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Androgenetic alopecia (AGA) manifests as progressive hair follicle (HF) min-
iaturization; however, its drivers remain poorly elucidated. Combining spatial
and single-cell transcriptomics, we generate a concise single-cell atlas of ana-
gen HFs in male AGA, revealing early changes in cell subpopulations, altered
HF stem cell fate determination, and disrupted cell-cell communications.
Through ex vivo HF organ culture and humanized mouse models, we
demonstrate that hypercontractility of connective tissue sheath (CTS) acti-
vates the mechanosensitive channel PIEZO1 in anagen HFs. This mechan-
otransduction induces ectopic apoptosis of HF progenitor cells and
suppresses matrix/ORS cell proliferation, depleting progenitor pools and
impairing HF growth, thereby driving progressive miniaturization. Critically,
pharmacological inhibition of CTS contraction via ML-7, a selective myosin
light chain kinase (MLCK) inhibitor, improves HF growth in both male AGA
patient-derived ex vivo models and humanized mice. Our study delineates the
cellular dynamics underlying male AGA pathogenesis and identifies mechan-
opathologically activated CTS as a key driver of HF miniaturization, position-
ing the peri-follicular CTS as a promising therapeutic target for AGA
intervention.

Androgenetic alopecia (AGA), also known as male pattern baldness, is
the most common type of hair loss, affecting both men and women.
Although existing evidence suggests that androgen signaling pathways
may play important roles in AGA pathogenesis'™, the precise
mechanisms underlying its development remain largely unknown.
AGA incidence increases with age, with over 50% of Caucasian males
affected by age 50°. Its profound psychosocial impact drives strong
treatment-seeking behaviors, particularly among females and young

males®™2. Despite this clinical urgency, therapeutic development
remains constrained by limited pathophysiological understanding.
Currently, only two therapies (oral finasteride and topical minoxidil)
have been approved by the Food and Drug Administration (FDA), both
carrying persistent safety concerns®, This underscores the critical
need to systematically characterize the pathogenic regulatory net-
works underlying AGA for developing mechanism-driven therapeutic
interventions.
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AGA pathogenesis is characterized by progressive and patterned
conversion of large terminal hair follicles (HFs) into small vellus-like
structures (termed as HF miniaturization) through dysregulated
cycling dynamics™?°. All HFs undergo periodic cycles of growth (ana-
gen), regression (catagen), and rest (telogen) stages throughout the
lifetime”*. While normal human HFs maintain prolonged anagen
phases (2-6 years) to sustain robust hair growth, AGA-affected HFs
exhibit truncated anagen duration with premature catagen entry and
prolonged telogen. These perturbations lead to diminished HF size,
reduced hair shaft diameter and decreased anagen/telogen ratios,
culminating in microscopic hairs characteristic of balding scalps as the
HF cycles® . In HF cycle, the growth of HFs primarily relies on
interactions between the rapidly proliferating hair matrix cells and the
components of the niche (including dermal papilla (DP), dermal sheath
(DS), fibroblasts, adipocytes and blood vessels, etc.)'”?~*2, Crucially,
although HF stem cells (HFSCs) persist in AGA-affected bulges, their
activated progenitor cell progeny—essential for fueling the matrix cell
pool—become depleted®**. This creates an unresolved paradox: pre-
served stem cell reservoirs coexisting with insufficient regenerative
capacity.

Current AGA research remains constrained by methodological
limitations. Histomorphological analyses and bulk transcriptomic
approaches fail to capture cellular heterogeneity, while existing animal
models inadequately recapitulate human AGA pathology®*. Emer-
ging single-cell RNA-sequencing (scRNA-seq) and spatial tran-
scriptomics technologies offer unprecedented resolution for
deconstructing cellular dynamics, lineage trajectories, and niche
interactions in complex tissues®**°. Nevertheless, these cutting-edge
tools have yet to be applied to systematically investigate AGA
pathogenesis.

In this study, we integrate scRNA-seq with spatial transcriptomics
to construct the first cellular atlas of human anagen HFs in male AGA,
revealing early pathogenic alterations in cellular hierarchies and
communication networks. Through synergistic use of ex vivo HF organ
culture models and humanized mouse models, we identify hypercon-
tractility of the connective tissue sheath (CTS) as a mechan-
opathological driver of HF miniaturization. Our findings not only
elucidate CTS-mediated mechanotransduction pathways impairing HF
growth, but also demonstrate therapeutic efficacy through targeted
CTS relaxation—providing a paradigm-shifting strategy for AGA
treatment.

Results

Single-cell and spatial transcriptomics reveals cell heterogeneity
of male androgenetic alopecia and healthy anagen HF units

To dissect the cellular heterogeneity and explore the early changes in
AGA development, we obtained anagen HF units of both frontal
balding (B) scalps and occipital non-balding (NB) scalps from the same
male AGA patients (n=4), and frontal normal scalps of healthy male
volunteers (HS, n=4), to perform scRNA-seq; and acquired a normal
frontal scalp containing anagen HFs from one healthy male volunteer
to perform spatial transcriptomics (Stereo-seq) (Fig. 1a). Among these,
anagen HFs of balding scalps were at the early stage of hair miniatur-
ization, isolated from the edge of frontal hairline of male AGA patients.
Prior to scRNA-seq and Stereo-seq profiling, we implemented a mul-
timodal verification strategy to confirm anagen phase status in human
HFs, adapting established methodologies for hair cycle staging* .
Our results showed that compared to catagen HFs, anagen HFs
exhibited hair matrix (HM) with larger volume, more onion-shaped DP
and maximal melanin content; besides, the HM cells displayed obvious
proliferative activity and no apoptotic signals (Fig. S1). After sequen-
cing and stringent cell filtration of scRNA-seq data, 76368 cells were
retained for subsequent analyses (Supplementary Data 1). Following a
standard scRNA-seq data analysis procedure, totally 28 clusters (CO-
C27) were retained, which were sufficiently separated from each other

(Fig. S2a), and these clusters could be reproduced using cells from
each of the 12 samples, suggesting that they are robustly present
across different samples and conditions (including HS, NB and B)
(Fig. S2b, ).

To dissect the cell types, we first defined the expression pattern of
SOX9 (Fig. S2d), a reported marker for hair follicle cells**. By immu-
nohistochemistry, we confirmed that SOX9 is expressed in most cells
of hair follicle and almost none in other cells, distinguishing hair fol-
licle cells from other epidermal and dermal cells (Fig. S2e). Based on
the expression of SOX9 and known lineage markers, the above clusters
were preliminarily identified as the following different cell types,
including Bulge (KRT15'/CXCL14"), DP (VCAN'/CFD*), DS (ACTA2'/
CCN2"), outer root sheat suprabasal (ORS SB; KRT6A/SOX9"), matrix
(MKI67°/SOX9%), endothelial cells (Endo; PECAMI'/VWF*), immune
cells (CD3D*), Langerhans (CD207'/CD1A’), Melanocytes (DCT'/
MLANA"), Vascular smooth muscle cells/pericytes (vSMCs; ACTA2/
MYHI11'/TAGLN"), sebaceous gland cells (DCD*/SCD*), sweet gland
cells (SwGs; KRT8/KRT18"), sweet gland duct cells (SGDCs; KRT77%),
interfollicular epidermis spinous (IFE spinous; KRT1/KRT10%), IFE
granular (FLG'/KRT2"), IFE proliferative (KRT10*/MKI67°); cells highly
expressing KRT14 but not SOX9 were defined as IFE basal*~° (Fig. 1b, c;
Supplementary Data 2 and Fig. S2f-m). To resolve the ambiguities of
cell clustering in scRNA-seq analyses, we projected single-cell anno-
tations onto Stereo-seq spatial maps and refined cluster classifications
using spatial localization patterns. This integrative analysis not only
confirmed the accuracy of our original single-cell clustering but also
enabled definitive identification of previously ambiguous populations:
ORS basal (S100A2%), inner infundibulum/isthmus cells (Inner II;
S100A8*/S100A9%), and Outer Il (SEMASA*/PTN*) (Fig. 1b-e; Supple-
mentary Data 2, 3 and Fig. S3a, b). Significantly, spatial transcriptomics
uncovered the inner root sheath (IRS) population with high TCHH
expression—undetectable in single-cell datasets (Fig. S3b, c).

Consistent with the scRNA-seq and Stereo-seq data, immunos-
taining analysis showed that KRT15 was highly expressed in bulge
HFSCs and moderately expressed in IFE basal cells (Fig. 1f), similar to
previous observations®*¢, As an ORS marker, KRT6A was exactly
expressed mainly in the ORS SB and some of the inner layer cells of the
infundibulum and isthmus, which are the upward continuation of ORS
(Fig .1g and Fig. S4a). Moreover, we verified IFE spinous cells with
KRT10, and DS cells with a-SMA and CCN2 (Fig. 1h, i). We determined
the relative proportion of each HF cell type in all samples, showing
increased outer II cells, and slightly decreased ORS basal cells in B
anagen HF units compared with NB or HS (Fig. S4b; Supplementary
Data 4). We next explored the molecular changes in each cell type of
balding HF unit compared to that of NB/HS group (including differ-
entially expressed genes (DEGs), and enriched pathways). Our results
uncovered a landscape of transcriptional dysregulation across all
major cell types in AGA anagen HFs (Fig. S4c and Supplementary
Data 5, 6). Notably, HFSCs exhibited a pronounced inflammatory sig-
nature, characterized by upregulation of pro-inflammatory pathways
such as TNF signaling, concomitant with a downregulation of pathway
governing organ growth. DP cells, the signaling orchestrators of HF
regeneration, showed a marked suppression of angiogenesis-related
pathways, suggesting a compromised microvascular niche. Matrix
cells, which are directly responsible for hair shaft production, were
ensnared in a pro-inflammatory milieu, as evidenced by the significant
upregulation of cytokine-cytokine receptor interaction. The complete
datasets of differential gene expression, and upregulated or down-
regulated pathways for all cell types is available in Supplementary
Data 5 and 6.

