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ARTICLE INFO ABSTRACT

Keywords: CXCL12 and its receptors, which are highly expressed in the skin, are associated with various cutaneous diseases,
Dermal fibroblast including androgenic alopecia. However, their expression and role during the hair cycle are unknown. This study
Hair loss aims to investigate the expression of CXCL12 and its receptor, CXCR4, in the vicinity of hair follicles and their
Ig;gLflo;hcle effect on hair growth. CXCL12 was highly expressed in dermal fibroblasts (DFs) and its level was elevated
CXCR4 throughout the catagen and telogen phases of the hair cycle. CXCR4 is expressed in the dermal papilla (DP) and

outer root sheath (ORS). In hair organ culture, hair loss was induced by recombinant CXCL12 therapy, which
delayed the telogen-to-anagen transition and decreased hair length. In contrast, the suppression of CXCL12 using
a neutralizing antibody and siRNA triggered the telogen-to-anagen transition and increased hair length in hair
organ culture. Neutralization of CXCR7, one of the two receptors for CXCL12, only slightly affected hair growth.
However, inhibition of CXCR4, the other receptor for CXCL12, increased hair growth to a considerable extent. In
addition, in hair organ culture, the conditioned medium from DFs with CXCL12 siRNA considerably increased the
hair length and induced proliferation of DP and ORS cells. CXCL12, through CXCR4 activation, increased STAT3
and STAT5 phosphorylation in DP and ORS cells. In contrast, blocking CXCL12 and CXCR4 decreased the
phosphorylation of STAT3 and STAT5. In summary, these findings suggest that CXCL12 inhibits hair growth via
the CXCR4/STAT signaling pathway and that CXCL12/CXCR4 pathway inhibitors are a promising treatment
option for hair growth.

1. Introduction

C-X-C motif chemokine 12 (CXCL12), also known as stromal cell-
derived factor 1 (SDF1), is a small cytokine member of the chemokine
family. Chemokines activate leukocytes and are frequently generated by
pro-inflammatory stimuli such as lipopolysaccharide, tumor necrosis
factor, and interleukin 1 [1-3]. CXCL12 is found expressed in various
mouse tissues, including the brain, thymus, heart, lung, liver, kidney,
spleen, and bone marrow [4]. It regulates the migration of hematopoi-
etic cells from the fetal liver to the bone marrow as well as the formation
of large blood vessels during embryogenesis [5]. It has been assumed
that CXCL12 only binds to one receptor, C-X-C motif chemokine receptor
4 (CXCR4), but recent research has shown that CXCL12 may also bind to

CXCRY receptor [6,7]. Because of its role in morphogenesis, angiogen-
esis, and immune responses, CXCL12 and its receptors are prospective
targets for drug development [8,9]. CXCL12 contributes significantly to
angiogenesis during adulthood by attracting bone marrow-derived
endothelial progenitor cells via a CXCR4 dependent pathway [10].
The CXCL12-CXCR4 axis is being studied as a potential antifibrotic
therapy for chronic pancreatitis [11]. Additionally, in a xenograft model
of breast cancer and hepatocellular carcinoma, plerixafor (AMD3100)
blocks CXCL12from binding CXCR4, increasing the efficacy of com-
bretastatin [12,13]. AMD3100 is commonly combined with granulocyte
colony-stimulating factor (G-CSF) to mobilize hematopoietic stem cells
into the bloodstream [14-16]. Moreover, CXCL12 and its receptor
CXCR4 regulate melanoblast migration and location during the hair
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follicle (HF) formation and cycle [17]. Additionally, Lee et al. found that
CXCL12 and its receptor CXCR7 control the migration of normal human
epidermal melanocytes [18]. However, there is no direct evidence that
CXCL12 regulates hair growth and cycle.

