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Abstract 

Introduction: Aging causes striking changes in the extracellular matrix (ECM) in hair follicles, which has a 
profound influence on hair growth. How the ECM of dermal papilla (DP), the master regulator of hair growth, 
changes during aging remains largely unknown.  
Methods: Herovici staining, Western Blotting and immunofluorescence were used to assess DP ECM and 
protein expression in hair follicles. Bulk and single cell RNA-sequencing were used to analyze gene expression 
and predict upstream and downstream regulators of target genes. Skin organoid and mouse models were used 
for functional validation of molecular mechanisms.  
Results: Aged follicle DP shows drastic depletion of ECM in which Thrombospondin Type 1 Domain 
Containing 4 (Thsd4) is highly downregulated. THSD4 is specifically expressed in the interface between DP and 
hair matrix (HM). It promotes hair growth by enhancing the interaction between dermal (DP) and epithelial 
cells (HM) through the SDC4-THSD4-CXCL1 signaling axis in both skin organoids and mouse models. Murine 
dorsal hair follicles show upregulated THSD4, enhanced DP-HM interaction, and hair growth following 
exposure to low temperature. 
Conclusions: THSD4 is a key micro- and macro-environmental mediator to promote hair growth by 
facilitating epidermal-mesenchymal interactions during aging. These findings demonstrate the therapeutic 
potential of low-temperature treatment for treating unwanted hair loss. 
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Introduction 
Aging is characterized by a gradual loss of tissue 

integrity, leading to impaired biological function, 
increased susceptibility to diseases, and eventual 
death [1]. Over time, most organs in mammals tend to 

shrink or thin out, which is associated with a decline 
in functionality and regenerative capacity [2]. The 
effects of aging are particularly prominent in the skin, 
with loss of skin appendages such as hair follicles and 
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the onset of wrinkles, laxity, and atrophy [3]. The hair 
follicle serves as an excellent model to investigate 
aging, as hair thinning, loss, and hair graying, as well 
as follicular atrophy, are common manifestations of 
aging of cells in the hair follicles [4-6]. These are 
largely implicated in the alterations of hair follicle 
stem cells (HFSCs) and particularly their 
mesenchymal niche called dermal papilla (DP) [7, 8].  

As the major regulatory center, the DP is 
influenced by a plethora of molecular signals during 
the development, growth, cycle, and aging of hair 
follicles [9-13]. We have previously proposed that hair 
follicle aging, reflected by the self-renewal and 
activation capacities of HFSCs, is determined by the 
accumulation of both intrinsic and extrinsic factors 
[14]. Intrinsic factors such as the epigenetic landscape 
[15], determinants of stemness [15, 16], and the careful 
balance of biochemical signals [17, 18] all contribute to 
the alteration of hair cycle and growth during aging. 
Nonetheless, extrinsic factors such as the extracellular 
matrix (ECM), a crucial component of the HFSC niche, 
can also have a profound influence on hair follicle 
homeostasis and hair growth [19]. The controlled 
release of ECM molecules can effectively activate 
HFSCs both in vivo and in vitro, resulting in enhanced 
hair follicle regeneration [20]. However, the depletion 
of ECM components, such as the hydrolysis of Type 
XVII collagen due to accumulation of DNA damage, 
can re-direct HFSC differentiation into the epidermal 
lineage, leading to hair follicle atrophy and loss 
during aging [21]. ECM also serves as a mechanical 
stimulus that influences the stiffness of the HFSC 
microenvironment. For instance, increased basement 
membrane stiffness results in transcriptional 
repression of genes important for hair regeneration 
during aging [22], whereas a decrease in the stiffness 
of hair germs, such as reduction in their actomyosin 
contractibility by MicroRNA-205, is required for cell 
cycle re-entry and subsequent hair regeneration [23].  

The prerequisite for hair follicle development is 
the formation of dermal condensates where 
fibronectin enhances cell adhesion and maintains high 
cell motility to promote DP cell aggregation [24]. Once 
established, the DP becomes enriched in basement 
membrane components. As one such component, 
Lama5 (Laminin subunit alpha 5) between the hair 
germ and DP is critical for hair regeneration. Hair 
follicles of the Lama5 knockout mice have been shown 
to have reduced linkage between the hair germ and 
DP junction, which significantly thwarted hair 
regeneration [25]. Moreover, the ECM in the 
mesenchymal niche may also regulate the terminal or 
vellus hair formation, as the thicker terminal follicles 
are richer in ECM compared to that of the thinner 
vellus follicles [26]. Nevertheless, despite 

unprecedented advancements in hair follicle aging 
research in recent years [1], how alterations of DP 
ECM during aging influence hair follicle growth 
remains elusive. 

In addition to the extrinsic factors of the 
follicular micro-environment, alternations of the 
external factors in the outside environment can also 
contribute to the regulation of hair growth and cycle 
[21, 27-30]. For instance, human hair shedding and 
cycle exhibit a clear pattern of seasonality. More hairs 
are shed in the summer when the ambient 
temperature is high compared to spring and winter 
when the ambient temperatures are relatively lower. 
Coincidentally, there is a greater number of hair 
follicles in the anagen (hair growth phase) compared 
to that in the spring and winter [31]. Thus, can 
temperature modulate hair growth during skin aging? 

In this study, we investigated the impact of 
aging on DP ECM and discovered epidermal- 
mesenchymal interaction as a major contributor to the 
age- and external environment-induced change in 
follicular function. We characterized the overall ECM 
changes in young and aged mouse vibrissae and 
dorsal skin hair as well as human scalp hair follicles. 
Analyses of bulk- and single-cell RNA-sequencing 
data (RNA-seq and scRNA-seq, respectively) and 
Western blotting (WB) revealed a novel ECM 
component, THSD4, which became significantly 
downregulated in the DP upon aging. THSD4 was 
expressed in the boundary of DP and hair matrix 
(HM) and promoted hair growth from aging follicles 
by enhancing DP-HM interaction via Syndecan 4 
(SDC4) and chemokine (C-X-C motif) ligand 1 
(CXCL1). In addition to micro-environmental 
changes, we found that transient (5 min) exposure to 
low temperature (5 °C) triggered Type I and III 
neocollagenesis and THSD4 expression which led to 
increased hair bulb size and DP area, both are 
indicative of a proliferative hair follicle. These 
findings advance our understanding of how DP ECM 
influences hair follicle growth and offer potential 
avenues for addressing issues such as hair loss during 
aging by applying low-temperature treatment. 
Slowing the aging process of hair follicles by 
modulation of ECM components could potentially 
provide clinical guidance for sustained follicle growth 
and prevention of unwanted hair loss. 

Results 
Decreased THSD4 expression in the DP-HM 
junction during hair follicle aging 

During aging, HFSCs in the hair follicle bulge 
become quiescent partly due to the alteration of ECM 
changes that result in increased basement membrane 
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stiffness, which causes hair follicle shrinking and hair 
loss eventually [26]. Yet, given its indispensable role 
in the hair cycle and growth as the HFSC niche, how 
ECM changes in DP affect DP function remains to be 
investigated. To this end, we initially compared the 
global collagen content in the hair bulbs of young and 
old mouse vibrissae and human scalp hair follicles. 
Herovici staining of the DP region of both young and 
old hair follicles appeared blue, indicating mostly 
immature collagen with no differences in maturity. 
However, the internal ECM was widely distributed in 
young follicles and significantly reduced in aged 
follicles (Figure 1A, S1A-B). We then sought to verify 
whether the change in the DP content affected the 
growth capacity of these hair follicles in vitro. Indeed, 
the aging hair follicles with smaller DP areas and 
collagen content showed significantly lower growth 
rates compared to the young ones (Figure 1B, S1C).  

To elucidate the molecular underpinnings of the 
ECM alterations within the DP during hair follicle 
aging, we submitted young and old murine vibrissal 
hair follicles for bulk RNA-seq. A weighted gene 
co-expression network analysis was performed where 
we overlapped the differentially expressed genes in 
young and aging follicles with those associated with 
the DP ECM, which resulted in 39 gene hits with 
Igfbp2, Thsd4, and Col3a1 being ranked the highest 
according to log2 fold change (Figure 1C, S1D), which 
was further confirmed using RNA-seq data from 
mouse skin and human scalp hair follicles (Figure 1D) 
as well as by qRT-PCR and Western blotting (WB) 
analysis (Figure S1E-F). Thus, our findings suggest 
that THSD4 expression has strong implications for 
hair follicle aging.  

As a further step toward understanding the 
expression profile of THSD4, we performed 
scRNA-seq analysis for young and aged skin samples. 
We uncovered 15 distinct cell clusters in both young 
and old skin using their characteristic gene makers 
(Figure 1E, S1G-H). Importantly, the expression of 
Thsd4 was specifically detected only in the DP cell 
cluster of young follicles as it became dramatically 
downregulated during aging (Figure 1F, S2A). This 
was unlike the other two gene hits Igfbp2 and Col3a1 
which had a broad-spectrum expression profile 
(Figure S2B-D). IF staining of both human and mouse 
hair follicles confirmed the significant decline of 
THSD4 with aging. Importantly, THSD4 was detected 
in the lower regions of the DP-HM junction (Figure 
1G-I, S2E-F), suggesting a potential functional role in 
mediating epithelial-mesenchymal interaction (EMI), 
which is crucial for hair growth [32]. Although not 
specific to the DP region, the expression of Col3a1, 
another ECM component, was also decreased during 

aging (Figure S2C-D), further supporting the loss of 
DP ECM content during follicular aging. 