To further explore the potential heterogeneity, HFSCs (bulge
cells) were subclustered into three distinct subclusters (Fig. 2a), in
which the percentage of subcluster 1 was reduced in the balding bulge
of AGA patients (Fig. 2b). Wilcoxon rank-sum test was used to char-
acterize the marker genes specifically enriched in each subpopulation
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Fig. 1| Single-cell and spatial transcriptomics reveal cell type composition in
anagen hair follicle units of androgenetic alopecia and healthy scalps.
a Workflow overview of single-cell and spatial transcriptomics, followed by vali-

(Outer I1), sweat gland cells (SwGs), sweat gland duct cells (SGDCs), and vascular
smooth muscle cells (vSMC) are indicated. ¢ Dot plot showing expression of
representative marker genes for each cell type identified by single-cell RNA

dation and functional experiments using anagen hair follicles (HFs) from balding
frontal (B) and non-balding (NB) occipital scalps of androgenetic alopecia (AGA)
patients, and from normal scalps of healthy individuals (HS). b Uniform manifold
approximation and projection (UMAP) plot showing 21 cell types identified in
human anagen hair follicles. Dermal papilla (DP), dermal sheath (DS), endothelial
cells (Endo), hair follicle stem cells (HFSC), interfollicular epidermis (IFE), inner
layer of infundibulum and isthmus (Inner II), outer root sheath basal (ORS basal),
outer root sheath suprabasal (ORS SB), outer layer of infundibulum and isthmus

sequencing. d Cell-type spatial map of normal frontal scalp from a healthy male
volunteer generated by spatial transcriptomics. Scale bar, 200 pm. e Dot plot
showing expression of marker genes for each cell type identified by spatial tran-
scriptomics. f-i Representative immunostaining images of KRT15/KRT14 (f) KRT6A/
KRT15 (g) KRT15/KRTI10 (h) and a-smooth muscle actin/CCN2 (i) in human scalp
sections, with magnified views of boxed regions. n =5 HFs from 3 independent
individuals. Scale bar, 50 pm.
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versus other subpopulations. Top marker genes with avg log2FC >
0.25, pct (minimum fraction in either of the two populations)>0.25
and P value < 0.05 of each subcluster were showed in Supplementary
Data 7. Among these, KRT15 was commonly highly expressed (Fig. S2f);
CD200 was visibly enriched in subcluster 0 (CD200" HFSCs), while
CD34 was mainly enriched in subcluster 1 (CD34" HFSCs), and sub-
cluster 2 was enriched with DSG1 (DSG1* HFSCs) (Fig. 2c). Consistently,

CD34" HFSCs were decreased in balding anagen HFs (Fig. 2d). By
immunostaining, we defined that CD200* HFSCs are located in the
upper bulge with high stemness, while CD34 is mainly expressed in the
lower bulge cells referred to as HF progenitor cells (HFPCs), which are
differentiated from the upper bulge HFSCs (Fig. 2e, f). Via RNA Velo-
cyto analysis, we further confirmed that CD200" HFSCs have the ability
to differentiate into CD34" HFSCs (namely HFPCs) (Fig. 2g). As progeny
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Fig. 2| Heterogeneity of cell subpopulations in AGA and healthy scalps. a UMAP
plots showing subclusters and sample conditions of HFSCs. b Bar graph repre-
senting the percentage of subpopulations of HFSCs. ¢ Dot plot showing the
expression of CD200, CD34 and DSG1 in each HFSC subcluster via scRNA-seq. d The
percentage of CD34" HFSCs (HFPCs, hair follicle progenitor cells) in HS, NB and B
HFs. HFs were obtained from 4 healthy individuals and from non-balding and
balding scalp regions of 4 androgenetic alopecia patients. Representative immu-
nostaining images showing CD200 expression in upper bulge stem cells (e) and
CD34 expression in progenitor cells (f), with magnified views of boxed regions.
Nuclei are counterstained with DAPI (blue). Dashed lines indicate the outer root
sheath-dermal sheath boundary. Bu, bulge, Scale bar, 50 pm. g RNA velocity ana-
lysis showing inferred differentiation trajectories of hair follicle stem cell sub-
clusters. h UMAP plots showing subclusters and sample conditions of DP cells. i Bar
graph representing the percentage of subpopulations of DP cells. j Representative

Gene Ontology (GO) terms of upregulated (left) and downregulated (right) DEGs
between balding and healthy groups (B vs. HS), balding and non-balding groups (B
vs. NB) in DP cells. NES stands for enrichment scores. The color keys from red to
blue indicate the range of P value. UMAP plots (k) and relative proportions (I) of
dermal sheath cell subclusters. m Representative Gene Ontology terms enriched in
dermal sheath cells from balding versus non-balding or healthy scalp regions.
UMAP plots (n) and relative proportions (0) of vascular smooth muscle cell sub-
clusters. p Representative GO terms enriched in vSMC from balding versus non-
balding or healthy scalp. Data are presented as mean + SEM. Statistical significance
was assessed using two-tailed paired Student’s ¢ tests for comparisons between
balding and non-balding scalp regions and two-tailed unpaired Student’s ¢ tests for
comparisons between balding and healthy scalp regions. P values are indicated; ns,
not significant.

of HFPCs, matrix cells were also found to be decreased in the balding
HFs of AGA patients (Fig. S5a).

Subclustering of DP cells, the signaling center for hair growth?,
revealed 5 subclusters (Fig. 2h; Fig. S5b and Supplementary Data 8).
The percentage and distribution of subclusters were comparable
across HS, NB and B, suggesting that DP cell identity may not alter in
AGA anagen HFs (Fig. 2i and Supplementary Data 9). Gene ontology
(GO) analysis showed that pathways involving collagen trimer,
appendage morphogenesis and epidermis development were upre-
gulated in B DP cells (Fig. 2j); while angiogenesis-related pathway was
downregulated (Fig. 2j), consistent with our previous findings from
bulk RNA sequencing®.

DS cells were divided into 4 subclusters (Fig. 2k; Fig. S5¢ and
Supplementary Data 10), which showed no significant changes in the
balding anagen HFs of AGA patients (Fig. 21 and Supplementary
Data 11). Pathway enrichment analysis of differential genes revealed
muscle contraction was obviously upregulated in balding anagen HFs
compared to non-balding or healthy groups (Fig. 2m).

In human hair follicle, the DS is tightly surrounded by a network of
blood vessels, composed of vSMCs and endothelial cells”. Among
them, vSMCs were separated into 4 subclusters, and the percentage
and distribution of subclusters were comparable across three groups
(Fig. 2n, o; Fig. S5d; Supplementary Data 12 and 13). Pathway enrich-
ment analysis showed that smooth muscle contraction and multiple
pathways involved in inflammatory regulation (such as IL-17 signaling
pathway) were upregulated in vSMCs of balding anagen HFs (Fig. 2p).
Endothelial cells were divided into 4 subclusters, which exhibited no
obvious alterations (Fig. S5e-g; Supplementary Data 14 and 15), and IL-
17 signaling pathway was also upregulated in endothelial cells of
balding anagen HFs (Fig. S5h).

Immune cells expressing CD3D were further separated into
6 subclusters, including Thi7 cells (IL17A*/IL17F*), naive CD4" T cells
(IL7R*), CD8" T cells (GZMK'/CD8A"), natural killer T (NKT) cells
(ZNF683*) and two unknown subclusters (Fig. S5i-k and Supplemen-
tary Data 16). Cell composition analysis and co-immunostaining of CD4
and IL17A showed significant increase of Th17 cells in balding HF units
(Fig. S51-n; Supplementary Data 17), which provides evidence for
inflammatory infiltration in AGA.

Identification of early changes in HFSC fate determination and
cell-cell communications in AGA

Epidermal and sebaceous differentiation of HFSCs has been reported
to be associated with HF miniaturization during ageing-induced and
obesity-induced hair loss in mice®™*’, but it was unclear whether there
existed HFSC fate determination alterations in AGA development. To
address this question, we conducted cell fate analysis among potential
cell types: HFSCs, HF lineage (including ORS basal and matrix cells), IFE
lineage (including Outer Il and IFE basal cells) or sebaceous gland cells.
As expected, more HFSCs showed a pronounced tendency to differ-
entiate into IFE lineage and sebaceous gland cells in balding HFs

compared with non-balding and healthy HFs, and obviously, decreased
HFSCs differentiated into HF lineage cells (Fig. S6a, d). To explore the
underlying mechanisms, branched expression analysis modeling
(BAEM) was performed, and identified three common cell fate deter-
mination genes, COL17A1, PPPIRIC, and SGK1 (Fig. Séb, ¢, e, f).