Interestingly, Michel et al. identified differential gene expression in
male androgenetic alopecia (AGA). They hypothesized that inflamma-
tory and immunological mediators were considerably overexpressed,
with significant upregulation of immune and inflammatory genes,
including CCL13, CCL18, CXCL10 and CXCL12 [19]. Given that CXCL12
has a very high baseline expression, we postulated that CXCL12 regu-
lates the hair cycle and is involved in hair loss in AGA. In alopecia areata
(AA), an autoimmune disease that induces hair loss, human dermal y5 T
cells are known to act as stress sentinels by directly eliciting autoim-
mune reactions. In addition, in AA, stressed hair follicles overexpress the
v T cell chemoattractants CXCL10 and CXCL12 [20,21]. These findings
suggest that CXCL12 and CXCR4 may play a role in hair loss in various
disorders and that blocking CXCL12/CXCR4 pathway may be a thera-
peutic target for hair loss [22]. However, the expression and role of
CXCL12 and its receptor in normal hair cycle have not been elucidated
yet. Therefore, we sought to identify where CXCL12 and CXCR4 are
expressed in the skin and HF, how they are regulated by the hair cycle,
and whether inhibiting CXCL12 and CXCR4 pathways stimulate hair
growth. The underlying molecular mechanism and signaling pathway
driving hair loss were also investigated.

2. Materials and methods
2.1. Cell isolation and cell culture

Individual HFs were kindly gifted by Dr. Jino Kim (New Hair Insti-
tute, South Korea). All biopsies were performed with full patient written
consent. Additionally, the Ethical and Scientific Committees of the
participating institution confirmed the present study to be in accordance
with the ethical standards (as laid out in the 1964 Declaration of
Helsinki).

Human follicle dermal papilla (hDP) cells, and outer root sheath
(hORS) cells were microdissected from the HFs under a stereomicro-
scope. The lower part of the bulb was inverted using forceps and needles,
and any remaining epithelium-derived tissue was removed to expose the
dermal papilla, and then DP was attached to CellBIND® surface 35-mm
culture dish (Corning, USA), attached hair shaft (outer root sheath;
middle part of HF) to Collagen I coated 35-mm culture dish (Corning),
and cultured undisturbed for ten days.

hDP cells were cultured in follicle dermal papilla cell growth medium
(PromoCell, Germany) with 1% antibiotic-antimycotic (Thermo Fisher
Scientific, USA). hORS cells were cultured in EpiLife™ Medium with 60
uM calcium chloride, 1% EpiLife™ Defined Growth Supplement (EDGS)
(Thermo Fisher Scientific,c USA), and 1% antibiotic-antimycotic
(Thermo Fisher Scientific). Dermal fibroblast (DF) cells were kindly
gifted by Prof. Sang Ho Oh (Severance Hospital, Yonsei University
College of Medicine, Seoul, Korea) and cultured in Dulbecco’s modified
Eagle’s medium (DMEM; Gibco, Germany) with 10% fetal bovine serum
(FBS; Hyclone, USA), and maintained in a humidified incubator at 37 °C
with 5% CO,.

2.2. Animals

Male adult (4-7 weeks old) C3H/HeN mice were purchased from
Orient Bio Co. Ltd (SungNam, Korea). All animal studies were conducted
with the approval of the Animal Care and Use Committee at the Inter-
national Medical Center to reduce suffering and protect animal welfare.

2.3. Proliferation assay

Cell proliferation was determined using a cell counting kit-8. hDP
cells (passage 5) were plated overnight in triplicate in 96-well plates at
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1000-1500 cells per well. hORS (passage 3) were plated overnight in
triplicate in 48-well plates at 6000-7000 cells per well. After 24 h, the
culture medium was replaced with DFCMcon-si or DFCMCXCL12-si for
48 h (Fig. 6). After incubation, the medium was replaced by CCK-8 so-
lution (Dojindo, Kumamoto, Japan), followed by an incubation for 2 h.
The absorbance was measured at 450 nm using a microplate reader
(TECAN, AG, Switzerland).

