch.
(n=6).), K Immunofluorescence staining of macrophage marker CD68, and gly-
colysis markers Glutl and Aldoa, followed by quantification. CD68 is quantified in
the dermis, and Glutl and Aldoa are quantified in the epidermis. (n =3). To perform
univariate statistical analysis, the two-sided Student’s t-test was used. For multi-
variate analyses, the one-way ANOVA test was used.
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A related question to the heterogeneous responses of dif-
ferent skin compartments to stress is whether one functionally
might induce the other. For example, could the notable decrease
in hypodermal adipocytes induce the hyperproliferation of the
epidermis? Future studies should dissect these possibilities. One
argument against the loss of adipocytes inducing stretch-induced
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epidermal thickening is that adipocyte-related factors, such as
Leptin, IGF1, and adiponectin, are most commonly associated
with keratinocyte growth®~*'. In this context, the loss of the adi-
pocytes as seen in the TE model might be predicted to lead to less
keratinocyte proliferation, not more keratinocyte proliferation as
seen in our TE model.
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Fig. 5| Piezol activation promotes tissue expansion in vivo. A Timeline of Piezol
activator Yodal topical application during tissue expansion in mice, with repre-
sentative images of expanded skin on PI-7. B-E Increase in skin surface area, weight,
and epidermal thickness, and decreased dermal thickness in Yodal-treated mice
during tissue expansion. (n = 3). F Spatial clustering of expanded skin with post-
xenium HE. NE has one piece of tissue, E-con has two pieces of tissue, and E-Yd1 has
two pieces of tissue. G Identified cell type fractions from Xenium assay. H Mapping
Xenium cell cluster location with HE staining. I Left: Pathway scores from Xenium
assay. Right: Representative Genes’ expression of different pathways among dif-
ferent cellular populations. Significant test results between E-con and E-Yd1

samples were labeled on the violin plot. Detailed comparison results can be found
in supplementary datasets. J upper: spatial heatmap of angiogenesis pathway;
lower: spatial plot of angiogenesis-related genes. K, L Immunofluorescence staining
of proliferation marker Ki67 and Hippo pathway effector YAP protein, followed by
quantification. Ki67 and YAP are quantified in the epidermis. (n=3). M Running
summary. Abbreviations—E-con: expanded mice, serve as a control for Yodal-
treated mice. E-Yd1: expanded mice with Yodal treatment. For multivariate ana-
lyses, the one-way ANOVA test was used. For two-group comparisons, the two-sided
Student’s t-test was used. Wilcoxon rank-sum test was used for all violin plots in this
manuscript.

Tissue expansion: contrast between tension in the tissue
expansion model and wounding

Mechanical stress has been associated with fibrosis and scar formation
during wounding and skin repair, which contrasts with the regen-
erative skin expansion during TE. Indeed, previous research has
demonstrated that mechanical tension on the skin is a critical trigger of
keloid generation after wounding, particularly in individuals who are
genetically predisposed to develop keloids**. Furthermore, mechan-
ical strain-induced myeloid cell recruitment and differentiation in the
skin could drive such fibrotic processes®. In further support of the
deleterious effects of tension, pharmacological blockade of mechan-
otransduction with small-molecule focal adhesion (FAK) inhibitor sig-
nificantly improves large animal skin healing*’. Also, the relief of
mechanical stress at the diabetic wound edges using a strain-
programmed patch promotes faster re-epithelialization with
enhanced angiogenesis and enriched pro-regenerative fibroblast
populations®. This evidence might suggest that in our TE model,
tension would only have negative effects on fibrosis.

However, the role of mechanical tension in our TE is a distinct
context from the wounding in the skin. The model of tissue expansion
lacks the abrupt injury and trauma to create a localized lesion seen in
wounding. Instead, the expander-induced tension promotes skin
growth while and growth inducing time-dependent extensive mole-
cular changes® over a cohesive large area. These changes include
mechanoresponsive genes that relate to immune response, cell
metabolism switches, muscle contraction and cytoskeleton organiza-
tion. Thus, the effects of tension are likely context-specific and not
uniquely related to scarring.