To further characterize the cell-cell communications between
different cell types in HF units. Cellchat*® was employed to compare
the cell-cell communications between balding and non-balding/heal-
thy HFs. Although the interaction strength showed that most cell types
had no obvious changes in incoming and outgoing interaction
strength, Th17 cells, SWGs, and SGDCs exhibited increased incoming
interaction strength in balding and non-balding HFs compared to
healthy HFs, while HFSCs and outer I cells displayed decreased out-
going interaction strength in balding anagen HFs in AGA (Fig. S6g).

Apoptotic loss of HF progenitor cells is correlated with HF
miniaturization in AGA
AGA is characterized by the progressive conversion of the terminal (t)
scalp HFs into intermediate/miniaturized (i/m) HFs, which we called
the process of HF miniaturization and may be attributed to the defi-
ciency of HFSCs and their descendant cells (such as progenitor cells
and matrix cells) based on our results as mentioned above (Fig. 2b, d;
Fig. S5a) and the early study®. To verify changes in HFSC and pro-
genitor cell numbers, we performed immunostaining of CD200 and
CD34 on anagen HFs from frontal balding (B) and occipital non-balding
scalps (NB) of AGA patients, and frontal normal scalps of healthy
individuals (HS). HFs retain CD200* HFSCs with the same percentage
in AGA, despite a decrease in cell numbers in B scalps (Fig. S7a-c).
However, CD34" progenitor cells were gradually diminished during the
process of HF miniaturization (Fig. 3a-c). Further analysis indicated a
strong positive correlation between the number/proportion of CD34*
progenitor cells and the hair follicle diameter in balding scalps of AGA
patients (Fig. 3d-g). Collectively, these observations suggest that loss
of progenitor cells is associated with HF miniaturization in AGA.
Next, an investigation into the causes of the progenitor cell loss
via signaling pathway enrichment analysis revealed upregulated
apoptotic signals in progenitor cells of balding anagen HFs (Fig. 3h). A
significant increase in apoptosis was observed in the CD34" progenitor
cells of balding anagen HFs according to Cleaved Caspase-3 staining
(Fig. 3i, j). These results support the notion that an apoptosis-induced
gradual loss of CD34" progenitor cells may be involved in the devel-
opment of AGA.

Hyperactive CTS contraction suppresses hair follicle growth via
inducing progenitor cell apoptosis and inhibiting ORS and
matrix cell proliferation in AGA

Intimate crosstalk between stem cells and the surrounding micro-
environment is vital for stem cell fate decisions. On the outside of the
progenitor cells is the structure of DS (mainly composed of a layer of
elastic DS cells) in murine pelage HF, while in human scalp HF is the
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multi-layer of connective tissue sheath (CTS, the homolog of murine
DS) mainly composed of DS cells, collagens and vasculature (including
vSMCs and endothelial cells)”’(Figs. 4a, b and S8a). Pathway enrich-
ment analysis revealed increased contractile activity in both DS cells
and vSMCs of balding anagen HFs compared to non-balding or healthy
groups (Fig. 2m, p), which can be supported by the immunostaining of
phosphorylated myosin light chain 2 (p-MLC2), a marker of myosin

active state®® (Figs. 4c, d and S8b, c). To further confirm whether DS
cells in balding anagen HFs exhibit enhanced contractility or acquire
hypercontractility under specific stimuli, we first profiled the expres-
sion of mechanocontractile receptors. CHRM3 and EDNRA emerged as
the two most abundantly expressed receptors in DS cells (Fig. S8d).
Subsequent co-immunostaining analysis confirmed that CHRM3 is
specifically expressed within the CTS compartments (encompassing
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Fig. 3 | Apoptotic loss of HF progenitor cells is associated with HF miniatur-
ization in AGA. a Representative immunostaining images showing progenitor cells
in anagen hair follicles from healthy scalps (n =5 HFs), non-balding scalp regions
(n=8 HFs), and balding scalp regions classified as terminal (n=S5), intermediate
(n=5), or miniaturized (n = 6) HFs, obtained from 3 AGA patients. Epidermal cells
and progenitor cells are labeled with KRT14 (red) and CD34 (green), respectively.
Dashed lines indicate the outer root sheath-dermal sheath boundary. Scale bar,
50 um. Types of HFs were defined by their diameter. Terminal (t): diameter>200
pum; Intermediate (i): 150 pm <diameter<200 pm; mini (m): diameter<150 pm.
Quantification of the number of KRT14"'CD34" progenitor cells in different groups
(b) and their proportion (c) in the total outer layer of HFs (n for HS/NB/B(t)/B(i)/
B(m) =5/8/5/5/6 anagen HFs). d-g Correlation analyses between hair follicle

diameter and progenitor cell number or proportion in androgenetic alopecia
patients. Spearman’s correlation coefficient (two-tailed) was used. h Top 10 GO
terms upregulated or downregulated in progenitor cells (B vs. NB). Representative
images (i) and quantification (j) of cleaved Caspase-3-positive and CD34-positive
progenitor cells in anagen HFs from NB and B scalps of AGA patients (n=6 HFs
from 3 donors for each group); Right panels, magnified images of boxed areas
Progenitor cells were indicated with dotted line. Scale bar, 50 pm. Data are pre-
sented as mean = SEM. Statistical significance was assessed using one-way analysis
of variance with Tukey’s post hoc test (b, ) or two-tailed unpaired Student’s ¢ tests
(§). Pvalues are indicated in the Source data file.*P < 0.05, *P < 0.01, **P< 0.001, ns,
not significant.

DS cells and vSMCs), with comparable expression levels in NB and B
anagen HFs (Fig. S8e). Although EDNRA was detectable in human HFs,
its expression localized primarily to the ORS cells with minimal CTS
presence (Fig. S8f). Notably, serum concentrations of acetylcholine
(ACH)—a canonical agonist of CHRM3—were significantly elevated in
AGA patients compared to healthy controls. Moreover, ACH levels
were higher within B HFs relative to NB HFs (Fig. S8g). We also
observed that stimulation with methacholine (MCH, a synthetic ACH
derivative®*®) induced greater Young's modulus and more pro-
nounced contractility in isolated primary DS cells derived from B HFs
of AGA patients versus NB controls (Fig. S8h-k). Crucially, at the organ-
culture level, MCH stimulation provoked significantly stronger con-
traction in B HFs compared to NB HFs, recapitulating the cellular
phenotype (Fig. 4e, f). Collectively, these results suggest that CTS
contraction is enhanced in anagen HFs of balding scalps in AGA
patients.

Given that the contractile force of DS is a key driver of HF
regression in mice”’, we wondered whether excessive contraction of
the CTS, the analogous structure of murine DS in human, might affect
hair follicle growth in AGA. To this end, we utilized MCH to activate
CTS contraction in the in vitro cultured human anagen HF organs. The
efficiency of MCH on CTS contraction in this model was evaluated and
verified by p-MLC2 immunostaining and real-time confocal imaging
(Fig. S9a-c). Strikingly, MCH treatment resulted in a dose-dependent
negative effect on hair growth and anagen maintenance
(Figs. 4g-i and S9d). Given the marked depletion of progenitor cells in
AGA-affected balding HFs, we sought to investigate whether hyper-
active CTS contraction could potentially mediate pathological effects
on these progenitor populations. Our results showed that MCH pro-
moted the loss and apoptosis of CD34" progenitor cells in a
concentration-dependent manner. Of note, Cleaved Caspase-3'CD34"
cells are barely detectable under 100 uM MCH treatment due to the
fact that CD34" progenitor cells were almost depleted under this
condition (Fig. 4j-m). Given the crucial role of epidermal cell pro-
liferation—particularly matrix cells—in HF growth, we examined the
proliferative activity of the HF compartments, and found that MCH
suppressed proliferation in both matrix and ORS cells in a dose-
dependent manner (Fig. 4n, o). Notably, blockade of CTS contraction
with ML-7 (Fig. S9b, ¢, e), a specific myosin activation inhibitor®*, not
only improved the growth retardation and catagen premature induc-
tion (Figs. 4p-r and S9f), but also reversed the apoptotic loss of pro-
genitor cells and the inhibited proliferation of matrix and ORS cells in
MCH-treated human HFs (Fig. 4s-x), confirming the critical role of CTS
contraction in MCH effects.

Prompted by a recent study demonstrating dihydrotestosterone
(DHT, converted from testosterone via Sa-reductase) promotes mus-
cle cell contraction via the membrane receptor GPR133%°, we wondered
whether DHT might similarly stimulate CTS contraction through
GPR133 in AGA pathogenesis. We first examined GPR133 expression
and found that it is indeed expressed in human HF CTS cells (Fig. S10a).
Via immunoblotting, we showed that primary DS cells treated with
DHT exhibited significantly upregulated MLC2 phosphorylation levels

(Fig. S10b, c), while atomic force microscopy (AFM) confirmed
enhanced cellular contractility (Fig. S10d); these DHT-induced effects
were reversed by ML-7 treatment (Fig. S10c, d). Moreover, real-time
confocal imaging directly validated DHT-induced contraction
enhancement in both DS cells and intact human hair follicles
(Fig. S10e-h). Further HF organ culture experiments showed that DHT
not only induced CTS hypercontraction, but also triggered progenitor
cell apoptosis, suppressed matrix and ORS cell proliferation, and
ultimately inhibited HF growth—all of which were significantly
reversed by either GPR133 knockdown (Fig. S10i-r) or ML-7 treatment
(Fig. S11a-i). To be mentioned, while AR knockdown alleviated DHT’s
inhibitory effects on HF growth, it did not alter CTS contraction
(Fig. Sl1j-m). Consistently, we observed markedly reduced pro-
liferative activity in matrix and ORS cells within balding HFs of AGA
patients, accompanied by a significant increase in the proportion of
HFs in the catagen phase (Figs. 4y, z and S12a-c). These findings sig-
nificantly strengthen the link between enhanced CTS contraction and
AGA pathogenesis.