2.4. Scratch migration assay

Cell migration was detected using a scratch migration assay. 5 x 10°
ORS cells (passage 3) were seeded in 35-mm dishes with growth me-
dium. The following day, the growth medium was replaced with basal
medium. Confluent cells were wounded using a sterile 1 mL pipette tip
and incubated in either DFCM®"* or DFCMCXM12'81, Cell migration was
determined via microscopic examination 48 h after wounding. To
evaluate of cell migration, three randomly selected points along each
wound were marked, and horizontal distances of migrating cells from
the wound edge were measured.

2.5. Reverse transcription-quantitative polymerase chain reaction (RT-
qPCR) assay

Quantitative real-time PCR (qRT-PCR) reactions were performed
using StepOne Real-Time PCR System (Applied Biosystems, USA). The
total cellular RNA was extracted using Invitrogen TRIzol Reagent
(Thermo Fisher Scientific), followed by reverse-transcription using a
cDNA synthesis kit (Nanohelix, Daejeon, Korea.). Real-time quantitative
reverse-transcription polymerase chain reaction (QRT-PCR) was per-
formed using the StepOne Real-Time PCR System (Applied Biosystems/
Thermo Fisher Scientific). The primer sequences that were used are as
follows (forward and reverse, respectively: 5-CGCCAA-
GAACCTCATCATCT-3' and 5'-GTCTCGGTGGATCTCGTATTTC-3' for
human  ALP1, 5-TGCATCAGTGACGGTAAACCA-3' and 5-
TTCTTCAGCCGTGCAACAATC-3' for mouse Cxcll2, 5'- ATTCTCAA-
CACTCCAAACTGTGC-3' and 5'- ACTTTAGCTTCGGGTCAATGC-3' for
human CXCL12. 5'- AGCCTGGCAACTACTCTGACA-3' and 5'- GAAG-
CACGTTCTTGTTAGGCA-3' for mouse Cxcr7.

2.6. Immunofluorescence staining for paraffin sections

Mouse skin tissue slides were de-paraffinized and incubated with
boiling antigen retrieval solution (pH 6.0; Dako, Carpinteria, CA, USA)
using a microwave oven for 2 m 20 s. The slides were then washed with
0.05% triton in phosphate-buffered saline (PBS-T) and incubated with
anti-CXCL12 (1:100, R&D systems, MAB350-SP), anti-PDGFRa (1:100,
Bioss, Beijing, China, BSM-52829R), anti-p-STAT3 (1:100, Cell signaling
Technology, USA, #9145T), anti-p-STAT5 (1:100, Cell signaling Tech-
nology, #4322T), anti-CXCR4 (1:100, Novus Biologicals, Colorado,
United States, NB100-56437), anti-CXCR7 (1:100, Novus Biologicals,
NBP2-58162), and keratin 17 (1:100, Santa Cruz, California, United
States, sc-393002) overnight at 4 °C. They were then incubated with
Alexa Fluor 488 goat anti-mouse IgG (1:500; Invitrogen, Grand Island,
NY, USA), Alexa Fluor 488 goat anti-rabbit IgG (1:500; Invitrogen),
Alexa Fluor594 goat anti-rabbit IgG (1: 200; Invitrogen), or Alexa Fluor
594 goat anti-mouse IgG (1:200, Invitrogen) for 1 h at room temperature
with 4',6-diamidino-2-phenylindole (DAPI; Sigma-Aldrich, Louis, MO,
United States). Images obtained via immunofluorescence staining were
captured using a Zeiss LSM700 confocal microscope.

2.7. Immunofluorescence staining for cells

Fixed hDP and hORS cells were treated with primary antibodies
specific for p-STAT3 or p-STATS5 (1: 200, Cell Signaling) at 4 °C. On the
following day, cells were washed with PBS-T and then incubated with
Alexa Fluor 488 goat anti-rabbit IgG (1:500) for 1 h at room
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temperature. Nuclei were counterstained using DAPI. Images of immu-
nofluorescence staining were captured using a Zeiss LSM700 confocal
microscope.