Role of myeloid innate immune cells in mechanosensation
The skin cell senses mechanical cues and converts them into bio-
chemical signals during tissue expansion (TE). We observed a highly
modified communication of biological signals within the expanded
skin cells (Fig. S2E), which suggests a change in the tissue micro-
environment due to mechanotransduction. Additionally, there is
heightened inflammatory crosstalk in stem cells and immune cells, but
not in the differentiated spinous cells (Fig. 2A). The expanded skin
tissue also shows an elevated local inflammatory response, leading to
an increased influx of myeloid innate immune cells to the skin
(Fig. 2D-F). We also found that the blood cell profiles shift towards
more myeloid activation, as circulating myeloid cells are mobilized to
skin with resultant increases in skin macrophages, underscoring the
overall impact of local skin expansion on body-wide physiology. The
mechanisms underlying the change in immune profile and its con-
sequences for skin growth are important areas for investigation.
Mechanical forces clearly play a crucial role in activating and
influencing immune cells. The stiffness of the extracellular matrix
(ECM) affects immune cell behavior*®*’. For example, the ECM integrin
receptors are also mechanotransducers*®. In our study, the ECM pro-
teins ITGB1 and TNC were significantly increased in expanded skin.
These proteins maintain cell stemness and are linked to immune cell
infiltration in chronic inflammation*® and cancer®, suggesting that
ECM changes in parallel modulate stemness and immune cell accu-
mulation in expanded skin.

Mechanotransduction in cells often has a significant impact on
immune cell recruitment*®*’. For instance, fibroblasts can detect ECM
mechanics and, as a result, recruit immune cells like macrophages™. In
the expansion group, epidermal cells released more CXCL signaling
compared to the control group. We cross-referenced spatial tran-
scriptomics to single-cell RNA sequencing to map the cytokines in
highly interconnected pathways. The cytokines Cxcl12 and Cxcl14 most
significantly increased in expanded skin tissue, particularly among
epidermal and dermal non-immune cells (see Fig. 2B). CXCLs can act as
chemoattractant for immune cells, potentially contributing to the
infiltration of immune cells in the expansion model.

The heightened immune response in TE is indicative of the intri-
cate interplay between mechanical stimuli and immune cell dynamics
in the skin growth process. However, the functional consequences of
tension-induced inflammation require further investigation. In a prior
study, tissue-resident macrophages were key contributors to skin
growth tissue-resident macrophages in skin growth during tissue
expansion, indicating that managing inflammation could be a key
strategy for promoting skin growth under mechanical strain”. How-
ever, broad inhibition of adaptive immunity in skin with corticoster-
oids did not affect tissue growth during TE*. Considering our
transcriptomics, immunofluorescence, and flow cytometry, we con-
clude that myeloid cells have a more significant presence in TE than
lymphoid cells.

To summarize, tissue expansion coincides with the mobilization
of circulating myeloid cell populations to infiltrate into the skin. This
supports the well-established literature on the support of myeloid and
specifically macrophage populations to tissue restoration in multiple
contexts®. However, further investigation is needed on the particular
biological role of myeloid mobilization into the skin in the tissue
expansion model.

Glucose metabolism rewiring
Significantly increased glycolysis pathway scores were noted in the
expanded skin at both PI-7 and PI-14 time points, indicating the
importance of metabolic adaptations for tissue growth. The Aldoa,
Pkm, and Ldha genes showed increased expression across all cell types,
while Glutl and Pdkl genes exhibited changes primarily in the epi-
dermal clusters (Fig. 3D; Fig. 6E, bottom). The level of Ldha is sig-
nificantly increased in expanded cell clusters, indicating an induction
of anaerobic glycolysis after tissue expansion. Immunofluorescence
staining confirmed tension-induced levels and location of Glutl and
Aldoa proteins. Treatment with Yodal amplified all these induced
changes and further promoted tissue growth, indicating the crucial
role of Piezol in tension-induced skin growth and metabolic changes.
Glutl serves as the primary glucose transporter in the epidermis,
playing a crucial role in glucose uptake and regulating keratinocyte
growth®*2, Given its involvement in controlling keratinocyte pro-
liferation and immune regulation, Glutl is a potential factor in the
management of inflammatory skin diseases®*>. Glutl is a downstream
target of Piezol activation and has higher expression in the epidermis
than in the dermis (Figs. 3D, 6E). Removing Glutl from the epidermis
hinders keratinocyte proliferation following damage”, making it a
promising target for promoting tissue growth. Further investigation is