Subsequently, to determine whether apoptosis is necessary, we
applied Z-VAD-FMK to block cell apoptosis®®. Our results showed that
the observed phenotypes caused by MCH, including HF growth inhi-
bition (Fig. S13a-c), premature catagen induction (Fig. S13d) and
depletion of CD34" progenitor cells (Fig. S13e-h), were partially
improved after Z-VAD-FMK administration.

Taken together, these data suggest that over-activated CTS con-
traction compresses HF growth via induction of progenitor cell
apoptosis and suppression of matrix and ORS cell proliferation.

CTS contraction induces progenitor cell apoptosis and inhibits
ORS and matrix cell proliferation via PIEZO1 signaling

To pinpoint the specific molecular mechanisms by which the con-
tractility of CTS mediates this effect, we first examined the expression
levels of the known mechanosensitive ion channel proteins, which
have been found to be expressed in HFs in mice®’. Our results showed
that of the eight mechanosensitive ion channel genes investigated,
PIEZOI was abundantly expressed across HFSCs (including progenitor
cells), ORS and matrix cells (Fig. 5a, b) and was expressed at higher
levels in balding anagen HFs compared to non-balding group
(Fig. S14a, b). We then used intracellular Ca** as a downstream indi-
cator of PIEZO1 signaling®®®°. As quantified by Cal520 (a Calcium influx
indicator’®) relative fluorescent intensity (RFI), there was a significant
increase in intracellular Ca* concentration in ORS (including pro-
genitor cells) and matrix cells of balding anagen HFs (Fig. 5c, d). These
results suggest that PIEZO1 signaling is activated in ORS and matrix
cells of balding anagen HFs.

We next investigated whether activation of PIEZOL1 is sufficient to
induce HF growth retardation. To this end, we applied YODAL, a
PIEZO1-specific activator to cultured anagen HFs (Fig. Sl4c, d). Intri-
guingly, anagen HFs treated with YODAL1 displayed a phenotype similar
to MCH, including growth retardation, progenitor cell apoptosis, and
inhibited proliferation of ORS and matrix cells (Fig. 5e-m and
Fig. S14e). In addition, the Ca** concentration in MCH-treated HF ORS
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and matrix cells was elevated and could be reversed by the specific
PIEZOL1 inhibitor GsMTX4 and the myosin activation inhibitor ML-7
(Fig. S14f, g), indicating the activation of PIEZOL1 signaling by CTS
contraction. Not surprisingly, inhibition of PIEZO1 signaling by
GsMTX4 rescued the phenotypes induced by MCH (Fig. 5n-v and
Fig. S14h). To further ascertain whether PIEZO1 activation directly
suppresses proliferation and induces apoptosis in matrix and ORS

cells, we treated primary human ORS cells in vitro with YODAL Our
results demonstrated that activation of PIEZO1 by YODAL not only
significantly suppressed ORS cell proliferation but also potently
induced apoptosis (Fig. S14i, j). Furthermore, PIEZO1 activation
directly elevated intracellular calcium, compromised mitochondrial
function, and upregulated the apoptotic executioner molecule cleaved
caspase-3 in ORS cells (Fig. S14k-m). Given that TRPV4 was also
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Fig. 4 | Hyperactive CTS contraction suppresses hair follicle growth in AGA.

a Dermal sheath (DS)/ connective tissue sheath (CTS) in murine pelage follicle/
human scalp follicle. This image is adapted from the previous publication®’.

b Immunostaining of CD31 (Endo marker) and a-smooth muscle actin (marker of DS
and vSMCs) in anagen human scalp HFs. Dashed lines indicate the CTS.

¢ Immunostaining of phosphorylated myosin light chain 2 (p-MLC2) in anagen HFs
from NB and B scalp regions of AGA patients. Right panels, magnified images of
boxed areas. d Quantification of relative fluorescence intensity of p-MLC2 in a-
smooth muscle actin—-positive CTS cells (n = 959 DS cells from 5 NB HFs and 1838 DS
cells from 10 B HFs, from 3 AGA patients). e Representative real-time confocal
images of anagen HFs treated with melanocyte-concentrating hormone (MCH),
showing morphological changes at 0 and 10 min. f Quantification of changes in HF
width over time (n =6 HFs from 3 AGA patients per group). Representative images
() and quantification (h) of hair shaft elongation in ex vivo—cultured anagen HFs
treated with MCH at the indicated concentrations (n = 21-32 HFs from 3 donors per

group). i Quantification of HF cycle stage on day 6. j-o Immunostaining and
quantification of HFPC number (CD34 and KRT14), apoptosis (cleaved caspase-3),
and proliferation (Ki67) in ex vivo-cultured HFs (n=5 HFs from 3 donors per
group). p-x Rescue experiments showing the effects of myosin light chain kinase
(MLCK) inhibition on hair shaft elongation, HFPC survival, and epithelial pro-
liferation (n = 23-26 HFs from 3 donors per group for hair elongation quantification
and n =5 HFs from 3 donors per group for staining). Immunostaining (y) and
quantification (z) of Ki67* ORS or matrix cell numbers per HF in NB and B anagen
HFs from AGA patients (n =15/15 HFs from 5 AGA patients). Scale bar, 50 pm
(b,c,j,1,n,s,u,w,y), 100 pm (e), 200 pm (g, p). Data are expressed as mean + SEM
and were analyzed by one-way ANOVA with Tukey’s post hoc test (k, m, o, t, v, X)
and two-way ANOVA with a post hoc Holm-Sidak’s multiple comparisons test

(f, h, q), or two-side unpaired Student’s ¢ test (d, z). P values are indicated in Source
data file. *P< 0.05, *P< 0.01, **P< 0.00L. ns, not significant. NA, not applicable.

abundantly expressed in HFSCs and ORS cells (Fig. 5a), we sought to
investigate whether it also mediates CTS hypercontraction-induced
hair growth retardation. Consequently, treating MCH-challenged
human anagen HFs with the selective TRPV4 inhibitor RN173477,
demonstrated that TRPV4 blockade failed to rescue the MCH-
mediated suppression of HF growth (Fig. S14n, o).

Targeting CTS contraction by ML-7 improves the growth of HFs
from the balding scalps of AGA patients
All the above results inspired us to wonder whether targeting CTS
contraction is a promising therapy for AGA. We first obtained anagen
HFs from the balding scalps of AGA patients, which had been experi-
encing the process of miniaturization. As expected, the balding anagen
HFs exhibited slower growth compared with those from occipital non-
balding scalps of the same AGA patients in ex vivo organ culture sys-
tem (Fig. S15a-c). We then treated the balding HFs with ML-7, or
minoxidil (MNX), the FDA-approved drug for AGA treatment. Immu-
nostaining of p-MLC2 confirmed that ML-7 abolished muscle con-
traction activity in CTS, but MNX did not (Fig. S15d). Excitingly, ML-7
could significantly improve the growth and premature regression of
balding HFs of AGA patients, even better than MNX (Fig. S15e-h).
Consistently, ML-7 showed a better effect on decreasing the apoptotic
loss of progenitor cells compared with MNX (Fig. S15i, j). Furthermore,
we demonstrated ML-7 did not affect the growth and anagen-to-
catagen progression of cultured anagen HFs from occipital non-
balding scalps of AGA patients, suggesting a specific therapeutic effect
for balding anagen HFs with enhanced CTS contraction (Fig. S15k-m).
Given the recent development of an excellent humanized mouse
model for preclinical AGA research®*”>”>, we wondered whether tar-
geting CTS contraction via ML-7 demonstrates therapeutic efficacy in
this system. We first established the humanized mouse model by
transplanting human scalps from non-balding and balding regions of
AGA patients on SCID mice according to previous studies?®’% Using
this humanized mouse model, we demonstrated that administration of
MCH enhanced CTS contraction, induced apoptosis in the ORS cells
(including progenitor cells), suppressed the proliferation of matrix and
ORS cells, and inhibited HF growth; conversely, application of ML-7
effectively countered these effects, markedly improving the pheno-
types induced by MCH within xenografted hair follicles derived from
the non-balding scalps of AGA patients (Fig. 6a-f, and Fig. S16a-d).
Similarly, in this humanized mouse model, DHT treatment phe-
nocopied MCH-induced pathological manifestations within xeno-
grafted non-balding HFs of AGA patients, while ML-7 markedly
ameliorated these DHT-triggered phenotypes—manifesting as HF
growth retardation, progenitor cell apoptosis, and suppressed pro-
liferation in both ORS and matrix cells (Fig. 6g-1, and Fig. S16e-i). We
further compared the therapeutic efficacy of ML-7 versus minoxidil
and their combination in this humanized mouse models. Our results
showed that both ML-7 and MNX significantly rescued DHT-induced

hair growth suppression, while their combination demonstrated
superior therapeutic outcomes (Fig. 6m-r). However, no statistically
significant difference was observed between ML-7 and MNX mono-
therapies in vivo (Fig. 6m-r), contrasting with our prior ex vivo human
HF organ culture data where ML-7 outperformed MNX (Fig. S15e-j).
Most importantly, our longitudinal observations revealed that ML-7,
administered for over one month, prominently improved hair growth
even within xenografted HFs derived from the balding scalps of AGA
patients (Fig. 6s-x).