THSD4 promotes hair growth by inducing hair 
matrix cell proliferation 

Next, we explored the functional role of THSD4 
during hair follicle growth in vivo. Given the high 
expression of THSD4 in young hair follicles, we used 
lentiviral vectors to deliver Thsd4-targeting shRNAs 
to the dorsal skin hair follicles of young mice (3M) to 
assess its functional impact. GFP fluorescence 
indicates successful lentiviral infection and shRNA 
payload delivery, which led to a significant 
knockdown of THSD4 by western blotting (Figure 2A, 
S3A). In the control group, hair follicles reached the 
subcutaneous fat layer. However, hair follicles in the 
knockdown group were significantly shorter and 
remained in the early stage of the growth phase 
(Figure 2B, S3B-C). Thsd4 knockdown also reduced 
the number of Lef1- and PCNA-positive cells in the 
DP and hair matrix region compared to the control 
group (Figure 2B). On the other hand, we ectopically 
increased THSD4 levels in old mice (24M) by 
administering its recombinant protein (rTHSD4) into 
their dorsal skin. We found that supplementation of 
rTHSD4 led to increased follicular growth as well as 
Lef1- and PCNA-expressing of DP and matrix cells 
compared to those of the vehicle control group 
(Figure 2C, S3D). This suggests that THSD4 promotes 
hair follicle growth by regulating HM cell 
proliferation. 

We then attempted to recapitulate the in vivo 
findings using ex vivo mouse vibrissal and human 
scalp and hair follicles in organ culture. Both mouse 
and human hair follicles showed similar morphology 
to those from the tissue specimens (Figure S3E). As 
expected, in both mouse (Figure 2D) and human 
(Figure 2E) ex vivo hair follicles, siRNA-mediated 
knockdown resulted in similar or shorter hair shafts, 
whereas treatment of rTHSD4 dramatically increased 
their length, compared to their respective controls. 
Similarly, IF staining showed a remarkable decrease 
in the number of PCNA-positive cells after Thsd4 
knockdown and a significant increase in the number 
of those cells following rTHSD4 treatment in the DP 
and matrix of mouse vibrissal hair follicles (Figure 
2F). Such changes in expression were also seen in Col 
III following knockdown or the addition of ectopic 
rTHSD4 in these hair follicles (Figure S3F). These 
results further suggest that DP-secreted THSD4 
enhances hair follicle growth by promoting the 
proliferation of HM cells.  
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Figure 1. THSD4 expression decreases upon aging. A. Herovici staining of follicular bulge region showing maturation of DP matrix, quantification of DP area, and 
schematic representation of DP region and matrix content change during aging. N = 2, *** p < 0.001. scale bar = 100 µm. B. Hair shaft growth from cultured ex vivo hair follicles. 
N = 3, *** p < 0.001, ** p < 0.01. C. Venn diagram showing 39 differentially regulated genes that are related to DP ECM and the top 3 highest ranked genes according to their 
log2 fold change (Log2FC). D. Expression of Thsd4 mRNA in young and old mouse and human hair follicles by qRT-PCR or bulk RNA-seq, respectively. N = 2, CPM: counts per 
million. E. UMAP plot displaying different clusters of cell types of mouse skin. F. Vlnplot showing the mRNA expression of Thsd4 across various cell types of young and old skin. 
* and shaded area highlight the specific expression of THSD4 in DP. G. Immunofluorescence labeling of THSD4 (green) and PI (red) in murine vibrissal and human (H) scalp hair 
follicles. Representative images of bulb area and quantifications below show reduced Thsd4 levels during aging. Arrowheads show Thsd4 positive region. Scale bar (mouse) = 25 
µm, scale bar (human) = 50 µm. I. Quantification of THSD4-positive area in hair bulb. N ≥ 3, *** p < 0.001, ** p < 0.01, and * p < 0.05. J. Schematic representation of THSD4 
localization and expression change during aging. 
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Figure 2. THSD4 promotes hair generation by inducing DP cell proliferation. A. Immunofluorescence images show successful delivery of Thsd4-targeting shRNA or 
its non-targeting control (NC), indicated by GFP fluorescence, via adenoviral infection of murine dorsal skin. Scale bar = 100 µm. B. Representative images of H&E staining and 
immunofluorescence labeling of Lef1 and PCNA of dorsal skin hair follicles of young (3M) mice with and without Thsd4 KD. Bar diagram to the right show reduced Lef1- and 
PCNA-positive cells after Thsd4 KD. N = 3, ** p < 0.01, and * p < 0.05. Scale bar = 100 µm. C. Representative images and quantification as described in (B) but of dorsal skin 
hair follicles of old (24M) mice. N = 3, * p < 0.05. Scale bar = 100 µm. D. Representative images showing hair growth from mouse vibrissal hair follicles with modulation of THSD4 
levels, either by its siRNA or recombinant protein. N = 3, ** p < 0.01, and * p < 0.05. E. Representative images and quantification as depicted in (D) but of human scalp hair 
follicles. N = 3, ** p < 0.01, ns = not significant. F. Representative images of Immunofluorescence labeling of PCNA in mouse vibrissal hair follicles following manipulation of 
THSD4 levels. N = 3, **** p < 0.0001, and ** p < 0.01. Scale bar = 50 µm. 
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THSD4 enhances the interaction between the 
epithelial and mesenchymal cells 

The growth of hair follicles is initiated by the 
interaction between epithelial and mesenchymal cells 
[33, 34]. Our established organoid culture system 
serves as an excellent model for simulating 
epithelial-mesenchymal interactions, thus providing a 
platform for exploring the underlying cellular and 
molecular mechanisms [35-39]. As we previously 
detected THSD4 in the HM (epithelium)-DP 
(mesenchyme) boundary, we isolated epidermal and 
dermal cells from scRNA-seq data of mouse skin 
organoids and predicted their interactions. We 
identified a total of 2 epithelial cell groups (SBC and 
BC) and 5 dermal cell groups (FB1-4 and pDC 
(putative DP precursors)) using the indicated specific 
gene markers (Figure 3A, S4A-B). Since skin 
organoids do not contain authentic DP cells, we used 
their precursor cells, pDC, for the downstream 
analyses. CellChat and CellCall analyses showed a 
notable number and strength of interactions between 
pDC and dermal cells (FB1-3) as well as SBC and BC 
groups which represent epithelial cells (Figure 3B), 
and that the number and strength of intercellular 
interactions decreased after aging (Figure 3C, S4C). 

Next, we used skin organoid culture for further 
validation. The epidermal cell aggregates in neonatal 
skin organoids appeared larger and more compact, 
with increased peripheral adhesion of dermal cells, 
whereas those in adult skin organoids appeared 
smaller, with fewer and scattered peripheral dermal 
cells (Figure 3D). Notably, THSD4 expression was 
detected in newborn skin organoids (Figure 3E), 
particularly in the dermal cells adjacent to the 
epidermal aggregate, and these dermal cells were 
identified as the putative DP precursors [36]. This 
indicates that skin organoids can be used as an in vitro 
model to study the functional role of THSD4. Thus, 
we monitored skin organoid cell behavior after the 
modulation of THSD4 levels. In newborn skin 
organoids, THSD4 knockdown significantly reduced 
the number of layers of dermal cells surrounding the 
epidermis (Figure 4A). However, the opposite effect 
was observed in adult skin organoids upon treatment 
of exogenous rTHSD4 (Figure 4B, S5A-D). As THSD4 
expression was decreased in aging hair follicles, we 
treated the adult skin organoids with rTHSD4 and 
observed a notable increase in the aggregate size 
(Figure S5E) and a marked increase in the number of 
dermal cell layers surrounding the epidermal 
aggregates (Figure 4B). These results suggest that 
THSD4 facilitates the interaction between the 
epidermal and dermal cells, which aligns with our 
previous observation. 

Next, we assessed epidermal cell proliferation 
and stemness using PCNA (Figure 4C-D) and P63 
(Figure 4E-F) as their respective markers following 
THSD4 modulation in the newborn (Figure 4E-G) and 
adult (Figure 4F-H) skin organoids. Similar to our 
previous findings, THSD4 knockdown led to a 
dramatic reduction in the number of PCNA- and 
P63-positive cells in newborn skin organoids (Figure 
4C, E), but rTHSD4 treatment significantly increased 
their numbers in both newborn and adult skin 
organoids compared to their respective controls 
(Figure 4C-F). Importantly, nude mice transplanted 
with newborn skin organoids with THSD4 
knockdown produced significantly fewer hairs 
compared to the control (Figure 4G), whereas rTHSD4 
treatment in adult skin organoids generated 
significantly more hairs compared to the control after 
transplantation (Figure 4H). Importantly, rTHSD4 
also increased the number of follicles formed in 
human induced pluripotent stem cell-derived skin 
organoids, which remarkably recapitulated our 
results from the murine models (Figure 4I, S6A-B). 
Together, our results suggest a potential role of 
THSD4 in regulating epithelial-mesenchymal 
interaction, which is required for hair growth in 
young and aging hair follicles. 