Nature Communications | (2025)16:6876


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-62270-3

Inflamatory cytokine panel
E-con

4 Expression

Heatmap

116

110
1133
117a
Cxcl10
Cxcl12
Cxcl14
Cxcl1
Tgfb1
Tnf

Molecular feature

c immune_score
NE E-con EYd1
0.
! o
v 0.
- Y
5 0.
E Glycolysis_score
1.00
0.75
NE E-con EYd1 I 050
_ 1.00 *kk *kk *kk *% \
[ \
8075 |
5 |
3050 3
2025
ai
000 T T T T T T
> > 4 () > )
Q,b‘o Q),be 0y S é@ é‘é\
Q\’b Q \(Q
O
2
CD68 DAPI Glut1 DAPI Aldoa DAPI
NE
E-con
E-Yd1

needed to understand Glutl’s impact on tissue expansion. Aldolase is a
crucial enzyme in the fourth step of glycolysis. It plays an essential role
in keratinocyte migration during wound repair”® and may function
through the Aldoa/HIF-1a pathway’*. Our research suggests that Piezol
activation stimulates glucose intake and the activity of glycolytic
enzymes in stretched cells to facilitate skin growth.
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Research indicates that activating Piezol promotes glycolysis in
macrophages through the Ca2*-induced CaMKII-HIFla axis®. HIFlx
plays a crucial role in enhancing glycolysis in low-oxygen conditions®.
Interestingly, we noticed an increase in the hypoxia pathway following
tissue expansion. We observed elevated Hifla gene expression levelsin
all cell types, which can be further enhanced by Piezol activation
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Fig. 6 | Piezol activation increases the inflammation and glycolysis pathways.
A upper: spatial heatmap of cytokine panel genes in E-con and E-Yd1 skin; middle:
spatial plot of cytokines; lower: high-resolution spatial map of cytokines. B upper:
spatial heatmap of glycolysis pathway in E-con and E-Yd1 skin; middle: spatial plot
of glycolysis-related genes; lower: high-resolution spatial map of glycolysis genes.
C The UMAP shows immune_score based on the expression of the cytokine panel
list in (A). D The violin plot showed immune_scores across various cell types. E The
upper left UMAP shows Glycolysis_score based on the expression of the gene panel
list in Fig. 3C. The lower left violin plot showed Glycolysis_scores across various cell

types among samples. The right violin plot shows the expression of the repre-
sentative glycolysis genes in xenium clusters. Significant test results between E-con
and E-Yd1 samples were labeled on the violin plot. Detailed comparison results can
be found in supplementary datasets. F, G Immunofluorescence staining of mac-
rophage marker CD68, and glycolysis markers Glutl and Aldoa, followed by
quantification. CD68 is quantified in the dermis, and Glutl and Aldoa are quantified
in the epidermis. (n = 3). In multivariate analyses, the one-way ANOVA test was used.
Wilcoxon rank-sum test was used for all violin plots in this manuscript.

during TE (Fig. 5H, I). All of these findings suggest that tension-
activated Piezol amplifies the response to microenvironmental
hypoxia and triggers the rewiring of glucose metabolism.