Taken together, we propose that hyperactive CTS contraction in
balding anagen HFs activates PIEZOL1 signaling in ORS and matrix cells
via mechano-transduction, thereby inducing cell apoptosis and sup-
pressing cell proliferation, ultimately resulting in HF growth retarda-
tion (Fig. S17), which strongly suggests that relaxing HFs via targeting
CTS contraction is a hopeful strategy for AGA therapy.

Discussion

Here, we present a comprehensive single-cell transcriptomic and
spatial analysis of human hair follicle (HF) units from balding and non-
balding scalp regions of androgenetic alopecia (AGA) patients, along-
side healthy individuals. Considering that HFs of balding scalps used in
the present study were in anagen phase and at the early stage of
pathogenesis, isolated from the edge of the frontal hairline of AGA
patients, our high-quality data allowed us to illustrate the early chan-
ges in cell subpopulations, the HF cell lineage trajectory and cell-cell
communications in AGA in unprecedented detail. Our atlas uncovers at
least 20 different broad cell types in the human HF unit, which are
more than those described in previous scRNA-seq studies***°. The
reason for this obvious difference could be likely attributed to the
optimization of human HF single cell isolation by combining
mechanical separation with multienzyme digestion. Based on this, we
obtained previously undescribed DP cells and major cell types of CTS
(including DS, vSMC and endothelial cells) in human HFs, which are
reported to be essential for regulating the growth of hair follicles**""*.
Delineation of DP and CTS cells at single-cell level provides an
opportunity to determine the precise roles of these cells in the
pathogenesis of AGA.

The hair growth is powered by HFSCs (termed as bulge stem cells)
that have the ability to give rise to all epithelial components of the hair
follicle™. Human HFSCs contain two major subclusters: CD200" stem
cells and CD34" progenitor cells*. Previous study has revealed that
balding scalp in men with AGA retains CD200" HFSCs but lacks pro-
genitor cells®. However, the mechanistic insights underlying the loss
of HF progenitor cells are not entirely elucidated. Here, we confirm the
findings regarding the loss of progenitor cells in AGA. Importantly, we
demonstrate that aberrant CTS contraction drives this loss via apop-
tosis induction and concurrently suppresses the proliferation of
matrix and ORS cells, potentially representing a key driver underlying
HF miniaturization in AGA. Besides, we demonstrate that HFSCs are
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more likely to differentiate into interfollicular epidermal and sebac-
eous lineages, rather than HF lineage cells, in the balding scalps, which
may be responsible for the progressive hair follicle miniaturization and
hair thinning in AGA. Similarly, in the case of ageing- and obesity-
induced hair loss in mice, those aberrant fate changes also occur in a
fraction of HFSCs, which prefer to undergo epidermal and sebocyte
differentiation regulated by COL17A1 proteolysis and inflammatory

signals, respectively, thereby decreasing the HFSC pool and leading to
hair follicle miniaturization in a stepwise manner®®*’. Here, our data
also suggest an important role of COL17Al in the aberrant differ-
entiation of HFSCs in AGA development. During normal hair growth,
HF stem/progenitor cells proliferate and differentiate to generate hair
matrix cells, which rapidly proliferate to produce the hair shaft of
growing hair in the end’®. Consistent with impaired progenitor output,
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Fig. 5 | PIEZO1 signaling is necessary for CTS contraction-induced HF growth
retardation. a Violin plots showing expression of mechanosensitive ion channels in
HFSCs, ORS cells, and matrix cells identified by scRNA-seq. TRPA1 expression was
undetectable. b Representative immunostaining of PIEZO1 on HFs from NB occi-
pital scalps of AGA patients. Calcium imaging using Cal520 in anagen HFs from NB
and B scalp regions (c), and quantification of mean fluorescence intensity in ORS
(including HFPCs) and matrix cells (d; n=1,002/810 ORS cells and 328/287 matrix
cells from 6 NB and 6 B HFs from 3 AGA patients). ORS-DS boundary is indicated by
dashed lines. Representative images (e) and quantification (f, g) of hair shaft
elongation and HF cycle stage in ex vivo—cultured HFs treated with the PIEZO1
agonist YODALI (n = 22-26 HFs from 3 donors per group). h, m Immunostaining and

quantification of HFPC number, apoptosis, and proliferation following PIEZO1
activation (n =S5 HFs from 3 donors per group). n-v Effects of PIEZO1 inhibition on
HF growth, HFPC survival, and epithelial proliferation in ex vivo HFs treated with
MCH (n =25-28 HFs from 3 donors per group; r,t,v, n=>5 HFs per group). Right
panels, magnified images of boxed areas. Scale bar, 50 um (b, ¢, h, j, 1, s, q, u),
200 pm (e, n). Data are expressed as mean + SEM and were analyzed by one-way
ANOVA with Tukey’s post hoc test (r, t, v), two-way ANOVA with a post hoc
Holm-Sidak’s multiple comparisons test (f, 0), and two-tailed unpaired Student’s ¢
test (d, i, k, m). P values are indicated in Source data file. *P< 0.05,

*P<0.01, **P<0.001L

proliferative matrix cells are also reduced in balding hair follicles,
providing a cellular basis for diminished hair shaft production.

Hair follicle miniaturization is widely understood within a DP-
centric framework, defined by progressive reductions in DP volume,
cell number, and inductive capacity, followed by impaired generation
of epithelial progeny from bulge stem cells****””. Our previous study
demonstrated that androgen receptor (AR) is upregulated in DP cells,
which induce apoptosis of microvascular endothelial cells via para-
crine signaling in the DP of balding HFs in AGA”. However, in this
study, except for the downregulated angiogenesis, our scRNA-seq
analysis identifies no other obvious changes in cell subpopulations and
signaling pathways, which may be involved in the regulation of hair
growth, in DP cells of balding HFs from AGA patients. The reasons for
this discrepancy are currently not clear, and further analysis and
experimentation will be required to address this point. Although
microinflammation has been commonly reported in AGA’*®, the
details remain largely undefined. Here, we identity that T cells are the
main lymphocytes in human HF units, and AGA is featured by
increased Th17 cells, suggesting a potential contribution of adaptive
immune responses to follicular pathology.

HF growth is tightly spatiotemporally regulated by the crosstalk
between stem/progenitor cells and the microenvironment, mainly the
mesenchymal niche”. In addition to the well-established role of the
dermal papilla (DP), the dermal sheath (DS)—which is continuous with
the DP and envelops the HF—represents an important but compara-
tively understudied niche component”. While the DS has been shown
to function as a smooth muscle driving follicle regression during
catagen in mice”®, the role of its human counterpart, the connective
tissue sheath (CTS), particularly under pathological conditions, has
remained unclear. Focusing on anagen follicles from balding scalp
regions of androgenetic alopecia patients, we demonstrate that
smooth muscle contraction-associated programs are aberrantly upre-
gulated in CTS components, including DS cells and vascular smooth
muscle cells, and that pathological CTS hypercontractility impairs HF
growth by inducing progenitor cell apoptosis and suppressing outer
root sheath and matrix cell proliferation. Pharmacological inhibition of
CTS contraction via ML-7 exhibits hair growth-promoting effects
comparable to those of minoxidil, the only FDA-approved topical agent
for AGA, and combined treatment produces a greater stimulatory
effect than either agent alone, suggesting a complementary mechanism
of action. Of note, as finasteride, the most commonly prescribed oral
therapy for AGA, acts upstream by inhibiting DHT production, its effi-
cacy cannot be meaningfully evaluated or directly compared with CTS-
targeting strategies within the current model systems. Future clinical
studies will be required to determine the exact therapeutic efficacy of
targeting CTS contraction and to evaluate its potential for combination
treatment with existing therapies in AGA patients.

We further identify PIEZO1 as a key mediator of CTS-induced
epithelial dysfunction. PIEZO1 was prioritized based on its relatively
higher expression, consistent activation signatures, and functional
responsiveness in our experimental systems. Although other
mechano-transducers are expressed in hair follicle compartments,
their potential contributions were beyond the scope of the present

study. Hyperactivation of PIEZO1 triggers apoptosis in HF progenitor
cells, suppresses proliferation in ORS (containing progenitor cells) and
matrix cells, and consequently inhibits human hair growth; conversely,
inhibition of PIEZO1 markedly rescues these CTS hypercontraction-
induced suppressive phenotypes, which are analogous to those eli-
cited by PIEZO1 hyperactivation. Consistently, PIEZO1 activation in
murine hair follicle stem cells elevates intracellular calcium, triggering
mitochondrial membrane permeabilization to release pro-apoptotic
factors and ultimately induce apoptosis®’; and PIEZO1-mediated cal-
cium signaling also suppresses murine HFSC activation and impedes
hair regeneration®’. We conclude that the role of PIEZO1 in sensing the
abnormal mechanical force from the microenvironment to regulate
the HFSC apoptosis and proliferation is conserved across species, and
the mechanosensitive channel might be a therapeutic target for hair
loss. While our data support a conserved role for PIEZOL in sensing
aberrant mechanical cues within the follicular microenvironment, the
downstream molecular pathways linking PIEZO1 hyperactivation to
mitochondrial dysfunction, apoptosis, and cell-cycle arrest warrant
further investigation.