SDC4 induces THSD4 expression to promote 
hair growth 

To identify potential upstream regulators of 
THSD4 in DP, we performed CellChat analysis again 
using scRNA-seq data from young and old mouse 
skin hair follicles. We focused our analysis on the HM 
and DP compartments as they were previously shown 
to potentially interact. Indeed, we found that HM-DP 
interaction was stronger in young hair follicles 
compared to the old (Figure 5A, S7A) and signaling 
Ptn (HM) to Sdc4 (DP) was amongst the most 
prominent ligand/receptor pairs enriched only in the 
young hair follicles (Figure 5B). More importantly, 
Sdc4 exhibited a similar pattern of expression to that 
of Thsd4 such that it was highly expressed in the DP 
of young hair follicles but became noticeably 
downregulated upon aging (Figure 5C, S7B).  

In corroboration with our in-silico analysis, the 
addition of recombinant SDC4 (rSDC4) in newborn 
skin organoid cells upregulated THSD4 expression 
(Figure 5D, S7C) and increased the number of dermal 
cell layers adhering to the epidermis in both newborn 
and adult skin organoids (Figure 5E, S7D-E), 
suggesting enhanced epithelial-mesenchymal 
interaction as seen previously. A larger number of 
PCNA- and P63-positive cells were also detected in 
both newborn and adult skin organoids, indicating 
increased proliferative capacity (Figure 5F). 
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Subsequent in vivo study showed that treatment of 
rSDC4 alone resulted in significant hair regeneration 
from adult skin organoids after transplantation in 
nude mice (Figure 5G). Collectively, these results 

suggest that SDC4 likely mediates hair regeneration 
through upregulation of THSD4 in the DP of hair 
follicles. 

 

 
Figure 3. ScRNA-seq analysis of skin organoids predicts epidermis-dermis interaction. A. UMAP plots of epidermal and dermal clusters by unbiased clustering. B. 
CellChat and CellTalk analyses show potential interaction between DP (pDC) and HM (BC and SBC). C. CellChat analyses the strength of signaling interactions in neonatal and 
adult mice (Left) and interactions between epidermal and DP precursor cells are present in neonatal mice (Right). D. Immunostaining of K14 in skin organoids generated from 
newborn and adult mouse skin. Scale bar = 50 µm. E. Immunolabeling of Thsd4 in newborn mouse skin organoids. Arrowheads show Thsd4-positive (green) regions. Scale bar 
= 50 µm. 
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Figure 4. THSD4 enhances adhesion between epidermis and dermis. A. Immunofluorescence images and quantification showing dermal layer change (arrowheads) 
after treatment in newborn mouse skin organoids. N = 3, *** p < 0.001, ** p < 0.01, and * p < 0.05. Scale bar = 25 µm. B. Immunofluorescence images and quantification showing 
dermal layer change (arrowheads) after treatment in adult skin organoids. N = 3, * p < 0.05. Scale bar = 25 µm. C. Immunostaining of PCNA, and its quantification, of newborn 
mouse skin organoids after treatment. N = 3, **** p < 0.0001, *** p < 0.001, and ** p < 0.01. Scale bar = 25 µm. D. As described in (C) but in adult mouse skin organoids. N = 
3, *** p < 0.001, and ** p < 0.01. Scale bar = 25 µm. E. Immunostaining of P63, and its quantification, of newborn mouse skin organoids after treatment. N = 3, **** p < 0.0001, 
*** p < 0.001, and ** p < 0.01. Scale bar = 25 µm. F. As described in (E) but in adult mouse skin organoids. N = 3, * p < 0.05. Scale bar = 25 µm. G. Representative images and 
quantification show reduction in hair generation from engrafted newborn mouse skin organoid culture after Thsd4 knockdown. N = 2, ** p < 0.01. Scale bar = 5 mm. H. 
Representative mages and quantification show increased hair generation from engrafted adult mouse skin organoid culture treated with recombinant THSD4 protein. N = 2, ** 
p < 0.01. Scale bar = 5 mm. I. H&E Staining shows the morphology (Left) and quantitative analysis of human hair follicle organoids. N = 3, ** p < 0.01, * p < 0.05, Scale bar = 100 
µm. 
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Figure 5. Interaction between hair matrix and DP drives THSD4 expression via SDC4. A. Chord diagram shows number and strength of interactions between DP 
and hair matrix (HM) in young and old murine dorsal hair follicles. B. CellChat analysis shows enriched interaction between hair DP and HM via Ptn-Sdc4 signaling in young murine 
hair follicles. C. Feature plots show co-expression of Thsd4 and Sdc4 in DP cell cluster in young and old mouse hair follicles. D. Immunofluorescence image of newborn mouse 
skin organoids shows increased THSD4 expression after treatment with recombinant SDC4 protein. Scale bar = 50 µm. E. Immunofluorescence images and quantification of 
newborn and adult mouse skin organoids show increased adhesion of dermal cells around epidermal cells after recombinant SDC4 protein treatment. N = 3, * p < 0.05. Scale bar 
= 50 µm. F. PCNA and P63 immunostaining, and their quantification below, show increased proliferation and stemness in newborn and adult mouse skin organoids, respectively. 
N = 3, ** p < 0.01, and * p < 0.05. Scale bar = 50 µm. G. Representative mages and quantification show increased hair generation from engrafted adult mouse skin organoid culture 
treated with recombinant SDC4 protein. N = 2, * p < 0.05. Scale bar = 5 mm.  
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THSD4 stimulates hair growth via 
upregulation of CXCL1 

We next sought to identify the downstream 
targets of THSD4. Using the scRNA-seq data, we first 
identified the Thsd4-positive cells in the DP of young 
and aged hair follicles (Figure 6A) and then subjected 
them to KEGG pathway analysis, which resulted in 
distinct enrichment profiles based on aging (Figure 
6B, S8A). Due to the higher expression of THSD4, we 
focused on the pathways from the young hair follicle 
in which lipid metabolism and atherosclerosis were 
ranked the highest (Figure 6B). Within this pathway, 
Cxcl1, encoding chemokine (C-X-C motif) ligand 1, 
was one of the candidate genes (Figure 6B). Given its 
high expression in young hair follicles and prominent 
role in promoting cell proliferation and migration 
[40], we explored Cxcl1 further.  

To this end, we first assessed the change in 
CXCL1 levels in the dorsal skin of mice after 
modulation of THSD4. Immunofluorescence labeling 
of mouse dorsal skin hair follicle samples showed 
downregulation of Cxcl1 after Thsd4 silencing and its 
upregulation following treatment of rTHSD4, 
particularly at the HM-DP junction region (Figure 
6C). This was also recapitulated in newborn skin 
organoids, in which the addition of rTHSD4 results in 
increased CXCL1 expression in the dermal cells 
surrounding the epidermal aggregates, compared to 
the control (Figure 6D-E). Furthermore, the addition 
of exogenous CXCL1 (rCXCL1) in adult skin 
organoids led to improved basal membrane integrity 
evidenced by the increased Laminin (Lama) and Col 
XVII (Col17a1) expression around the boundary of the 
dermis and epidermis (Figure 6F), indicating 
increased epithelial-mesenchymal interaction. Once 
more, we observed significant hair growth from 
rCXCL1-treated adult cell skin organoids after 
transplantation into adult mice, whereas no hair 
growth was seen in the control mice (Figure 6G). 
These findings demonstrate that THSD4 promotes 
hair growth, at least in part, through the upregulation 
of Cxcl1. 

Exposure to low temperature promotes hair 
growth in aging follicles 

So far, our results indicate that follicular 
micro-environment changes can be transmitted to the 
DP via THSD4-mediated direct or reciprocal 
interaction between the epithelium and mesenchyme 
to influence hair growth. As various external 
environmental factors can also alter follicular function 
and hair growth [14, 41], we wondered whether they 
influence hair growth via this newly found 
mechanism. Interestingly, exposure to non-freezing 
low temperatures can effectively alter the physiology 

of human tissues by modification of ECM [42, 43]. We 
then used low temperature as the representative 
macro-environmental stimulus for our subsequent 
investigations. But first, to explore how low 
temperature affects hair growth, we transiently 
exposed aging follicles from 9-month-old mice to 
various low temperatures (15 °C – 0 °C) for 5 min 
(Figure 7A). Surprisingly, we found treatment at 5 °C, 
referred to as low-temperature treatment (LTT) from 
here onwards, led to significant increases in hair bulb 
size and DP area (Figure 7B-C, S9A), suggesting 
potential enhancement in hair growth. Notably, 
transient exposure to low temperatures also induced 
the expression of type I and III collagen (Figure 7D), 
the two most common types of collagen in the skin as 
expected, which corroborated with previous reports. 
More importantly, the expression of SDC4, THSD4, 
and CXCL1 was also significantly upregulated 
simultaneously with this increase in the collagen 
deposition around the hair follicle (Figure 7E, S9B-C). 
This suggests that the SDC4/THSD4/CXCL1 axis was 
part of the sensory response mechanism that 
transmits the external macro-environmental signals to 
the, DP, the master regulator of hair growth. Indeed, 
further IF and WB analyses showed that this 
low-temperature treatment significantly increased the 
expression of THSD4 (Figure 7E, S9B-C), which was 
indicative of increased DP-HM interaction, as well as 
both P63- and PCNA-positive cells in the HM, 
signifying enhanced hair growth (Figure 7F). 
Altogether, these results demonstrate for the first time 
the effect of non-freezing low temperatures on hair 
growth and implicate THSD4 in relaying physical 
cues from the external macro-environment to the DP, 
further extending its functional importance. 