2.8. Hair organ culture

During organ culture, the hair growth activity of mouse vibrissae,
and human HFs was observed. The hair growth activity of mouse
vibrissae and adult scalp hair follicles was observed during organ cul-
ture. The HFs were isolated and cultured according to the method pre-
viously described by Jindo and Tsuboi [23]. Normal anagen vibrissal
HFs and adult scalp HFs were obtained from the upper lip region using a
scalpel and forceps. Isolated HFs were placed in a defined medium
(Williams E medium supplemented with 2 mM L-glutamine, 10 pg/mL
insulin, 10 ng/mL hydrocortisone, 100 U/mL penicillin, and 100 ug/mL
streptomycin, without serum). Individual vibrissae HFs and adult scalp
HFs were photographed 48-96 h after the start of the incubation.
Changes in hair length were calculated from the photographs and
expressed as mean + SE of 10-12 vibrissae HFs or human scalp HF.

2.9. Telogen-to-anagen transition (anagen induction) and neutralizing
antibodies

Animal experiments were performed according to Kim [24] and Paus
et al. [25], pharmacopoeia and the Institutional Animal Care and Use
Committee of Yonsei University (IACUC-A-202111-1380-01). The dorsal
area (2.5 cm x 4 cm) of 6-week-old, 22-24 g C3H/HeN mice, which were
in the telogen stage of the hair cycle, were shaved using a clipper and
electric shaver, with special care taken to avoid damaging the skin.
Subcutaneous injection of recombinant protein, neutralizing antibodies,
siRNA, or antagonist against CXCR4 was administered for 2 weeks. Any
darkening of the skin (indicative of hair cycle induction) was carefully
monitored via photography. After 2 weeks, dorsal hair was shaved and
weighted. The number of anagen hair shafts was counted after hema-
toxylin and eosin (H & E) staining. The following neutralizing antibodies
were used for in vivo study: «aCXCL12, (R&D systems; MAB310-500),
aCXCR4 (R&D systems; MAB21651), and «CXCR7 (US Biological, USA,
C8376-25 L).

2.10. Anagen elongation

The anagen phase was induced by depilation on the dorsal skin of 7-
week-old male mice. All depilated mouse HFs were synchronized in the
telogen phase. After 10 days, the animals were topically treated with
either control, ®CXCL12, or rCXCL12 (PeproTech, USA) for 7 consecu-
tive days. The dorsal skin of mice was observed, and photographs were
captured 17 days after depilation. The number of anagen and catagen
hair shafts was observed by H & E staining.

2.11. Knockdown of CXCL12 in vivo and ex vivo

CXCL12 expression was knocked down in 7-week-old CsH mice by
transfecting with 6 pg of CXCL12 siRNA (Bioneer, Daejeon, Korea) using
the transfection reagent Polyplus in vivo-jetPEI (Polyplus-transfection,
France, #201-50G). The primer sequences used were as follows, si-
CXCL12-#a sense, 5-GAACAACAACAGACAAGUG-3' and anti-sense,
5-CACUUGUCUGUUGUUGUUC-3'; si-CXCL12-#b sense, 5- GUG-
GAUUCAGGAGUACCUG-3' and anti-sense, 5-CAGGUACUCCU-
GAAUCCAC-3'; si-CXCL12-#c sense, 5'- CAGACAAGUGUGCAUUGAC-3'
and anti-sense, 5'-GUCAAUGCACACUUGUCUG-3'; si-CXCL12-#d sense,
5’- AUUCUCAACACUCCAAACU-3' and anti-sense, 5-AGUUUGGAGU-
GUUGAGAAU-3'.

2.12. Knockdown of CXCL12 in vitro

Transfections were performed using Lipofectamine RNAimax
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2.13. Measurement of CXCL12 by enzyme-linked immunosorbent assay
(ELISA)

Media containing transfection agent and si-CXCL12 was removed
and replaced with fresh media. After 48 h of culture, the conditioned
medium was collected and centrifuged to remove debris. The CXCL12
content was measured by ELISA kits (R&D systems; #DSA00). ELISA was
performed according to the manufacturer’s instructions. All samples
were measured three times.