Dihydrotestosterone (DHT), a potent androgen converted from
testosterone via Sa-reductase, is recognized as a key contributor to
AGA pathogenesis. Current evidence suggests that DHT binding to the
androgen receptor (AR) in HFs triggers downstream events (e.g.,
inhibition of HF cell proliferation), leading to shortened anagen phase
and progressive miniaturization'. However, the precise mechanisms
by which DHT acts through AR—or whether DHT contributes to AGA
via AR-independent pathways—remain incompletely defined. A recent
seminal study revealed that DHT promotes muscle cell contraction by
engaging the membrane receptor GPR133%. We now demonstrate that
DHT not only induces CTS hypercontraction through GPR133 but also
triggers progenitor cell apoptosis, suppresses proliferation in matrix
and ORS cells, and ultimately inhibits hair growth. Notably, while AR
blockade partially reverses DHT-mediated HF growth suppression, it
fails to attenuate CTS contraction. These findings indicate two distinct
mechanisms underpinning DHT’s role in AGA: (1) canonical AR sig-
naling in HF cells (e.g., DP and ORS cells), and (2) GPR133-dependent
hypercontraction in CTS components (e.g., DS cells). This non-
canonical DHT-GPR133 contractile axis might represent an important
consideration for future therapeutics, particularly since AR-targeting
strategies alone may not correct aberrant CTS dynamics.

Several limitations should be acknowledged. First, due to artifacts
in scRNA-seq analyses introduced by enzymatic digestion, cell dis-
persion, capture rate disparities and representational bias, and loss of
spatial context®"**, as well as the limited number of human hair follicle
samples available for sequencing, observed cellular/molecular altera-
tions—particularly those occurring in rare cell types (e.g., DP cells) or
loss of defined cell types (e.g., IRS cells) or involving interactions
between different cell types—should be interpreted with caution in this
study. Future spatial transcriptomic profiling of native occipital (non-
balding) and frontotemporal (balding) scalp tissues from larger and
independent AGA patient cohorts will be important to further validate
and refine the transcriptional signatures identified here and to
improve their generalizability. Second, this study provides no
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mechanistic evidence elucidating why aberrant CTS contraction exerts  contraction along the hair follicle. Future studies incorporating high-
differential effects on spatially distinct ORS and matrix cells within  resolution biomechanical force mapping, compartment-specific
human hair follicles. Specifically, aberrant CTS contraction simulta- mechano-transduction reporters, or localized mechanical perturba-
neously induces apoptosis and inhibits proliferation in ORS cells, tion strategies will be required to rigorously test this hypothesis. Third,
whereas matrix cells exhibit only proliferation suppression at the early as only male human samples were analyzed, potential sex-specific
stage. We postulate that this heterogeneity may correlate with spatially ~ differences in CTS regulation and mechanotransduction remain to be
varying magnitudes of mechanical forces generated by CTS addressed.
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Fig. 6 | Inhibition of CTS contraction by ML-7 improves the growth of AGA
patient-derived hair follicles in humanized mouse models. a, b Representative
images of humanized mouse models engrafted with NB anagen HFs from AGA
patients, showing HF growth before transplantation, during treatment, and after
harvesting, and corresponding harvested hair shafts. ¢, d Quantification of hair
shaft elongation and diameter following MCH and MLCK inhibitor treatment
(n=21/32/18 HFs from 2 AGA patients). e, f Imnmunostaining and quantification of
Ki67-positive ORS and matrix cells in engrafted HFs (n =10 HFs from 2 AGA patients
per group). Right and bottom panels, magnified images of boxed areas. g-1
Representative images and quantification of HF growth, hair shaft morphology, and

epithelial proliferation following dihydrotestosterone (DHT) and MLCK inhibitor
treatment (n =22/25/30 HFs from 2 AGA patients). m-r Comparison of HF growth
and epithelial proliferation following DHT treatment alone or combined with MLCK
inhibitor or minoxidil (n =20/15/20/20/20 HFs from 2 AGA patients). s-x Growth
and proliferation analysis of B anagen HFs treated with MLCK inhibitor (n = 8/13 HFs
from 2 AGA patients). Scale bars, 1 mm (a, g, m, s), 200 um (b, h, n, t), 50 pm

(e, k, q, w). Data are presented as means + SEM. Statistical significance was assessed
using one-way ANOVA with Tukey’s post hoc test (c, d, f, ,j, 1, 0, p, r) and two-tailed
unpaired Student’s ¢ test (u, v, X). P values are indicated in Source data file.
*P<0.05, *P<0.01, **P<0.001, determined by ns, not significant.

In summary, the present study reveals the cellular hierarchies via
spatial and single-cell transcriptomics analysis and demonstrates
hyperactive CTS contraction as a critical cause of HF growth retarda-
tion in AGA, strongly suggesting that relaxing hair follicle by targeting
CTS might be a promising therapy for this disorder.

Methods

Human scalp and HF samples

Human scalp skin biopsies and HF units were collected from non-
balding occipital and balding frontal sites of male AGA patients
undergoing hair transplantation surgery, and normal frontal sites of
male healthy volunteers from the Department of Dermatology in
Xiangya Hospital, Central South University. The detailed information
for all specimens used in this study is listed in Supplementary Data 18,
including patient/donor sources, biopsy sites, and respective meth-
odologies. The procedures were in accordance with protocols set out
in the WMA Declaration of Helsinki and the Department of Health and
Human Services Belmont Report, and approved by the ethical com-
mittee of the Xiangya Hospital of Central South University (No.
202203076), and written informed consent was acquired from all
participants.

Identification of hair cycle phases in human HFs

Hair cycle phases of human HFs were determined by morphological
analysis, HE staining, co-immunostaining of Ki67 and TUNEL, immu-
nostaining of Cleaved Caspase-3 (C-Caspase-3), and Hematoxylin
staining for melanin content as previously described**>. With these
identification methods, or among the representative ones, all human
HFs used in this study (including scRNA-seq, Stetro-seq, staining,
in vitro organ culture and humanized mouse model) had been con-
firmed in the typical anagen phase before experimentation unless
otherwise stated.

Preparation of single-cell suspensions of HF units

To obtain a single-cell suspension of entire HF units, DPs were iso-
lated first by micro-dissection from HFs and were chopped. The
remaining hair follicle tissue samples were cut with scissors and
digested with the chopped DPs in 4 mg/ml Dispase Il and Collagenase
IV for 40 min at 37 °C, centrifuged at 200 x g for 5 min. The pellet was
resuspended and digested in 0.25% trypsin for 10 min at 37°C,
washed in PBS + 5%FBS and filtered through a 70 pum cell strainer. The
Dead Cell Removal Kit (Miltenyi Biotec) was used in accordance with
the manufacturer’s instruction to obtain live cells. 10 pL of the cell
suspension were mixed with the same volume of Trypan blue for cell
counting. The loading volume for sequencing was verified by the cell
concentration

ScRNA-seq

scRNA-seq mainly includes GEM (gel bead-in-emulsion) generation,
barcoding, cDNA amplification, library construction and sequencing.
These steps were completed according to the user’s instructions of
Chromium Single Cell 3’ Reagent Kits v3.1 (10x Genomics, product
code: 1000268, 1000215, 1000120) (https://www.10xgenomics.com/
support/single-cell-gene-expression). Libraries were sequenced by an

Illumina NovaSeq6000 System. Approximately 10,000 cells (targeting
5000-12,000) per sample were used for single-cell RNA sequencing.

ScRNA-seq data processing and cell type identification

We used the default parameters of Cell Ranger software suite (v6.0.2)
to align and quantify the raw reads data from 10x Genomics. After the
initial Cell Ranger metric assessment, Seurat (v4.3.0)* in R version
4.3.1was used to exclude cells with fewer than 200 genes or more than
6000 genes detected, and more than 20% mitochondrial reads for
downstream analysis.

After quality control, 76368 cells remained and were used for
downstream bioinformatic analysis. The “NormalizeData” function was
used to normalize the feature expression measurements for each cell
by the total expression. The “ScaleData” function was used to scale and
center the expression of each gene for dimensional reduction. To
avoid batch effects among samples and experiments, we integrated
data from all samples using harmony (v0.1.1). Total cell clustering was
performed by “FindClusters”function with Louvain algorithm at a
resolution of 0.2. Non-linear dimensional reduction was performed by
“RunUMAP” function and visualized by Uniform Manifold Approx-
imation and Projection (UMAP). Markers genes of each cell cluster
were determined by “FindAllMarkers” function with Wilcoxon rank-
sum test. Only those with |“avg_logFC’| >0.25 and “adjusted P
value” < 0.05 were considered as marker genes.