After noticing negative changes in the insulin-stimulated glucose
uptake pathway through single-cell sequencing, we were curious about
the potential impact on global glucose metabolism due to local glu-
cose metabolism changes. The results indicate that local skin expan-
sion does not currently impair glucose metabolism or insulin activity,
as might be expected if skin stretch were an independent variable
worsening the metabolic syndrome in obesity. However, we did not
observe defects in blood glucose homeostasis. We believe further
studies are needed, such as testing a high-fat diet and later chronic
time points, to see if TE effects may better elucidate systemic meta-
bolic consequences of markedly enhanced skin volume such as seen in
obesity.

Piezol as a central coordinator of inflammation and
metabolism in TE

Evidence for a role of PIEZO in coordinating the biological response in
tissue expansion is the close similarity between the known specific
cohort functions of PIEZO and the cohort changes observed in TE.
While we and others have separately noted the importance of inflam-
mation and metabolism in tissue restoration, how they are coordi-
nately promoted is less appreciated. As an important candidate for this
coordination, PIEZO has been separately associated with metabolic
and inflammatory functions, particularly in animal models. Activation
of Piezol promotes glycolysis in macrophages®. When Piezol is acti-
vated through the intracellular accumulation of glucose metabolites, it
triggers insulin secretion in pancreatic beta cells®. Additionally, Piezol
may regulate diet-induced adipocyte inflammation and systemic glu-
cose metabolism®, Piezol is abundant in mechano-active tissues such
as the skin and the lung and is associated with innate and adaptive
inflammatory responses®*”*°, In a study on mechanical force-induced
stress in the skin, researchers demonstrated that knocking down
Piezol in epidermal stem cells reduces immune activation pathways®.
Therefore, in mice, PIEZO known functional role in inflammation and
metabolism suggest it might be a candidate in TE given the over-
lapping gene expression changes in these pathways.

Therapeutic implications

The role of PIEZO1 in humans is not as well studied, but with some
implications of these same functions. Most classically, Piezol muta-
tions are associated with human pathologic conditions including gain
of function mutations resulting in xerocytosis, and loss of functions
associated with lymphadenopathy and hydrops fetalis®. Nevertheless,
there are also limited but suggestive data linking Piezol to metabolic
and inflammatory phenotypes in humans. A study found that GOF
PIEZO1 is an important genetic factor involved in iron metabolism in
individuals of non-European ancestry®’. Notably, Piezol and key
inflammatory biomarkers are highly expressed in the ileum of patients
with active Crohn’s disease®”. Interestingly, novel large-scale GWAS
associations mapping to PIEZOL1 loci suggest underexplored connec-
tions to metabolism and inflammation (https://www.ebi.ac.uk/gwas/
genes/PIEZO1) in humans. For example, the rs837763-T polymorphism
in Piezol has a very significant association (2x10™) with Hgbalc

levels, a marker of hyperglycemia. Other PIEZO1 loci are also sig-
nificantly associated with Body Mass Index, such as rs4782429. Finally,
rs475596 and others are associated with neutrophil and lymphocyte
counts in the blood. These results suggest a potential role for PIEZO in
metabolism and inflammation, also in humans.

The discovery of Piezol’s role in the coordination of skin growth in
response to tension represents a significant advance. Our research
showed that Piezol plays a crucial role in orchestrating tension-
induced inflammation and metabolism modulation. The impaired skin
growth observed in animals with defective epidermal-Piezol, as well as
the enhanced skin growth in animals treated with the Piezol activator
Yodal, underscores the functional significance of Piezol. Several stu-
dies have shown that Yodal regulates wound healing or skin itching
through epidermal-Piezol®. In epidermal-Piezol knockout mice, both
epidermal and dermal thickness are reduced, indicating that dimin-
ished epidermal growth affects overall skin growth and is interesting
for further investigation. This finding highlights the close coordination
between the epidermis and dermis during tissue restoration. The rapid
growth of the epidermis appears to provide a foundation for the
growth of the entire skin, emphasizing its critical role and offering
valuable insights for designing future strategies to enhance tissue
expansion. The finding of the Piezol-YAP axis addresses the down-
stream biological network that Piezol initiates for skin growth. Inter-
estingly, Piezol activation also links to inflammation changes®, which
is one of the tension-induced features in the skin. This knowledge can
be harnessed to develop innovative approaches to facilitate skin
growth and repair in tissue expansion for conditions like burns,
trauma, or major skin defects or loss after surgery>*™°. Leveraging the
power of Piezol activators such as Yodal** may enable safer and more
efficacious tissue expansion than what is currently achieved with
mechanical devices.