2.14. Statistical analysis

All data are expressed as mean =+ standard deviation of three inde-
pendent experiments. Student’s t-test was used when comparing be-
tween two groups and one-way ANOVA or two-way ANOVA with
Tukey’s post hoc test were used for comparing multiple groups. A p <
0.05 was considered statistically significant. All statistical analyses were
conducted using GraphPad Prism 5.01 (GraphPad Software, Inc., La
Jolla, CA, USA). Graph building was performed using Sigma Plot 10.0
(Systat Software, San Jose, California, United States).

3. Results
3.1. CXCL12 is highly expressed in DFs during catagen/telogen phase

Double immunostaining of CXCL12 with platelet-derived growth
factor receptor o (PDGFRa), an indicator for DFs, was conducted to
study the distribution of CXCL12 in mice during the hair cycle. PDGFRa-
positive cells were used to normalize the percentage of CXCL12-positive
cells in this analysis (Fig. 1A). Based on confocal images, CXCL12 was
highly expressed in DFs and considerably more elevated in mice
throughout the catagen/telogen phase. mRNA levels of CXCL12 were
upregulated in mouse skin in the hair regression period (Fig. S1; see
Supporting Information). Furthermore, the CXCL12 expression level was
higher in the bald area of the aged mice (>18 months) than in the non-
bald areas (Fig. 1B), indicating that CXCL12 is linked to hair loss.

3.2. Treatment of CXCL12 delays anagen entry, and induces catagen
entry

The effect of CXCL12 on the hair cycle progression was evaluated
using telogen phase C3H mice. Mice injected subcutaneously with 0.4
and 1.2 pg per mouse of recombinant mouse CXCL12 (rCXCL12) had a
significantly delayed telogen-to-anagen transition compared with the
control group. The rCXCL12-treated mice showed less anagen HFs in
their H & E- stained skin tissues. rCXCL12 dramatically reduced the hair
weight in a dose-dependent manner (Fig. 2A). In addition, the inhibitory
effect of rCXCL12 on hair growth was evaluated in an organ culture
using mouse vibrissae (Fig. 2B) and human HFs (Fig. 2C); a significant
inhibition of hair growth was observed following incubation with
rCXCL12. In addition, the ability of rCXCL12 to trigger catagen entrance
in C3H mice was investigated, and anagen HFs were considerably
reduced in the rCXCL12-treated mouse compared with the control, the
percentage of mouse skin in the anagen phase was lower in rCXCL12-
treated mouse (Fig. 2D). According to prior research findings, STAT
signaling has been implicated in the maintenance of telogen HFs [26].
Thus, mouse vibrissae follicles were treated with 100 ng/mL of rCXCL12
for 24 h, and the protein levels of p-STAT3 and p-STAT5 were signifi-
cantly elevated in the DP and ORS region of mouse vibrissae follicles
(Fig. 2E). STAT3 and STAT5 phosphorylation was also assessed in pri-
mary hDP and hORS cells, and rCXCL12 treatment induced both STAT3
and STATS5 phosphorylation in an immunofluorescence assay (Fig. S2;
see Supporting Information). In summary, our data suggest that CXCL12
inhibits hair growth via the STAT signaling pathway.
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Fig. 1. Expression of CXCL12 in mouse and human hair follicles. (A) The paraffin sections were obtained using the back skin of 4-, 5-, and 7-week-old CgH mice.
CXCL12 (green) and PDGFRa (red, a dermal fibroblast marker) in mouse dorsal skin were detected by immunofluorescence. CXCL12 is costained with PDGFRa and
primarily expressed in dermal fibroblasts. CXCL12"/PDGFRa" cells per view were counted (A, right panel) # p < 0.05, ## p < 0.01 vs anagen phase. B) Bald (red
arrow) and non-bald (black arrow) skin in the aged mice (>18 months) were harvested, and the expression of CXCL12 is increased in the balding region. DAPI
staining (blue) indicates nuclei. Scale bar = 50 um. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of

this article.)