Discussion 
Increased degradation of ECM-related proteins 

in aging skin tissue leads to a reduced connection 
between collagen fibers and dermal cells, and may 
disrupt the organization and behavior of dermal cells 
[44, 45]. These changes in the dermal ECM have a 
direct impact on the micro-environment surrounding 
hair follicles resulting in disruption of the hair growth 
cycles and their untimely degeneration [26, 46]. 
However, how aging-related changes in DP ECM 
influence hair growth has been seldom investigated. 
In this present study, we investigated the changes in 
the DP ECM during aging and how it contributed to 
hair follicular degeneration. We report here that DP 
ECM undergoes dramatic reduction during aging, 
including a critical component, THSD4, which is 
specifically detected in the DP close to the outermost 
border of the HM. THSD4 promotes hair growth in 
aged follicles by regulating EMI between DP and HM 
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via SDC4 and CXCL1. Using low temperature as a 
stimulus, we further implicate this novel mechanism 
in propagating signals from the external 

macro-environment to the hair follicle DP to modulate 
hair growth. 

 

 
Figure 6. THSD4 stimulates hair generation via upregulation of CXCL1. A. Feature plots show reduced Thsd4-expressing cells in the DP cell cluster in old mouse hair 
follicles. B. KEGG pathway enrichment analysis of the bulk RNA-seq data and the list of enriched genes within the top-ranked pathway. C. Immunofluorescence images, and their 
qRT-PCR quantifications, of Cxcl1 in young (3M) and old (24M) mouse vibrissal hair follicles following shRNA-mediated KD of Thsd4 or recombinant Thsd4 protein treatment, 
respectively. N = 3, ** p < 0.01, Scale bar = 100 µm. D. Immunostaining of CXCL1 and its qRT-PCR quantification in newborn mouse skin organoids show reduced CXCL1 
expression after treatment with Thsd4-targeting siRNA compared to the controls (NC). N = 3, *** p < 0.001. Scale bar = 50 µm. E. Western blotting analyses showing CXCL1 
and Laminin expression after RNA interference or recombinant protein treatments. N = 3, * p < 0.05, ns = no significance. F. Immunolabeling of Laminin and Col XVII in newborn 
mouse skin organoids show enhanced basal membrane integrity, as quantified by qRT-PCR below, after treatment with recombinant CXCL1. N = 3, ** p < 0.01, *** p < 0.001. 
Scale bar = 50 µm. G. Representative images and quantification show increased hair generation from engrafted adult mouse skin organoid culture after treatment with 
recombinant Cxcl1. N = 3, ** p < 0.01. Scale bar = 5 mm. 
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Figure 7. Low temperature promotes hair growth. A. Graphical illustration of the effects of temperature on hair growth. B. Immunofluorescence labeling of K14 in 
murine dorsal skin hair follicles after 5-minute exposure to various low temperatures and quantification of the hair bulb and DP size. N = 3, **** p < 0.0001, * p < 0.05, scale bar 
= 100 µm. C. Low temperatures stimulate hair growth in mice. N = 4, * p < 0.05, scale bar = 50 µm. D. Representative immunofluorescence images and quantification show 
increased Col I and Col III expression after low temperature treatment (LTT) at 5 oC for 5 minutes. Arrowheads indicated Col I- or Col III-positive regions. N = 3, ** p < 0.01, 
* p < 0.05. Scale bar = 50 µm. E. Representative immunofluorescence images and quantification show increased SDC4, THSD4, and CXCL1 expression after LTT. Arrowheads 
indicated SDC4-, THSD4-, or CXCL1-positive regions in the DP-HM interface. N = 3, * p < 0.05. Scale bar = 25 µm. F. Representative immunofluorescence images and 
quantification show increased Laminin, P63, and PCNA expression after LTT. Arrowheads indicated Laminin-positive region. N = 3, *** p < 0.001. Scale bar = 50 µm. 
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One particularly interesting finding is that, in 
addition to dermal ECM, the DP ECM also undergoes 
remarkable depletion during aging, including THSD4, 
an ECM component expressed in the interface 
between DP and HM. THSD4 (Thrombospondin 
type-1 domain-containing 4) encodes ADAMTSL6 (A 
disintegrin and metalloproteinase with thrombos-
pondin motif-like protein 6), which belongs to the 
ADAMTS family of extracellular metalloproteinases 
involved in enzymatic modification of ECM [47]. 
However, ADAMTS-like (ADAMTSL) proteins such 
as ADAMSTL6 are secreted glycoproteins without 
enzymatic activity [48]. Instead, ADAMTSL6 
(denoted as THSD4 for consistency from here on) is 
known to physically interact with fibrillin-1 to induce 
Fibrillin-1 matrix assembly into microfibrils, and loss 
of function mutation in Thsd4 results in impaired 
fibrillin-1 microfibril assembly in human patient 
specimens [49]. Fibrillin-1 is an important building 
block of the elastic network in the dermal ECM, which 
endows important biomechanical properties [50]. As 
the skin undergoes age-induced remodeling of the 
ECM, which includes changes in the elastin and 
microfibril content, the levels of THSD4 are likely to 
also be affected. In addition, fibrillin-1 is found in the 
dermal-epidermal junction of the skin which provides 
adhesion to the basement membrane at the 
dermal-epidermal junction [51]. Mutations in the 
fibrillin-1 gene, FBN1, have been reported to cause 
defects in the ECM thus weakening the supporting 
tissues [52]. Consistently, we observed increased 
adhesion between the epidermis and dermis in our 
organotypic cell cultures after the addition of 
exogenous THSD4, and that Thsd4 knockdown 
resulted in impaired integrity of the basal membrane.  

More importantly, the drastic changes in the DP 
ECM may alter its surrounding micro-environment, 
and vice versa, thus influencing the mesenchyme to 
epithelial interactions critical for regulation of hair 
growth during aging. Indeed, our bioinformatic 
analyses and subsequent functional validations 
provide strong evidence that DP cells can be 
modulated by hair matrix. Specifically, we identified 
SDC4, likely under regulation by molecular signals 
from the HM, that regulates THSD4 expression in the 
DP cells. SDC4, or Syndecan 4, is a ubiquitously 
expressed cell surface-residing proteoglycan [53]. 
SDC4 can act as co-receptors for FGF receptor (FGFR) 
to prolong and strengthen the signals, yet it can 
function independently as a receptor for FGF, 
vascular endothelial growth factor (VEGF), and 
platelet-derived growth factors (PDGF) to initiate 
respective signaling cascades which are important for 
hair development, growth and cycle. However, our 
evidence showing THSD4 induction by exogenous 

SDC4 suggests that the matrix cells can influence hair 
growth by transmitting this signaling cascade in a 
paracrine ligand-receptor fashion. As SDC4 can 
directly interact with the ECM and initiate signal 
transduction into the cytosol through the 
cytoskeleton, it may upregulate THSD4 in this fashion 
[54]. Interestingly, SDC4 and THSD4 are co-expressed 
in the DP, thus upregulation of SDC4 in DP cells may 
help potentiate the signals from the hair matrix in a 
feed-forward loop as the increased THSD4 further 
strengthens the interaction between the dermal and 
epidermal cells. However, this exact mechanism 
requires further investigation. Nevertheless, the ECM 
has been implicated in the regulation of the activity 
and function of the chemokine CXCL1 [55, 56]. Some 
ECM components can bind and stabilize CXCL1, 
thereby enhancing its biological activity. For instance, 
cell surface proteoglycans play a crucial role in cell 
adhesion and act as receptors for growth factors, 
enzymes, and chemokines [56]. Furthermore, the 
epidermal growth factor can act as a carrier for 
CXCL1, altering its diffusion and concentration 
gradient in the extracellular space, affecting cellular 
responses, and ultimately hair growth. Studies have 
demonstrated that vascularization is essential for 
promoting hair growth in neonates [57], and CXCL1 
plays a crucial role in the processes of angiogenesis 
and trauma repair, which are closely related to hair 
follicle growth [43, 58-60]. Increases in CXCL1 
secretion have been associated with the upregulation 
of key hair development genes such as Wnt5a, 
Wnt10b, and LEF1, which are essential to hair follicle 
growth. Additionally, other studies have reported 
that Minoxidil enhances the expression of CXCL1, 
which, in turn, increases the proliferative capacity of 
DP cells and elongates hair shafts in organoid culture 
models [61]. These findings collectively underscore 
the pivotal role of CXCL1 in hair follicle development 
and growth, supporting its potential use as a 
therapeutic target for hair regeneration and repair. 