Summary

In conclusion, we discovered that tension activates piezol in the skin,
which leads to increased skin growth, local inflammation, and repro-
gramming of metabolism (Fig. 7). By using a piezol activator, we
accelerated these changes, suggesting a mechano-immune-metabolic
axis that controls skin growth. Spatial transcriptomics mapped enri-
ched inflammatory-metabolic activity in the TE skin to their cellular
origins, offering a comprehensive understanding of the interactions
within the stretched skin microenvironment under modified physical
constraints.

Our discovery suggests the potential for non-surgical methods to
promote skin growth. These insights imply advanced therapeutic
interventions aimed at modulating inflammatory-metabolic pathways
to enhance skin growth in clinical settings. Furthermore, our findings
may also provide insight into developing targeted therapies for con-
ditions involving skin stretch, dysregulated inflammation, and meta-
bolism, such as obesity.

Methods

Mice

All mouse experiments were approved by the Johns Hopkins University
Animal Care and Use Committee (IACUC) and abided by IACUC pro-
tocols (#M023M262). Animals were maintained in the Johns Hopkins
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Fig. 7| Graphical summary. Tension activates an inflammatory-metabolic molecular network in the skin, including inflammatory signal activation, immune cell infiltration,
circulating myeloid cell mobilization, and metabolic changes. Piezol orchestrates stretch-induced skin growth, inflammation, and metabolic changes.

School of Medicine animal facilities. Animals were acclimated to the
ambient conditions of the facilities (20-26 °C and 40-60% humidity)
before the start of the experiments, allowed access to food and water,
kept on a 12 h on/off light cycle. All mouse backgrounds are based on
C57BL/6. DNA was extracted from the digit tips of young pups or the
tail tip in adult mice, followed by PCR for genotyping. We use male
mice for tissue expansion assay due to the size/weight difference
between genders.

Piezo1 loss-of-function model. To delete Piezol protein specifically in
Krt5* epidermal stem cells in the skin, we crossed the Krt5-Cre™™ mice
strain with the Piezo1™* mice strain. The Krt5-Cre®™*™ mice were from
Dr. Michael Caterina’s lab at Johns Hopkins Medicine. The Piezo1"*
mice were from The Jackson Laboratory (# 029213). To induce gene
knockout, the Krt5“<;Piezo1™* (K5;P1f) mice were treated with TAM
intraperitoneally (100 mg/kg/day) five times a week for 1 week, fol-
lowed by 3 times a week for another week (Fig. 4D).

Tissue expansion model protocol

Mice were anesthetized with volatile anesthesia (Baxter, Iso-
flurane). Using surgical scissors, a transverse cut was made into
the dorsal skin below the neck of adult mice (8-9 weeks, around
24 g), allowing for the insertion of a silicone expander (PMT,
catalog# 3611-376) subcutaneously on DO (pre-injection). This
incision was then sutured, and after allowing for 7 days of
recovery, 4 mL of PBS was injected every 2 days for 12 days to
achieve a total volume of 24 mL (Injection Day, I-O - 10). For the
control mice, expanders were implanted, but no PBS injections
were administered, and subsequently, there was no applied
mechanical stimulation. A 0.25 cm? square was marked on I-0 over
the skin above the expander (E). The dimensions and mass of this
square of tissue were measured throughout the expansion pro-
tocol. All procedures were performed under the biological safety
cabinet of Johns Hopkins School of Medicine. All materials and
reagents used are readily available from standard commercial
companies.