3.3. Neutralization of CXCL12 promotes hair growth

To determine whether inhibiting CXCL12 could increase hair
growth, 7-week-old CsH mice were subcutaneously injected with an
anti-CXCL12 neutralizing antibody (aCXCL12). In comparison with
control treatment, mice treated with «CXCL12, at a dose of 25 pg each,
had a significant increase in hair weight and anagen HF count (Fig. 3A).
Further investigation of the effect of *CXCL12 on hair shaft growth was
conducted using mouse vibrissae and human hair organ culture models.

Individual HFs were isolated and cultured with vehicle control and
aCXCL12 (Fig. 3B, C). aCXCL12 was found to considerably increase the
length of mouse and human hair shafts. In addition, results of anagen
elongation demonstrated that aCXCL12 delayed catagen phase induc-
tion in C3H mice, and the percentage of mouse skin in the anagen phase
was higher in the aCXCL12-treated mice (Fig. 3D). Confocal images
showed that «CXCL12 treatment attenuated rCXCL12-induced p-STAT3
and p-STATS5 levels in hDP and hORS cells (Fig. S2; see Supporting
Information).
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Fig. 2. Treatment of CXCL12 delays the entry of anagen and induces the entry of catagen. (A) The back skin of 7-week-old C3H mice was shaved, and recombinant
CXCL12 (rCXCL12) was subcutaneously injected. Compared with the negative control, subcutaneous injection of rCXCL12 delayed the telogen-to-anagen transition in
C3H mice on day 15. Hematoxylin and eosin (H&E)-staining was used to measure anagen HFs, catagen HFs, and the hair weight was compared. The percentage of
anagen and non-anagen HFs was observed (right panel). # p < 0.05. Scale bar = 100 pum. (B, C) rCXCL12 treatment significantly inhibits the length of mouse vibrissa
follicle (B) and human HFs (C). # p < 0.05, and & p < 0.05 vs con treated, n = 10-12 mouse vibrissa follicles per group, n = 10 human HFs per group. (D) In an
anagen elongation experiment, anagen hair follicles were significantly reduced in rCXCL12 injected mice (as indicated by the arrow in H&E staining). Anagen HFs,
catagen HFs, and the percentage of anagen and non-anagen HFs was observed (D, right panel). *p < 0.05, vs con treated. Scale bar = 100 um. (E) p-STAT3 and p-
STATS5 signals were analyzed via immunostaining after rCXCL12 incubation in vibrissae follicle, and STAT phosphorylation highly increased in the dermal papilla
and outer root sheath of HF. Scale bar = 50 pm. Asterisk indicates a statistical difference in Student’s t-test, sharp in one-way ANOVA with Tukey’s post hoc test, and

ampersand in two-way ANOVA with Tukey’s Multiple Comparison Test.
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3.4. CXCL12 knockdown by siRNA promotes hair growth

Further investigations were conducted to see whether CXCL12-
targeting siRNA could aid hair growth. Human HFs were isolated and
cultured with four si-CXCL12 and negative control, and si-CXCL12 was
found to considerably increase hair length (Fig. 4A, left and middle). The
reduced expression levels of CXCL12 were confirmed by qRT-PCR
(Fig. 4A, right). Additionally, two si-CXCL12 enhanced the telogen-to-
anagen transition in CgH mice (Fig. 4B). The specificity of si-CXCL12
in mice was confirmed by immunofluorescence staining (Fig. S3, see
Supporting Information). Simultaneously, the effect of si-CXCL12 on
hair growth was also assessed using mouse vibrissae, and si-CXCL12 was
found to increase hair length (Fig. 4C).