Notably, our finding can be seamlessly 
translated in the clinical setting as this reciprocal 
molecular signaling cascade between mesenchymal 
and epithelial cells can respond to macro- 
environmental factors as such a drop in ambient 
temperature. Studies have demonstrated the effect of 
physiologically relevant temperatures on the 
synthesis, structural change and stability of collagens. 
Application of low temperature at 18 °C can stimulate 
the deposition of collagens in the muscle zebra fish 
and structural remodeling of human lung type I 
collagen can only be observed at a lower temperature 
of 30 °C [43, 62]. As the major component of skin 
ECM, alteration of collagens may reflect the 
macro-environmental changes in the DP 
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micro-environment. Moreover, exposure to cold 
temperatures has various effects on the skin as a 
whole such as facilitating wound healing, activating 
skin cell metabolism, and modulating molecular 
profiles such as the production of reactive oxygen 
species (ROS) and nitric oxide (NO) [55]. Thus, 
temperature treatment, especially the use of 
non-freezing low temperatures, as opposed to 
cryotherapy, is increasingly being implemented in 
both clinical and non-clinical settings. For example, 
low-temperature treatments are used to treat alopecia 
areata and atopic dermatitis owing to their 
anti-inflammatory effects [63-65]. Our results suggest 
that the application of adequate low temperature (5 
°C) can remodel the ECM components of hair follicles, 
such as type I and III collagens and particularly 
THSD4. As type I collagen is the most abundant 
collagen in youthful skin, which serves as an 
unambiguous marker for skin aging [66], 
low-temperature treatment may help delay the aging 
process of the skin and its appendages. In addition to 
the existing evidence, our findings suggest a new role 
of low temperatures in facilitating epithelium and 
mesenchyme interaction by reshaping the ECM of DP 
and HM, thus modulating hair growth. 

In summary, our results underline the 
importance of maintaining THSD4 expression in DP 
cells for anti-aging and enhanced hair-inducing 
effects. Moreover, our study sheds new light on the 
mechanism that leads to the aggregation of DP cell 
populations and the crosstalk between dermal and 
epidermal cells during aging. Nonetheless, the results 
herein constitute the first evidence demonstrating the 
hair-promoting effects of non-freezing 
low-temperature treatment, which opens an avenue 
for its potential application in the clinic. 

Materials and methods 
Animals and tissue samples 

Human scalp samples, CD1 mice, and nude mice 
were used in this study. 3-month-old (30), 
6-month-old (6), 9-month-old (9), 18-month-old (6), 
24-month-old (6) and 2-month-oldnude mice (24) of 
the CD1 (ICR) strain were obtained from the Beijing 
Viton Lever Laboratory Animal Technology Co., Ltd. 
The mice were kept in an animal room at a 
temperature of 25 °C, with adequate water and food, 
12 h of light per day, and bedding changed every 3 
days, and the mice were in good condition to meet the 
experimental requirements. Human scalp follicles 
were obtained from the Central Theatre General 
Hospital, and human scalp samples were collected 
from 13, 48, 57, and 68 years of age. There were 6 
paraffin samples was 6, and each paraffin block 

contained several hair follicles. All procedures were 
performed in accordance with the Institutional 
Animal Care and Use Committees of Chongqing 
University. 

Tissue culture conditions 
Ex vivo human hair follicles were maintained in 

William’E medium (#A1217601, Merck, Germany ) 
supplemented with 1% Fetal bovine serum 
(#10099-141C, Gibco, USA), 2 mM Glutamine 
(#G8230-25g, Solarbio, China), 2 mM Hepes 
(#H8090-25g, Solarbio, China), 10 ng/mL 
Hydrocortisone (#50-23-7, MCE, China), 10 μg/mL 
Bovine insulin (#18040-50mg, Solarbio, China), 10 
μg/mL Transferrin (#T3309, Sigma, USA), 10 ng/mL 
Sodium selenite (#S5261-10g, Sigma, USA), 100 U/mL 
Penicillin (#15140-122, Gibco, USA), 100 μg/mL 
Streptomycin (#15140-122, Gibco, USA), and 2.5 
μg/mL Amphotericin B (#A8250, Solarbio, China). 
Mouse vibrissa hair follicles and primary cell culture 
were maintained in DMEM/F12 medium 
(#MT10013CV, Corning, USA) supplemented with 
10% fetal bovine serum (#10099-141C, Gibco, USA), 
100 U/mL Penicillin, and 100 μg/mL Streptomycin. 
All tissue cultures were incubated at 37 °C and 5% 
CO2 unless mentioned otherwise. 

Ex vivo culture of hair follicles 
The human scalp tissue samples were obtained 

from the Central Theatre Army General Hospital, 
Wuhan, China, after institutional ethics approval. To 
isolate hair follicles, a longitudinal excision was first 
made on the scalp tissue using a sterile scalpel to 
remove a row of tissue containing hair follicles. 
Individual hair follicles were then removed from the 
tissue by surgical excisions along the direction of its 
growth. The separated hair follicles in the anagen 
phase were further identified and selected for 
analysis. The vibrissal hair follicles were isolated from 
day 7 (young) and 2 (adult) month-old CD1 mice. The 
whisker hair was first trimmed before small skin 
samples were surgically removed. The tentacle hair 
follicles were separated by gently scratching the 
epidermis of the tentacle hair follicles at the junction 
with the skin epidermis using a 1-ml sterile 
hypodermic needle. The isolated hair follicles from 
both human scalp and mouse vibrissae were placed in 
their respective culture medium to recover for 24 h 
before recording hair growth in the indicated days 
using a light microscope. All procedures were 
approved by the Institutional Animal Care and Use 
Committees at Chongqing University. 

Primary cell culture 
The mouse skin organoid culture was generated 
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as described before [37]. The dorsal skin of neonatal 
and adult mice was separated into epidermis and 
dermis and dissociated into single-cell cultures after 
digestion with trypsin and collagenase I. The 
epidermal and dermal cells were mixed at a ratio of 
1:9, washed with BI serum (#04-001-1ACS, Biological 
Industries, China), and then placed into a Transwell 
inside a 12-well plate allowing the formation of an 
air-liquid interface. The cells were cultured in 
DMEM/F12 supplemented with 10% fetal bovine 
serum and 1% penicillin/streptomycin. The culture 
medium was refreshed every two days. 

Human hair follicle organoid procurement 
Human embryonic stem cells (hESCs; WA25 cell 

line) were separated into single cells and plated on 
96-well U-bottom plates to create uniform cell 
aggregates. We then transferred the aggregates to new 
plates containing differentiation medium to promote 
epidermal differentiation as previously described [67, 
68]. When the hair buds began to form, recombinant 
THSD4 (70 ng/mL and 200 ng/mL) or siRNA 
targeting Thsd4 (50 nM and 150 nM) were added for 7 
days prior to analysis by H&E staining. 

RNA interference 
Vibrissal hair follicles in anagen were transfected 

with Thsd4-targeting siRNA (5’ GACUGUGUCCC 
UGAAGUUGAU 3’) using a commercial siRNA 
reagent system (Beijing Tsingke Biotech Co., Ltd., 
China) following the manufacturer’s instructions 
[69-71]. Briefly, stock solutions (10 µM) of Thsd4 
siRNA and its non-targeting control were prepared 
using RNAse-free water. After micromanipulation to 
isolate mouse antennal hair follicles, the follicles were 
equilibrated with fresh William’E medium 
(#A1217601, Merck, Germany) for 24 h. Hair follicles 
were transfected 24 h after 6 h of microdissection 
using 100 nM siRNA. Finally, fresh William’E 
medium was replaced every second day and after 5 
days of culture. For in vivo knockdown, lentiviruses 
carrying Thsd4-targeting shRNA (5’ GACTGTGT 
CCCTGAAGTTGAT 3’) or its non-targeting control 
were purchased from GenePharma (GenePharma, 
Shanghai, China). Two days after plucking, 
lentiviruses were administered at a titer of 1x108 UT in 
40 µL to the dorsal skin the CD1 mice every other day 
for a total of 3 injections. Then the dorsal skin was 
surgically removed for subsequent analyses. 

Transplantation  
Primary dermal/epidermal cell cultures of 

different treatments were grafted to the dorsal skin of 
nude mice using our previously described planar hair 
forming assay to assess the hair regenerative capacity 

[37, 72]. Briefly, a small wound area equal to the size 
of the engrafting cell mixture was created on the 
dorsal skin of nude mice. The cell mixture on the 
Transwell membrane was flipped onto the wound 
with the cell size down. The membrane was then 
sutured onto the dorsal skin of the host. The wound 
area was bandaged after the application of sterile 
dressings. Two weeks after transplantation, the 
bandage was removed, and the regenerated hair was 
photographed and counted. 