Yoda1 treatment. Yodal was purchased from Sigma (SML1558). Yodal
preparation. Yodal was diluted with DMSO to create a 40 mM stock
solution, stored at —20 °C, and further PBS diluted to a 1 mM working

solution for tissue expansion assay. We applied 1mM * 10 pl (3.55 pg)
Yodal in a 1cm * 1cm square of skin, which grows over the time of
tissue expansion using the pipette tip. After application, spread the
liquid over the area and remove excess liquid if necessary.

The Yodal treatment process in the tissue expansion assay
included the following steps: Two days before inflating the tissue
expander, Yodal was applied topically to the skin daily. On the day of
the PBS injection to inflate the expander (I-0), four 0.5 x 0.5 cm marked
areas were designated to monitor skin changes. Control expansion
mice were left untreated. Skin size was measured every other day, with
each square’s size calculated as one-fourth of the total to minimize
variation. Yodal was reapplied to these areas every other day until day
four post-injection (PI-4), and skin samples were collected on day
seven (PI-7). Yodal was diluted with DMSO to create a 40 mM stock
solution, stored at —20 °C, and further diluted to a 10 mM working
solution.

Skin sample collection

For Histology: Skin samples from mice were fixed in 4% paraf-
ormaldehyde overnight and then transferred to PBS. These biopsies
were then sent to the Johns Hopkins Oncology Tissue Services Core
facility to be embedded in paraffin, sectioned into 4 pm-thick seg-
ments, mounted onto glass slides, and stained with hematoxylin and
eosin (H&E).

Flow cytometry

Skin Digestion. After euthanizing the mice, skin samples were col-
lected from above the tissue expander in E and NE mice and placed in
PBS on ice. Subcutaneous tissue was removed with forceps, and the
skin was cut into pieces. Whole skin digestion solution [a mix of
0.25 mg/mL Liberase TL (ROCHE 05401020001) and 1 mg/mL DNase |
((Sigma DN25-1G)) was made in advance and kept on ice. The pieces
were transferred to a digestion solution in a 6-well plate and incubated
at 37 °C for 2 h. For the final 10 min, 1 mL of 0.25% Trypsin-1 mM EDTA
(Gibco) was added. Digestion was stopped by adding 4 mL of cold 5%
FACS buffer [PBS containing 5% fetal bovine serum (Sigma)]. The tissue
was mechanically dissociated using a syringe with 8-10 gentle pumps,
filtered through a 100 um strainer, and centrifuged at 400 x g for 8 min
at 4 °C. After washing and filtering again with 5% FACS buffer, cells
were resuspended in FACS buffer for staining.

Nature Communications | (2025)16:6876

14


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-62270-3

Flow cytometry staining®®. Cells were stained with Zombie Aqua
Fixable Viability Kit, followed by anti-mouse CD16/32 antibody (Fc
block) and then stained with the designated antibody panel. After a 25-
min incubation at 4 °C in the dark, cells were washed three times and
kept on ice. Data were collected using an LSR Fortessa (BD Bios-
ciences) and analyzed with FlowJo software.

Primary antibodies used are listed below. T-Myeloid Sorting Panel.
Zombie Aqua™ Fixable Viability Kit (BioLegend, #423101, 1:200);
PerCP/Cyanine5.5 anti-mouse CD45 (BioLegend, #103132, 1:100); FITC
anti-mouse Lineage Cocktail with Isotype Control (BioLegend,
#133302, 1:200); BUV395 anti-mouse Thy1.2 (CD90.2), clone 53-2.1 (BD
Biosciences, #565257, 1:200); PE/Cyanine7 anti-mouse IL-17A (BioLe-
gend, #506921, 1:100).

Myeloid Panel. FITC anti-mouse Lineage Cocktail (manually
mixed): CD3e (BioLegend, #100306, 1:300), CD19 (BiolLegend,
#115506, 1:300), NK1.1 (BioLegend, #108706, 1:300), Siglec-F (BioLe-
gend, #567005, 1:300); BUV395 anti-mouse/human CD11b (BD Bios-
ciences, #565257, 1:200); Brilliant Violet 711™ anti-mouse Ly-6G/Ly-6C
(Gr-1) (BioLegend, #108443, 1:200); APC anti-mouse CD64 (FcgRI)
(BioLegend, #139306, 1:100); Brilliant Violet 421™ anti-mouse CDllc
(BioLegend, #117329, 1:100); APC/Cyanine7 anti-mouse CD326 (Ep-
CAM) (BioLegend, #118218, 1:100).