3.5. CXCR4 mediates hair cycle regulation of CXCL12

The expression of CXCL12 receptors, CXCR4 and CXCR7, was studied
to have a better understanding about how CXCL12 acts on target cells in
HFs. Confocal images showed that CXCR4 was expressed in DP (during
anagen) and ORS cells of the mouse (Fig. 5A). CXCR4 was also detected
in DP and ORS regions of human HFs (Fig. 5B). To determine whether
suppressing CXCR4 or CXCR7 could increase hair growth, 7-week-old
CsH mice were subcutaneously injected with an anti-CXCR4 or anti-
CXCR7 neutralizing antibody (a«CXCR4/ aCXCR7). Compared with
control IgG therapy, the mice injected with xCXCR4 at a dose of 25 pg
each showed a substantial increase in hair weight (Fig. 5C), which
aCXCRY failed to do (Fig. S4; see Supporting Information). Furthermore,
a CXCR4 receptor antagonist, plerixafor, considerably enhanced the
telogen-to-anagen transition in animal model (Fig. 5D) and promoted
the rCXCL12-induced inhibition of hair length in mouse vibrissa follicles
(Fig. 5E). Confocal images showed that plerixafor treatment attenuated
rCXCL12-induced p-STAT3 and p-STATS5 levels (Fig. S2; see Supporting
Information). These findings suggest that CXCR4 contributes to CXCL12-
mediated hair cycle control.

3.6. CXCL12 primarily expressed in DF, inhibits hair growth

To determine whether CXCL12 secreted by DFs mediates hair cycle
regression, the secretion of CXCL12 by DFs was reduced using si-CXCL12
transfection. Mouse vibrissae, DPC, and ORS cells were then treated with
DF conditioned medium (Fig. 6A). The si-CXCL12 transfection of DFs
effectively reduced the CXCL12 level in the culture medium by
approximately 90% compared with the control medium (Fig. 6B). We
began by culturing mouse vibrissae follicles in conditioned medium
from control cells (DFCM®°™)) and si-CXCL12 transfected DF cells
(DFCM®XCL12Zshy  After two days of treatment with DFCMXCH12Si the
hair length of vibrissae follicles substantially increased (Fig. 6C).
DFCM®*CH12t treatment increased in DP cell proliferation and ALP1
mRNA level (Fig. 6D, and Fig. S5A; see Supporting Information).
Furthermore, DFCM®X12 treatment promoted ORS cell proliferation
and migration (Fig. 6F, and Fig. S5B; see Supporting Information). These
findings suggest that CXCL12 primarily expressed in DF, has an effect on
DPCs and ORS in HFs, as well as control the hair cycle.

4. Discussion

This study aimed to determine where CXCL12 and CXCR4 are
expressed in the vicinity of HFs and whether they limit hair growth.
CXCL12 was shown to be highly expressed in DFs and elevated during
the catagen and telogen stages of the hair cycle. In addition, CXCR4 is
expressed in the dermal and epidermal layers of HFs. The rCXCL12
treatment caused hair loss, delaying the transition from telogen-to-
anagen and reducing the hair length in hair organ culture. In hair
organ culture, when CXCL12 was inhibited using a neutralizing antibody
and siRNA, telogen-to-anagen transition was triggered, resulting in an
increase in hair length. Furthermore, we investigated the molecular
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mechanisms and signaling pathways involved during the initial period
of hair loss development. A neutralizing antibody and plerixafor
dramatically increased hair growth by inhibiting CXCR4; however,
CXCR7 neutralization had no effect on hair growth, and expression of
CXCR7 during the hair cycle had no difference (Fig. S4; see Supporting
Information). CXCL12 inhibition in DFs and treatment of conditioned
media considerably increased hair length, and the proliferation of DPC
and ORS cells in the hair organ culture. These findings suggest that DF-
derived CXCL12 promotes hair loss by activating CXCR4 in HFs. CXCL12
and CXCR4 increased STAT3 and STAT5 phosphorylation in the dermal
and epidermal layers of HFs. In contrast, a CXCL12-neutralizing anti-
body reduced the STAT3 and STAT5 signal in HFs. These findings
indicate that CXCL12 primarily expressed in DFs inhibits hair growth via
the CXCR4/STAT signaling pathway.