Immunofluorescence  
The formalin-fixed and paraffin-embedded 

sections were dewaxed, rehydrated, and antigen 
repaired using citric acid (#C805019, Macklin, China) 
and sodium citrate (#S818273, Macklin, China) 
solution. The samples were blocked with 2% bovine 
serum albumin (BSA; #A8020, Solarbio, China) before 
overnight incubation with primary antibodies at 4 °C 
and subsequent labeling of fluorochrome-conjugated 
secondary antibodies for 1 h at room temperature. 
Glass slides were rinsed with PBS and sealed with an 
anti-fluorescent quenching agent (#S2100, Solarbio, 
China). Images were taken using a Leica Cell Viewing 
System (Leica, Germany) with a 10X objective. 

Hematoxylin eosin and herovici staining 
For Hematoxylin Eosin and Herovici Staining, 

the rehydrated sections were stained either with 
hematoxylin & eosin solution (#G1120, Solarbio, 
China) for 1-2 min or Herovici dye (HSK, Scytek, 
China) for 2 min before being destained, dehydrated, 
and sealed with cover glasses. The sections were 
viewed and photographed onto neutral gum-based 
films using a camera-mounted microscope. 

Quantitative RT-PCR 
Total RNA from the skin sample was extracted 

using Trizol (NR0002, Regen, China) according to 
the manufacturer’s instructions and reverse 
transcribed with reverse transcriptase (RT-01023, 
FOREG ENE, China). The synthesized cDNA was 
used as template for quantitative PCR using 2X SYBR 
Green q-RT PCR Master Mix (#B21203, Takara, Japan) 
on PCR Real-Time system with specific primers for 
target genes. The prime sequence in PCR is included 
in the supplementary table 1. The relative expression 
was determined using the “ΔΔCt” method [73].  

Western blotting 
Total protein was extracted using RIPA buffer (# 

P0013D, Beyotime, China). The protein lysate 
concentration was determined using the BCA Protein 
Assay Kit (Beyotime, Haimen, China). Protein lysates 
were separated by 10% SDS-PAGE (Tengyi, 



Theranostics 2025, Vol. 15, Issue 8 
 

 
https://www.thno.org 

3586 

Chongqing, China) and transferred to a PVDF 
membrane (#1620177, Tengyi, China). After 1 h at 
room temperature in 5% skimmed milk, the 
membranes were incubated overnight at 4 °C with the 
corresponding primary antibodies and 1 h at room 
temperature with horseradish peroxidase-coupled 
secondary antibodies. Dilute primary antibody 1000x 
and secondary antibody 2000x. Immunoreactive 
bands were imaged using an imaging system 
(Bio-Rad, USA). 

Bulk RNA-sequencing and analysis 
Data on young and aged dermal papillae of 

follicles are from the cited article [74]. The cryogenics 
data came from the sequencing of our own samples, 
including the dorsal skin of control and cryogenically 
treated mice. We collected skin samples from the 
control group 14 days after plucking and from the 
group treated with cryogenics 14 days after plucking. 
High-throughput transcriptome sequencing was 
performed on these skin samples. Library 
construction and sequencing were performed at 
Shanghai Majorbio Bio-pharm Biotechnology Co., 
Ltd. (Shanghai, China) according to the 
manufacturer’s instructions (Illumina, San Diego, 177 
CA). Bulk RNA-seq data were analyzed on the online 
Majorbio Cloud Platform (www.majorbio.com). 

ScRNA-sequencing analysis 
The scRNA-seq data of mouse hair follicles 

(GSE115424) were obtained from the GEO database 
and re-analyzed [8]. We used Seurat v.4.1.1 to perform 
QC, normalization, feature selection, linear and 
non-linear dimensional reduction, cell clustering by 
biomarkers, and cell cluster identify assignment. Cells 
with a mitochondrial content greater than 5% were 
excluded, and a dimensionality reduction by UMAP 
(Uniform Manifold Approximation and Projection) 
was performed for dimensionality reduction. This 
resulted in the identification of a total of 15 
subpopulations, each of which was identified based 
on the marker genes that were specifically expressed 
in that subpopulation. The identity of each 
subpopulation was annotated using the CellMarker 
database, the Single R package, and prior knowledge 
in the field of hair follicle research. The cell 
subpopulation types include fibroblast 1 (Fibroblast 1, 
FB1), fibroblast 2 (Fibroblast 2, FB2), fibroblast 3 
(Fibroblast 3, FB3), fibroblast 4 (FB4), fibroblast 5 
(FB5), fibroblast 6 (FB6), dermal papilla (DP), immune 
cell 1 (Immu1), immune cell 2 (Immu2), immune cell 3 
(Immu3), endothelial cell (EC), proliferating 
progenitors (PR), and proliferative progenitor cells 
(PR). We used CellChat v.1.4.0 to predict the number 
and weights/strength of intercellular 

communications from scRNA-seq data. CellCall v. 
0.0.0.9000 was utilized to identify the ligand receptor 
interactions between HM and DP cell clusters. Kyoto 
Encyclopedia of Genes and Genomes (KEGG) 
enrichment analyses were performed using an online 
platform (https://www.bioinformatics.com.cn). 

Low-temperature treatment 
The low-temperature treatment was carried out 

using a handheld device with a thermoelectric cooling 
surface of approximately 3 cm in diameter. The device 
can be set to temperatures ranging from 20 oC to 0 oC. 
Once the temperature is set and stabilized, the 
thermoelectric cooling surface was held in direct 
contact with mouse dorsal skin for 5 min. Briefly, the 
dorsal hair of 3-month-old CD1 mice was removed 
using the rosin dewaxing method [8]. One day into 
the anagen phase, the cryogenic apparatus was then 
used to perform localized cutaneous treatment on the 
backs of the mice at temperatures of 15 oC, 10 oC, 5 oC, 
and 0 oC. One week later, the back skin of the mice 
was excised, and sections were stained to observe the 
expression of relevant factors, and the hair growth of 
the mice was also recorded. 

Statistical analysis 
All data are expressed as the mean ± standard 

deviation (SD), and differences between samples are 
analyzed using unpaired two-tailed Student’s t tests, 
multiple t tests with Holm-Šídák method, one-way or 
two-way analysis of variance (ANOVA) followed by 
Dunnett’s or Šídák post hoc tests. P values < 0.05 were 
considered statistically significant. The exact number 
of times each experiment was performed is indicated 
in the figure legends. ImageJ is used for quantifying 
protein bands and measuring average fluorescence 
intensity in greyscale. The individual data points are 
also displayed on the graphs. 

Abbreviations 
BSA: Bovine serum albumin 
Bulk RNA-seq: RNA sequence of bulk samples 
Collagen XVII: Collagen Type XVII Alpha 1 

Chain 
Col 3a1: Collagen type III alpha 1 chain 
CXCL1: C-X-C Motif Chemokine 1 
DP: Dermal papilla 
DP-ECM: Dermal papilla extracellular matrix 
ECM: Extracellular matrix 
EMI: Epithelial-mesenchymal interaction 
FB: Fibroblast 
HM: Hair matrix 
HFSCs: Hair follicle stem cells 
H&E: Hematoxylin and eosin staining 



Theranostics 2025, Vol. 15, Issue 8 
 

 
https://www.thno.org 

3587 

Igfbp2: Insulin-like growth factor binding 
proteins 2  

KD: Knockdown 
LAMA: Laminin 
NCBI: National Center for Biotechnology 

Information 

Supplementary Material  
Supplementary figures and tables. 
https://www.thno.org/v15p3571s1.pdf  

Acknowledgements 
We thank the following agencies for funding this 

work: the National Key Research and Development 
Program of China (2023YFC2508200), the National 
Natural Science Foundation of China (82373509), the 
Fundamental Research Funds for the Central 
Universities (2022CDJYGRH-003 and 2023CDJKYJH 
066), the Chongqing Talents: Exceptional Young 
Talents Project (cstc2021ycjh-bgzxm0197), the 
Inheritance and Innovation Team of TCM Treatment 
of Immune Diseases, Scientific Research Foundation 
from Chongqing University (02210011044110), and 
the Research Horizontal Projects of Chongqing 
University, China (H20231432 and H20230936). 
Cheng-Ming Chuong is supported by a research 
contract (GR1035751) between USC and CMU and US 
NIH grant R37 AR060306. 

Data availability 
Additional data and codes are available upon 

reasonable request. Bulk and single-cell RNA 
sequencing data are publicly available on the National 
Center for Biotechnology Information Gene 
Expression Omnibus (https://www.ncbi.nlm.nih 
.gov/geo/) through accession numbers GSE149189 
and GSE115424, respectively. 