Blood cell collection and RNA-sequencing

Before collecting blood cells, the mice were anesthetized with iso-
flurane inhalation. blood was then collected by insert a sterile capillary
tube into the retro-orbital sinus and allow blood to flow into it. The red
blood cells were broken down using ACK buffer (Gibco), and the
remaining PBMC cells were collected. These PBMC cells were then
used to extract total RNA, which was submitted for sequencing.

Immunofluorescence staining

Skin tissue sections were first deparaffinized, after which heat-induced
antigen retrieval was performed. After permeabilization in 0.2% Triton
X-100 in TBS and washing in TBS, a blocking buffer (5% goat serum and
1% bovine serum albumin) was applied. For mouse-on-mouse (MOM)
staining, unconjugated affinity-purified F(ab) fragment anti-mouse IgG
(H + L) was applied and incubated for 1 h at room temperature to block
endogenous IgG. Otherwise, the sections were then incubated with
primary antibodies at 4 °C overnight. After additional washing, the
samples were then incubated with secondary antibodies conjugated
with fluorescent dye for 2 h at room temperature in the dark. After a
final round of washing, the tissue sections were mounted with Pro-
Long™ Gold Antifade Mountant with DAPI (Thermo Fisher, P36931).
Primary antibodies used were as follows: anti-Ki67 (1:500; Abcam,
ab15580; rabbit), anti-CD68 (1:100; Abcam, ab125212; rabbit), anti-Glutl
[1:200; Cell Signaling Technology (CST), #73015; rabbit], anti-Aldoa
(rabbit, 1:100, abcam, ab252953, anti-YAP [rabbit; 1:100 for immuno-
fluorescence, Cell Signaling Technology (CST), #14074T]). All tissue
slides were imaged using fluorescence microscopy (Olympus VS200
Slide Scanner). Quantification was performed with ImageJ.

Microarray

According to the manufacturer’s protocols, RNA samples isolated from
mouse skin were submitted to the JHMI Deep Sequencing & Microarray
core for Affymetrix® Human Exon 1.0ST and mouse microarray chip.
Raw gene expression signals in the form of Affymetrix CEL files were
extracted and normalized with Partek® Genomics SuiteTM software
using the Robust Multichip Analysis (RMA) algorithm. Genes were
ranked according to fold change of the intervention and referred to as
top or bottom induced if they were at the highest fold change (top) or
lowest fold change (bottom). Student’s t-test analysis measured the
significance of gene expression.

Single-cell RNA-seq

Cell isolation and live-cell selection. Skin samples were incubated
in 0.4% Dispase Il solution at 4 °C overnight. Epidermal sheets
were separated from the dermis manually on the next day and
digested in 0.25% trypsin/EDTA to obtain single cells®. Isolated
cells were then stained with PI/DCV for flow cytometry sorting for
single live cells in the flow cytometry core at the Johns Hopkins
School of Public Health. PI-/DCV" single live cells were selected
and submitted to JHMI Deep Sequencing & Microarray Core for
single-cell sequencing.

Data preprocessing and quality control. We have two batches of
data for a total of 4 samples, with each sample consisting of 3
biological replicates. After the initial cell ranger metric assess-
ment, data were preprocessed with the Seurat package. We kept
cells with more than 500 unique molecular identifiers (UMI), 200
genes, 0.7 cell complexity (logl0GenePerUMI), and less than 0.1
mitochondria gene ratio and filtered out genes that were
expressed in fewer than ten cells.