For subgroup cell clustering, cells of each cell type were extracted
separately and clustered by their first 20 PCs and appropriate resolu-
tion. To further approximate the low-dimensional data manifold
representing the differentiation trajectory for HFSCs, the spliced sta-
tus of mRNAs in single-cell RNA sequencing data was used to estima-
tions of RNA velocities through velocyto®. Markers genes of each
subcluster were identified by “FindAllMarkers” function with the
default parameters. “DoHeatmap” function were used to show top
marker genes in heatmap.

Spatial transcriptomics analysis

Spatial transcriptomic profiling was performed using the Stereo-seq
platform (BGI Genomics). Raw sequencing data were processed with
the SAW pipeline (v8.1, https://github.com/STOmics/SAW) under
default settings to align reads to the human reference genome. Gene
expression matrix was subsequently normalized using the Stereopy
package (Version 1.6.1, https://github.com/STOmics/stereopy). Cell-
type identities were initially inferred by applying Cell2location®, using
single-cell RNA-seq-based annotations as a reference. We then per-
formed unsupervised clustering using the “tl.spatial_neighbors” and
the “tl.leiden” functions in the Stereopy package with the default
parameters and refined the clusters by integrating spatial localization
patterns and the expression of canonical marker genes. The final
annotated dataset was converted into a Seurat object via the sceasy
package (v0.0.7, https://github.com/cellgeni/sceasy), and marker gene
expression across cell types was visualized using the DotPlot function.

Identification of balding-associated DEGs
We used the function of “FindMakers” in Seurat to identify balding-vs.-
nonbalding and balding-vs.-healthy differentially expressed genes
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(DEGs) for each cell type and sub-cell type. The adjusted P values of
each DEG were calculated by non-parametric two-sided Wilcoxon rank-
sum test and only those with |“avg_logFC’| > 0.25 and “adjusted P
value” < 0.05 were to generate ranked gene lists for downstream Gene
Set Enrichment Analysis (GSEA).

Function enrichment analysis

Gene Set Enrichment Analysis (GSEA) of GO and KEGG was performed
by clusterProfiler R package (v4.5.1.902) and visualized with ggplot2 R
package (v3.4.1)*. Representative terms selected from the top ranked
GO terms and KEGG pathways from MsigDB were displayed.

Pseudotime analysis

To reconstruct the differentiation trajectory and do “branched
expression analysis modeling” (BAEM) for HFSC fate cell determina-
tion related cell types, such as HFSCs to HF lineage and IFE lineage/
sebaceous gland cells, Monocle2’® was used to reconstruct the dif-
ferentiation trajectory for small set of cell types and “BAEM” function
was performed to identify cell determination related molecules.

Cell-cell communication analysis

To assess cell-cell communications among different cell types, we
used cellchat (v1.1.3) to infer the intercellular communication network
from single-cell RNA-seq data. Only cell types with more than 10 cells
were considered in the analysis. The “trimean” method is used for
calculating the average gene expression per cell group in “compute-
CommunProb” function. Pairwise comparison and visualization are
performed by cellchat build-in function, only interactions with P value
lower than 0.05 are considered to be real.

HF organ culture

Human HFs were obtained from the non-balding occipital sites (unless
stated otherwise) of male AGA patients undergoing hair transplanta-
tion surgery. After microdissection, the HFs were first incubated in
William’E medium (ThermoFisher) for 24 h to re-equilibrate. HFs in
anagen VI phase were randomly assigned to the different experimental
groups. HFs were cultured at 37 °C with 5% CO, in WEM supplemented
with 2 mM of L-glutamine, 10 ng/ml hydrocortisone, 10 pg/ml insulin
and 1% penicillin/streptomycin mixure, and photographed under a
stereoscope every two days to count hair shaft length and hair cycle
stage. The hair cycle stage (anagen/early-catagen/mid-catagen) of HFs
was determined according to the identification methods described
above**,

Humanized mouse model

All animals used in this study were bred and housed in individually
ventilated cages in specific pathogen-free holdings with temperature
and light control (12 h light and dark cycle). All animal experiments
were carried out under the approval of and guidelines of the ethical
committee of the Xiangya Hospital of Central South University (No.
2022020197). The humanized mouse model was established with
slight modifications to existing protocols**’2. Anagen-stage HFs from
the occipital (non-balding) and frontal (balding) scalp regions of male
AGA patients were implanted into dorsal incisions of male SCID mice
(n=10-20 HFs per mouse) under isoflurane anesthesia. Starting on
post-grafting day 30, the mice received treatments of MCH (1 mM),
ML-7 (100 uM), DHT (0.625mg/mL), or Minoxidil (30 mg/mL), as
indicated. Mice were sacrificed at day 30/32 post-treatment. HF mor-
phology and hair shaft dimensions (length/diameter) were assessed
using photomicroscopy and ImageJ analysis.

Chemical stimulation of HFs

All the chemicals were purchased from Selleck. After 24 h, medium was
replaced and HFs were treated with vehicle (0.1% DMSO), MCH (0.1,1
10,100 pM as indicated), ML-7(0.3uM), Z-VAD-FMK (10 pM),

YODA1(15 uM), DHT (10 puM), RN17347 (3uM), or GsMTX4(1uM)
according to the design of different experiments and the medium was
changed daily with the indicated treatment. HFs were cultured for
2-10 days for analysis of hair growth and immunostaining,.

Immunostaining and TUNEL staining. Immunostaining was per-
formed as previously described”. Briefly, OCT-embedded samples
were sectioned (10 pm) with a Leica cryostat. The sections were fixed
for 10 min with 4% PFA, and washed with PBS, then blocked for 60 min
with blocking buffer (5% NDS, 1% BSA, 0.3% Triton X-100). Primary
antibodies were incubated overnight at 4 °C. Secondary antibody was
incubated for 60 min at room temperature. After washed, sections
were counterstained with DAPI. TUENL staining was performed with
TUNEL assay kit (Roche, USA) according to manufacturer’s instruc-
tions, and then stained with CD34 following the immunostaining
protocol. For the co-immunostaining of two antibodies from the same
host species, double immunohistochemistry for paraffin sections
(8 um) was conducted by using the Opal 4 color manual immunohis-
tochemistry (IHC) kit (NEL810OOIKT, PerkinElmer). The signal of
p-MLC2 was amplified by the Opal 4 color manual IHC kit
(NEL8100O0IKT, PerkinElmer). All pictures were taken with a Zeiss
Axioplan 2 microscope. The fluorescence intensity was evaluated with
Image). The primary antibodies were used in this study: Rabbit anti-
SOX9 (1:100, Cell Signaling), Mouse anti-KRT15 (1:2000, Lab vision),
Mouse anti-KRT14 (1:4000, Abcam), Rabbit anti-KRT6A (1:500, Atlas
Antibodies), Rabbit anti-KRT10 (1:1000, Abcam), Mouse anti-a-SMA
(1:4000, Abcam), Rabbit anti-CD200 (1:200, Cell Signaling), Rabbit
anti-CD34 (1:250, Abcam), Rabbit anti-Cleaved Caspase-3 (1:400, Cell
Signaling), Rabbit anti-p-MLC2 (1:100, Cell Signaling), Rabbit anti-Ki67
(1:500, Abcam), Rabbit anti-PIEZO1 (1:100, Proteintech), Rabbit anti-
EDNRA (1:500, Abcam), Rabbit anti-GPR133 (1:100, Novus), Rabbit anti-
CCN2 (1:100, Proteintech), Rabbit anti-AR(1:100, Cell Signaling).
Staining intensity was evaluated in well-defined reference by quanti-
tative (immuno-) histomorphometry using NIH ImageJ software.

Isolation and culture of primary human DS cells

Non-balding and balding human HFs from the same AGA patient were
micro-dissected under sterile conditions using fine forceps and
microscissors. Adipose tissue and supra-sebaceous segments were
meticulously removed under microscopic guidance. Isolated HFs were
enzymatically treated with 1 mg/mL dispase Il in Hanks’ balanced salt
solution for 1h at 37 °C to separate the dermal sheath from the epi-
thelial component. The liberated dermal sheath tissue was then
transferred to a solution containing 2 mg/mL collagenase type IV and
incubated for 1h at 37 °C with periodic agitation. The digested sus-
pension was dissociated by gentle pipetting and immediately quen-
ched with DMEM supplemented with 5% fetal bovine serum. The cell
suspension was sequentially filtered through a 40-um cell strainer and
centrifuged at 500 g for 10 min at 4 °C. The pelleted cells were resus-
pended in growth medium consisting of DMEM/F12 with 10% FBS and
1% penicillin-streptomycin. Cells were seeded onto tissue culture
plates pre-coated with 50 pg/mL rat tail collagen type | and maintained
at 37°C in a humidified 5% CO, incubator. Medium changes were
performed every 72 h until 80% confluency, with subsequent passages
using 0.25% trypsin-EDTA. Primary cells between passages 2-4 were
utilized for experiments.