Author contributions 
Conceptualization: M.W., and M.L.; data 

acquisition: M.W., M.W., J.J., and D.W.; formal 
analysis: M.W., M.W., J.J., Y.Z., S.Z., Y.T., and X.X.; 
funding acquisition: M.L., W.Z., K.L., H.L., N.W., and 
L.Y.; investigation: Y.Z., D.W., and S.Z.; methodology: 
M.W., M.W., J.J., Y.Z., and W.Q.; project 
administration: M.L.; resources: W.Q. and M.L.; 
supervision: M.L. and Q.X.; validation: M.W., and 
W.W.; visualization: M.W., M.W., and X.X.; 
writing-original draft: M.W., X.X., Q.X. and M.L.; 
writing-review & editing: M.W., X.X., C.C., and M.L. 

Competing Interests 
The authors have declared that no competing 

interest exists. 

References 
1. López-Otín C, Blasco MA, Partridge L, Serrano M, Kroemer G. The hallmarks 

of aging. Cell. 2013; 153: 1194-217. 
2. Solé-Boldo L, Raddatz G, Schütz S, Mallm JP, Rippe K, Lonsdorf AS, et al. 

Single-cell transcriptomes of the human skin reveal age-related loss of 
fibroblast priming. Commun Biol. 2020; 3: 188. 

3. Mahmoudi S, Mancini E, Xu L, Moore A, Jahanbani F, Hebestreit K, et al. 
Heterogeneity in old fibroblasts is linked to variability in reprogramming and 
wound healing. Nature. 2019; 574: 553-8. 

4. Adav SS, Ng KW. Recent omics advances in hair aging biology and hair 
biomarkers analysis. Ageing Res Rev. 2023; 91: 102041. 

5. Saxena N, Mok KW, Rendl M. An updated classification of hair follicle 
morphogenesis. Exp Dermatol. 2019; 28: 332-44. 

6. Stenn KS, Paus R. Controls of hair follicle cycling. Physiol Rev. 2001; 81: 
449-94. 

7. Morinaga H, Mohri Y, Grachtchouk M, Asakawa K, Matsumura H, Oshima M, 
et al. Obesity accelerates hair thinning by stem cell-centric converging 
mechanisms. Nature. 2021; 595: 266-71. 

8. Shin W, Rosin NL, Sparks H, Sinha S, Rahmani W, Sharma N, et al. 
Dysfunction of hair follicle mesenchymal progenitors contributes to 
age-associated hair loss. Dev Cell. 2020; 53: 185-98.e7. 

9. Ge W, Tan SJ, Wang SH, Li L, Sun XF, Shen W, et al. Single-cell transcriptome 
profiling reveals dermal and epithelial cell fate decisions during embryonic 
hair follicle development. Theranostics. 2020; 10: 7581-98. 

10. Hu S, Li Z, Lutz H, Huang K, Su T, Cores J, et al. Dermal exosomes containing 
miR-218-5p promote hair regeneration by regulating β-catenin signaling. Sci 
Adv. 2020; 6: eaba1685. 

11. Ryu YC, Lee DH, Shim J, Park J, Kim YR, Choi S, et al. KY19382, a novel 
activator of Wnt/β-catenin signalling, promotes hair regrowth and hair follicle 
neogenesis. Br J Pharmacol. 2021; 178: 2533-46. 

12. Sibony-Benyamini H, Aamar E, Enshell-Seijffers D. Hdac1 and Hdac2 regulate 
the quiescent state and survival of hair-follicle mesenchymal niche. Nat 
Commun. 2023; 14: 4820. 

13. Wei H, Du S, Parksong J, Pasolli HA, Matte-Martone C, Regot S, et al. Organ 
function is preserved despite reorganization of niche architecture in the hair 
follicle. Cell Stem Cell. 2023; 30: 962-72.e6. 

14. Lei M, Chuong CM. STEM CELLS. Aging, alopecia, and stem cells. Science. 
2016; 351: 559-60. 

15. Wang L, Siegenthaler JA, Dowell RD, Yi R. Foxc1 reinforces quiescence in 
self-renewing hair follicle stem cells. Science. 2016; 351: 613-7. 

16. Keyes BE, Segal JP, Heller E, Lien WH, Chang CY, Guo X, et al. Nfatc1 
orchestrates aging in hair follicle stem cells. Proc Natl Acad Sci U S A. 2013; 
110: E4950-9. 

17. Botchkarev VA, Gdula MR, Mardaryev AN, Sharov AA, Fessing MY. 
Epigenetic regulation of gene expression in keratinocytes. J Invest Dermatol. 
2012; 132: 2505-21. 

18. Lien WH, Guo X, Polak L, Lawton LN, Young RA, Zheng D, et al. 
Genome-wide maps of histone modifications unwind in vivo chromatin states 
of the hair follicle lineage. Cell Stem Cell. 2011; 9: 219-32. 

19. Palmquist KH, Tiemann SF, Ezzeddine FL, Yang S, Pfeifer CR, Erzberger A, et 
al. Reciprocal cell-ECM dynamics generate supracellular fluidity underlying 
spontaneous follicle patterning. Cell. 2022; 185: 1960-73.e11. 

20. Chen P, Miao Y, Zhang F, Huang J, Chen Y, Fan Z, et al. Nanoscale 
microenvironment engineering based on layer-by-layer self-assembly to 
regulate hair follicle stem cell fate for regenerative medicine. Theranostics. 
2020; 10: 11673-89. 

21. Matsumura H, Mohri Y, Binh NT, Morinaga H, Fukuda M, Ito M, et al. Hair 
follicle aging is driven by transepidermal elimination of stem cells via 
COL17A1 proteolysis. Science. 2016; 351: aad4395. 

22. Koester J, Miroshnikova YA, Ghatak S, Chacón-Martínez CA, Morgner J, Li X, 
et al. Niche stiffening compromises hair follicle stem cell potential during 
ageing by reducing bivalent promoter accessibility. Nat Cell Biol. 2021; 23: 
771-81. 

23. Wang J, Fu Y, Huang W, Biswas R, Banerjee A, Broussard JA, et al. 
MicroRNA-205 promotes hair regeneration by modulating mechanical 
properties of hair follicle stem cells. Proc Natl Acad Sci U S A. 2023; 120: 
e2220635120. 

24. Young TH, Tu HR, Chan CC, Huang YC, Yen MH, Cheng NC, et al. The 
enhancement of dermal papilla cell aggregation by extracellular matrix 
proteins through effects on cell-substratum adhesivity and cell motility. 
Biomaterials. 2009; 30: 5031-40. 

25. Tsutsui K, Machida H, Nakagawa A, Ahn K, Morita R, Sekiguchi K, et al. 
Mapping the molecular and structural specialization of the skin basement 
membrane for inter-tissue interactions. Nat Commun. 2021; 12: 2577. 

26. Williams R, Pawlus AD, Thornton MJ. Getting under the skin of hair aging: the 
impact of the hair follicle environment. Exp Dermatol. 2020; 29: 588-97. 

27. Fan SM, Chang YT, Chen CL, Wang WH, Pan MK, Chen WP, et al. External 
light activates hair follicle stem cells through eyes via an 
ipRGC-SCN-sympathetic neural pathway. Proc Natl Acad Sci U S A. 2018; 115: 
E6880-6880E6889. 

28. Plikus MV, Vollmers C, de la Cruz D, Chaix A, Ramos R, Panda S, et al. Local 
circadian clock gates cell cycle progression of transient amplifying cells during 
regenerative hair cycling. Proc Natl Acad Sci U S A. 2013; 110: E2106-15. 



Theranostics 2025, Vol. 15, Issue 8 
 

 
https://www.thno.org 

3588 

29. Shwartz Y, Gonzalez-Celeiro M, Chen CL, Pasolli HA, Sheu SH, Fan SM, et al. 
Cell types promoting goosebumps form a niche to regulate hair follicle stem 
cells. Cell. 2020; 182: 578-93.e19. 

30. Zou Z, Long X, Zhao Q, Zheng Y, Song M, Ma S, et al. A single-cell 
transcriptomic atlas of human skin aging. Dev Cell. 2021; 56: 383-97.e8. 

31. Hsiang EY, Semenov YR, Aguh C, Kwatra SG. Seasonality of hair loss: a time 
series analysis of google trends data 2004-2016. Br J Dermatol. 2018; 178: 978-9. 

32. Mao MQ, Jing J, Miao YJ, Lv ZF. Epithelial-mesenchymal interaction in hair 
regeneration and skin wound healing. Front Med (Lausanne). 2022; 9: 863786. 

33. Lee J, Bӧscke R, Tang PC, Hartman BH, Heller S, Koehler KR. Hair follicle 
development in mouse pluripotent stem cell-derived skin organoids. Cell Rep. 
2018; 22: 242-54. 

34. Rishikaysh P, Dev K, Diaz D, Qureshi WM, Filip S, Mokry J. Signaling 
involved in hair follicle morphogenesis and development. Int J Mol Sci. 2014; 
15: 1647-70. 

35. Lei M, Harn HI, Li Q, Jiang J, Wu W, Zhou W, et al. The mechano-chemical 
circuit drives skin organoid self-organization. Proc Natl Acad Sci U S A. 2023; 
120: e2221982120. 

36. Lei M, Jiang J, Wang M, Wu W, Zhang J, Liu W, et al. Epidermal-dermal 
coupled spheroids are important for tissue pattern regeneration in 
reconstituted skin explant cultures. NPJ Regen Med. 2023; 8: 65. 