While CXCL12 and its receptors are widely expressed in the skin,
their expression and functions during hair cycle progression have not
been characterized. CXCL12, a stromal cell-derived factor widely
expressed in DFs, activates CXCR4 to cause a variety of skin diseases,
including hypertrophic scarring, keloid formation, psoriasis, and hy-
perpigmentation [27-29]. CXCL12 has a well-established role in hair
graying. For instance, CXCL12 is highly expressed in the bulge region of
human HFs and promotes melanocyte stem cell differentiation, a vital
factor in preventing hair graying [30]. Moreover, CXCL12 and its re-
ceptor CXCR4 have been shown to control melanoblast migration and
positioning during HF formation [17]. Of note, Sennett et al. found that
early HF morphogenesis is not dependent on CXCR4 expression in the
dermis or the epithelium of nascent HFs, although CXCR4 is transiently
expressed in both these compartments [31]. In the present study, we
demonstrated for the first time that CXCL12/CXCR4 pathway is involved
in the hair cycle progression, DFs have high levels of CXCL12, and
DF-derived CXCL12 impedes hair cycle progression by the inhibition of
anagen and induction of catagen/telogen via activating CXCR4 in the
ORS and DP of HFs.

CXCL12 is a chemokine that exhibits diverse functions via the Janus
kinase (JAK)/ signal transducer and activator of transcription (STAT)
pathway. For example, CXCL12 promots cancer cell proliferation and
migration, making CXCL12 and CXCR4 potential anticancer drugs.
CXCL12 inhibited cisplatin-induced apoptosis in human lung cancer
cells by activating the JAK2/STAT3 signaling pathway [32]. CXCL12
induced STATS5 activation, which promoted proliferation in pre-B-ALL
[33]. Determined by global gene expression analysis, inhibition of
CXCL12 resulted in the downregulation of STAT3-related genes in leu-
kemia stem cells [34]. Cancer cells can proliferate through the JAK/-
STAT signaling pathway. However, activating the JAK/STAT pathway
had varying impacts on hair growth and often caused hair loss. For
instance, ruxolitinib and tofacitinib, which disrupt the JAK/STAT
signaling pathway, have been shown to rapidly initiate anagen onset and
subsequently result in hair growth [35]. In a phase III clinical trial, AA
was reversed by the oral administration of inhibitors of the JAK/STAT
pathways (e.g., ritrecitinib and baricitinib), which have been developed
for use in patients with AA. In this study, CXCL12 therapy activated the
STAT pathway, including STAT3 and STATS5 activation, in HFs, resulting
in hair loss. However, silencing the CXCL12/CXCR4 pathway with
siRNA and a neutralizing antibody inhibited STAT3 and STAT5 phos-
phorylation, thereby promoting hair growth. Therefore, it is plausible
that CXCL12 causes hair loss via the JAK/STAT signaling pathway.

The role of CXCL families in AA is still debatable. Although CXCL9
and CXCL10 levels are elevated in the serum of AA patients, CXCL1 and
CXCL12 levels are decreased [36]. A preliminary study found that
CXCL12 expression increased in the HF of AA patients (data not shown),
and lesional HFs, as previously reported [20]. Autologous y8 T cells
promoted the collapse of HF immune privilege via CXCL12, and resident
human dermal y5 T cells served as stress sentinels 2. However, CXCL
isoforms, such as CXCL9, CXCL10, CXCL11, and their receptor CXCR3,
have been shown to contribute to the pathogenesis of AA [37]. The
overexpression of CXCL12 and other inflammatory and immune
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mediators in AA patients, suggests that neutralizing CXCL12 or inhib-
iting CXCR4 in the AA microenvironment may be effective in its treat-
ment. Thus, CXCL12 inhibition may be a novel therapeutic approach for
AA, which we intend to investigate in future studies.
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