After quality control, 15,802 cells with 17,022 genes remained and
were used for clustering. Briefly, single-cell data matrices were first
normalized and log-transformed. Cell cycle phases were calculated
and assigned using the software’s CellCycleScoring function for each
sample. To remove unwanted sources of variability caused by differ-
ences in cycling stages and mitochondrial ratio, we set the varia-
ble.features.n to be 3000 and included mitoRatio, S.scores, and G2/
M.score in vars.to.regress. Next, to ensure that similar cells across the
conditions were clustered, we used the top 3,000 highly variable genes
for canonical correlation analysis implemented in Seurat to align and
integrate the entire dataset. Principal component analysis was per-
formed first, and the top 20 PCs (principal components) out of 40 pcs
with resolution 0.45 were selected to obtain 16 clusters. By visualizing
the established epithelial cell markers from the literature on the fea-
ture plot, we identified 13 clusters for downstream analysis. All details
of the Seurat analyses performed in this work can be found in the
website tutorial (https://satijalab.org/seurat/v3.0/pbmc3k_tutorial.
html, https://github.com/hbctraining/scRNA-seq_online/tree/master/
lessons).

Gene set enrichment analysis and gene ontology analysis. Gene
ontology analysis of differentially expressed genes for pseudobulk
data was performed by gprofiler2®® (https:/biit.cs.ut.ee/gprofiler/
page/r). Representative terms were selected from top-ranked gene
sets/pathways. All differentially expressed genes were first evaluated
by the Wilcoxon rank-sum test (by function wilcoxauc in presto). The
queried databases included MSigDB: CP: KEGG, CP: REACTOME, and
Hallmark.

Spatial Xenium assay

Tissue preparation. Skin tissue samples were fixed with 4% PFA and
embedded in paraffin. Sectioned slides amounted to xenium slides for
downstream analysis. Adjacent sections were saved for HE staining.
Post-xenium slides were also performed for the HE staining.

Data process. We followed the vignette from Satija Lab for data ana-
lysis  (https://satijalab.org/seurat/articles/seurat5_spatial_vignette_2#
mouse-brain-10x-genomics-xenium-in-situ). Cells from two repeated
samples were combined.

Pathway gene list. All pathways gene lists are included in supple-
mentary dataset 9. For the list of stretch-induced signature genes, the
$100a8, Stfal, Sprr2a3, Postn, Itgbl, and Gsdmc are from our previous
microarray and publication, the Myh9, Diaph3, Stat3, and Ctnnal are
from published literature.

Nature Communications | (2025)16:6876

15


https://satijalab.org/seurat/v3.0/pbmc3k_tutorial.html
https://satijalab.org/seurat/v3.0/pbmc3k_tutorial.html
https://github.com/hbctraining/scRNA-seq_online/tree/master/lessons
https://github.com/hbctraining/scRNA-seq_online/tree/master/lessons
https://biit.cs.ut.ee/gprofiler/page/r
https://biit.cs.ut.ee/gprofiler/page/r
https://satijalab.org/seurat/articles/seurat5_spatial_vignette_2#mouse-brain-10x-genomics-xenium-in-situ
https://satijalab.org/seurat/articles/seurat5_spatial_vignette_2#mouse-brain-10x-genomics-xenium-in-situ
www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-62270-3

Statistics

All experiments were performed in at least three individual instances,
unless otherwise noted. To perform univariate statistical analysis, the
Student’s t-test was used. For multivariate analyses, the one-way
ANOVA test was used. Detailed comparison method was labeled in
figure legend. Statistical significance was defined based on p < 0.05 (*),
0.01 (*), 0.001 (**) or 0.0001 (****), either p-value or the defined
results were marked in the figures. Data are represented as Mean +
SEM. No statistical method was used to predetermine sample size. No
data were excluded from the analysis. The statistics test results of the
Xenium assay are stored in supplementary datasets 2-8.

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

Data availability

The microarray and single-cell sequencing data generated in this study
have been deposited in NCBI's Gene Expression Omnibus database
under accession code GSE186774. The xenium data generated in this
study have been deposited in NCBI's Gene Expression Omnibus data-
base under accession code GSE289263. Source data are provided with
this paper.
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