37. Lei M, Schumacher LJ, Lai YC, Juan WT, Yeh CY, Wu P, et al. Self-organization 
process in newborn skin organoid formation inspires strategy to restore hair 
regeneration of adult cells. Proc Natl Acad Sci U S A. 2017; 114: 
E7101-7101E7110. 

38. Wang M, Zhou X, Zhou S, Wang M, Jiang J, Wu W, et al. Mechanical force 
drives the initial mesenchymal-epithelial interaction during skin organoid 
development. Theranostics. 2023; 13: 2930-45. 

39. Zhou S, Li Z, Li X, Ye Y, Wang M, Jiang J, et al. Crosstalk between endothelial 
cells and dermal papilla entails hair regeneration and angiogenesis during 
aging. J Adv Res. 2024 : S2090-1232(24): 00183-8.  

40. Acharyya S, Oskarsson T, Vanharanta S, Malladi S, Kim J, Morris PG, et al. A 
CXCL1 paracrine network links cancer chemoresistance and metastasis. Cell. 
2012; 150: 165-78. 

41. Wu W, Yang J, Tao H, Lei M. Environmental regulation of skin pigmentation 
and hair regeneration. Stem Cells Dev. 2022; 31: 91-6. 

42. Fujii KK, Taga Y, Sakai T, Ito S, Hattori S, Nagata K, et al. Lowering the culture 
temperature corrects collagen abnormalities caused by HSP47 gene knockout. 
Sci Rep. 2019; 9: 17433. 

43. Leikina E, Mertts MV, Kuznetsova N, Leikin S. Type I collagen is thermally 
unstable at body temperature. Proc Natl Acad Sci U S A. 2002; 99: 1314-8. 

44. Shin JW, Kwon SH, Choi JY, Na JI, Huh CH, Choi HR, et al. Molecular 
mechanisms of dermal aging and antiaging approaches. Int J Mol Sci. 2019; 20: 
2126. 

45. Huang J, Heng S, Zhang W, Liu Y, Xia T, Ji C, et al. Dermal extracellular matrix 
molecules in skin development, homeostasis, wound regeneration and 
diseases. Semin Cell Dev Biol. 2022; 128: 137-44. 

46. Cao W, Li L, Kajiura S, Amoh Y, Tan Y, Liu F, et al. Aging hair follicles 
rejuvenated by transplantation to a young subcutaneous environment. Cell 
Cycle. 2016; 15: 1093-8. 

47. Mead TJ, Apte SS. ADAMTS proteins in human disorders. Matrix Biol. 2018; 
71-72: 225-39. 

48. Hubmacher D, Apte SS. ADAMTS proteins as modulators of microfibril 
formation and function. Matrix Biol. 2015; 47: 34-43. 

49. Tsutsui K, Manabe R, Yamada T, Nakano I, Oguri Y, Keene DR, et al. 
ADAMTSL-6 is a novel extracellular matrix protein that binds to fibrillin-1 and 
promotes fibrillin-1 fibril formation. J Biol Chem. 2010; 285: 4870-82. 

50. Adamo CS, Zuk AV, Sengle G. The fibrillin microfibril/elastic fibre network: 
A critical extracellular supramolecular scaffold to balance skin homoeostasis. 
Exp Dermatol. 2021; 30: 25-37. 

51. Dzamba BJ, Keene DR, Isogai Z, Charbonneau NL, Karaman-Jurukovska N, 
Simon M, et al. Assembly of epithelial cell fibrillins. J Invest Dermatol. 2001; 
117: 1612-20. 

52. Li L, Huang J, Liu Y. The extracellular matrix glycoprotein fibrillin-1 in health 
and disease. Front Cell Dev Biol. 2023; 11: 1302285. 

53. Kim CW, Goldberger OA, Gallo RL, Bernfield M. Members of the syndecan 
family of heparan sulfate proteoglycans are expressed in distinct cell-, tissue-, 
and development-specific patterns. Mol Biol Cell. 1994; 5: 797-805. 

54. Elfenbein A, Lanahan A, Zhou TX, Yamasaki A, Tkachenko E, Matsuda M, et 
al. Syndecan 4 regulates FGFR1 signaling in endothelial cells by directing 
macropinocytosis. Sci Signal. 2012; 5: ra36. 

55. Bolitho C, Hahn MA, Baxter RC, Marsh DJ. The chemokine CXCL1 induces 
proliferation in epithelial ovarian cancer cells by transactivation of the 
epidermal growth factor receptor. Endocr Relat Cancer. 2010; 17: 929-40. 

56. Meen AJ, Øynebråten I, Reine TM, Duelli A, Svennevig K, Pejler G, et al. 
Serglycin is a major proteoglycan in polarized human endothelial cells and is 
implicated in the secretion of the chemokine GROalpha/CXCL1. J Biol Chem. 
2011; 286: 2636-47. 

57. Li KN, Chovatiya G, Ko DY, Sureshbabu S, Tumbar T. Blood endothelial 
ALK1-BMP4 signaling axis regulates adult hair follicle stem cell activation. 
EMBO J. 2023; 42: e112196. 

58. Huang C, Li H, Xu Y, Xu C, Sun H, Li Z, et al. BICC1 drives pancreatic cancer 
progression by inducing VEGF-independent angiogenesis. Signal Transduct 
Target Ther. 2023; 8: 271. 

59. Korbecki J, Barczak K, Gutowska I, Chlubek D, Baranowska-Bosiacka I. 
CXCL1: gene, promoter, regulation of expression, mRNA stability, regulation 
of activity in the intercellular space. Int J Mol Sci. 2022; 23: 792. 

60. Yano K, Brown LF, Detmar M. Control of hair growth and follicle size by 
VEGF-mediated angiogenesis. J Clin Invest. 2001; 107: 409-17. 

61. Choi N, Shin S, Song SU, Sung JH. Minoxidil promotes hair growth through 
stimulation of growth factor release from adipose-derived stem cells. Int J Mol 
Sci. 2018; 19: 691. 

62. Lin F, Lin J, Liu X, Yuan Y, Liu G, Ye X. Effects of temperature on muscle 
growth and collagen deposition in zebrafish (Danio rerio). Aquaculture 
Reports. 22. 

63. Amaral-Silva LD, Gargaglioni LH, Steiner AA, Oliveira MT, Bícego KC. 
Regulated hypothermia in response to endotoxin in birds. J Physiol. 2021; 599: 
2969-86. 

64. Berghammer P, Pöhnl R, Baur M, Dittrich C. Docetaxel extravasation. Support 
Care Cancer. 2001; 9: 131-4. 

65. Rizzo JA, Burgess P, Cartie RJ, Prasad BM. Moderate systemic hypothermia 
decreases burn depth progression. Burns. 2013; 39: 436-44. 

66. Busco G, Robert E, Chettouh-Hammas N, Pouvesle JM, Grillon C. The 
emerging potential of cold atmospheric plasma in skin biology. Free Radic Biol 
Med. 2020; 161: 290-304. 

67. Lee J, Rabbani CC, Gao H, Steinhart MR, Woodruff BM, Pflum ZE, et al. 
Hair-bearing human skin generated entirely from pluripotent stem cells. 
Nature. 2020; 582: 399-404. 

68. Lee J, van der Valk WH, Serdy SA, Deakin C, Kim J, Le AP, et al. Generation 
and characterization of hair-bearing skin organoids from human pluripotent 
stem cells. Nat Protoc. 2022; 17: 1266-305. 

69. Chéret J, Bertolini M, Ponce L, Lehmann J, Tsai T, Alam M, et al. Olfactory 
receptor OR2AT4 regulates human hair growth. Nat Commun. 2018; 9: 3624. 

70. Samuelov L, Sprecher E, Tsuruta D, Bíró T, Kloepper JE, Paus R. P-cadherin 
regulates human hair growth and cycling via canonical Wnt signaling and 
transforming growth factor-β2. J Invest Dermatol. 2012; 132: 2332-41. 

71. Sugawara K, Bíró T, Tsuruta D, Tóth BI, Kromminga A, Zákány N, et al. 
Endocannabinoids limit excessive mast cell maturation and activation in 
human skin. J Allergy Clin Immunol. 2012; 129: 726-38.e8. 

72. Qiu W, Gu PR, Chuong CM, Lei M. Skin Cyst: A pathological dead-end with a 
new twist of morphogenetic potentials in organoid cultures. Front Cell Dev 
Biol. 2020; 8: 628114. 

73. Arocho A, Chen B, Ladanyi M, Pan Q. Validation of the 2-DeltaDeltaCt 
calculation as an alternate method of data analysis for quantitative PCR of 
BCR-ABL P210 transcripts. Diagn Mol Pathol. 2006; 15: 56-61. 

74. Weber EL, Lai YC, Lei M, Jiang TX, Chuong CM. Human fetal scalp dermal 
papilla enriched genes and the role of R-Spondin-1 in the restoration of hair 
neogenesis in adult mouse cells. Front Cell Dev Biol. 2020; 8: 583434. 

 

 
 