In vitro Ca®>" imaging

HFs were incubated with Calbryte™ 520 AM fluorescent calcium indi-
cator (AAT Bioquest) in culture medium at 37 °C for 1 h. Afterward HFs
were washed with HBSS and cultured with HBSS supplemented with
1mM calcium. For different treatments, MCH, ML-7, YODAl or
GsMTX4 was added to the culture medium for 30 min. The HFs were
embedded in OCT and were sectioned with a Leica cryostat. Images
were taken immediately to record the fluorescence intensity to
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indicate Ca*" concentration and the adjacent section was used for
CD34 staining to indicate progenitor cells.

Atomic force microscopy (AFM) for cell stiffness measurement
Primary human DS cells were seeded at a density of 5 x 10° cells/cm? on
sterile 35-mm Petri dishes pre-coated with collagen type I (5 pg/cm?)
and allowed to adhere for 24 h before AFM analysis. Stiffness mea-
surements were performed using a JPK Nanowizard IV AFM system
coupled with an inverted optical microscope (Nikon Eclipse Ti2) as
previously described®. Cells were maintained in 1x phosphate-
buffered saline (PBS) at 37°C during measurements. A cylindrical
nitride cantilever (Bruker SAA-SPH-5UM; tip radius: 5 um, spring con-
stant: 0.20-0.30 N/m) was used for all experiments. The cantilever’s
spring constant was calibrated before each experiment via the thermal
fluctuation method. Indentations were performed at a constant
approach rate of 5um/s with a maximum cantilever deflection set
point of 2.0nN to ensure elastic-dominant deformation. Force-
indentation curves were recorded at 5 points over the perinuclear
region of individual cells (=6 cells per group).

Young’s modulus (E) was derived by fitting the approaching force
curve to the Hertzian contact model for a spherical indenter (Eq. 1):

4 E
daht vl

where F=applied force, r=tip radius (5um), 6 =indentation depth,
and v =Poisson’s ratio (fixed at 0.5 based on biological soft materials).
Baseline correction and contact point estimation were automated
using JPK Data Processing Software (v6.3). Cells with excessive drift or
incomplete retraction curves were excluded.

Ex vivo hair follicle and DS cell contraction assays

Human HFs were micro-dissected from scalp tissue, approved by the
ethical committee of the Xiangya Hospital of Central South University
(No. 202203076) and written informed consent was acquired from all
participants. HFs underwent 60 min equilibration at 37 °C in glucose-
supplemented HBSS +1uM ML-7. Real-time imaging used a Leica TCS
SP8 confocal system (10x air objective, 37 °C, 5% CO,). Immediately
prior to time-lapse imaging, the buffer was replaced with HBSS con-
taining 1 mM CaCl, supplemented with or without contraction indu-
cers (10 uM DHT or MCH). Brightfield images were acquired at 5-min
intervals for 15 min. Primary DS cells isolated from matched follicles
were cultured on collagen I-coated 24-well plate. After identical pre-
treatment, induction buffers were replaced simultaneously with HF
experiments. Phase-contrast imaging proceeded for 30 min at 10-min
intervals. HF diameter was measured perpendicular to the axis at five
locations (200-400 um superior to dermal papilla, 50 um intervals)
using Fiji/lmage] v.2.3.0. Cell area was quantified via automated
thresholding.

ACH content quantification

ACH levels in serum and HFs were measured using an ACH assay kit
(Catalog No. A105-1-1 for HFs, A105-2-1 for serum, Nanjing Jiancheng
Bioengineering Institute) according to the manufacturer’s
instructions.

Detection of cell apoptosis using Annexin V-FITC assay kit

Cell apoptosis was detected using the Annexin V-FITC Apoptosis
Detection Kit (ThermoFisher). Cells were resuspended in binding
buffer (1x10° cells/mL) and incubated with 5 pL Annexin V-FITC and
5 L propidium iodide (PI) for 15 min at room temperature in the dark.
After adding 400 pL of binding buffer, cells were analyzed by flow
cytometry. Early apoptotic cells were Annexin V-FITC-positive, PI-
negative, while late apoptotic or necrotic cells were both Annexin
V-FITC and PI-positive.

Isolation and culture of primary human ORS cells

Outer root sheath (ORS) cells were isolated from hair follicles (HFs) of
AGA patients using previously described methods (PMID: 40776528).
HFs were harvested and digested with 0.1% dispase (Sigma, USA) at
37 °Cfor 1 h. The connective tissue sheath (CTS) was carefully removed
under a stereomicroscope to expose the ORS. The ORS was then dis-
sociated into single cells by incubation with 0.05% trypsin (Gibco, USA)
at 37 °C for 30 min. The resulting cell suspension was vortexed and
filtered through a 40 pm cell strainer (Falcon, USA) to remove debris.
Cells were then centrifuged at 300 x g for 5 min, resuspended in cul-
ture medium, and seeded onto culture plates pre-coated with 10 pg/
mL human fibronectin (Sigma, USA). The plates were incubated at
37°C for 1h, and non-adherent cells were removed by changing the
culture medium. ORS cells were cultured in CNT-07 medium (CELLN-
TEC, Switzerland) at 37 °C with 5% CO,. The culture medium was
replaced every 2 days.

Detection of mitochondrial function

Mitochondrial function in ORS cells was assessed using the JC-1 Mito-
chondrial Membrane Potential Kit (Beyotime). Cells were incubated
with 2uM JC-1 at 37°C for 20 min, then washed and analyzed by
fluorescence microscopy. Red fluorescence indicates high mitochon-
drial membrane potential, while green fluorescence indicates depo-
larization. An increase in the green-to-red fluorescence ratio suggests
increased mitochondrial permeability, a sign of mitochondrial
dysfunction.

Immunoblotting

Cells were lysed in RIPA buffer (ThermoFisher) containing protease
inhibitors (ThermoFisher) after being washed with cold PBS. The
proteins were quantified via bicinchoninic acid assay (ThermoFisher)
and separated on SDS-PAGE and transferred to a PVDF membrane. The
membrane was blocked with 5% nonfat milk for 1h at room tempera-
ture and incubated with primary antibodies overnight at 4 °C. The
secondary antibodies HRP-conjugated Goat anti-Mouse IgG (Santa
Cruz) and HRP-conjugated Goat anti-Rabbit IgG secondary antibody
(Santa Cruz) were incubated for 1h at room temperature. The immu-
noreactive bands were visualized by the HRP substrate (Sigma) on
ChemiDoc XRS+ system (Bio-Rad). Data were analyzed by GE Health-
care ImageQuant LAS 4000 Mini and images have been cropped for
presentation. The corresponding uncropped images of immunoblot-
ting results were provided in the Resource data file. The primary
antibodies used in this study were: Rabbit anti-p-MLC2 (1:1000, Cell
Signaling), Rabbit anti MLC2 (1:2000, Proteintech), Rabbit anti-GPR133
(1:1000, Novus), Rabbit anti cleaved-CASPASE3(1:1000, Cell Signaling),
Mouse anti GAPDH (1:10000, Proteintech).

RNA interference

Small interferring RNA (siRNA) were purchased from GenePharma
(China). The sequences for siRNA: sihGPR133: CCAGGCCAAGTGT-
TATGAGAA; sihAR: CACCAATGTCAACTCCAGGAT; ORS cells were
transfected with siRNA at 0.06 nM packaged by Lipofectamine 3000
(Invitrogen) in 6-well plates (5x10°cells/well). Hair follicles were
transfected with siRNA at 0.06 nM packaged by Lipofectamine 3000
(Invitrogen) in 24-well plates (1 hair follicle/well).

EdU proliferation assay. Cell proliferation was evaluated using the
EdU Cell Proliferation Assay kit (RiboBio). ORS cells were cultured in
medium with YODALI as indicated. After 24 h of incubation in medium
containing 10 uM EdU, cells were fixed with 4% paraformaldehyde.
Subsequently, cell nuclei were stained with DAPI to facilitate visuali-
zation. EdU-positive cells, indicative of DNA synthesis, were quantified
using fluorescence microscopy. The proportion of EdU-incorporating
cells was calculated relative to the total cell population.
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RNA extraction, real-time PCR (qPCR)

RNA was extracted from the bulbs of human hair follicles using TRIzol
Reagent (ThermoFisher) and was reverse-transcribed to cDNA by Pri-
meScript™ RT reagent Kit with gDNA Eraser (Takara). gPCR was per-
formed with ChamQ Universal SYBR qPCR Master Mix (Vazyme). The
relative gene expression was measured by delta-delta CT relative to
GAPDH, and the fold change was normalized to the control group. The
primer sequences used in this study were presented in Supplementary
Data 19.

Statistical analysis

All data were expressed as mean + SEM and were analyzed by ANOVA
or Kruskall-Wallis test when more than two groups were compared or
Student’s t-test when only two groups were compared. Graphpad
Prism 10, R (v4.1.3) and Excel (Microsoft) were used to assess statistical
significance. Statistical significance was set at a P<0.05. *, ** and ***
indicate P<0.05, P<0.01 and P< 0.001, respectively. All correspond-
ing P values are listed in the Source data file.

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

Data availability

All data needed to assess the conclusions in the present study are
provided in the manuscript and/or the Supplementary Materials. The
scRNA-seq and Stereo-seq datasets are available from the genome
sequence archive under accession number HRA005629 and
HRAO012638, respectively (http://bigd.big.ac.cn/gsa-human/). Any
other data supporting the findings of this study are available from the
corresponding author upon reasonable request. Source data are pro-
vided as a source data file. Source data are provided with this paper.
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