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Abstract

Hair loss is a common condition that can have a negative
impact on an individual's quality of life. The severe side ef-
fects and the low efficacy of current hair loss medications
create unmet needs in the field of hair loss treatment. Hya-
luronan and Proteoglycan Link Protein 1 (HAPLN1), one of
the components of the extracellular matrix, has been shown
to play a role in maintaining its integrity. HAPLN1 was ex-
amined for its ability to impact hair growth with less side
effects than existing hair loss treatments. HAPLN1 was pre-
dominantly expressed in the anagen phase in three stages of
the hair growth cycle in mice and promotes the proliferation
of human hair cells. Also, HAPLN1 was shown to selec-
tively increase the levels of transforming growth factor-f re-
ceptor II in human hair cells. Furthermore, we observed con-
comitant activation of the ERK1/2 signaling pathway fol-
lowing treatment with HAPLNI1. Our results indicate that
HAPLNI elicits its cell proliferation effect via the TGF-f2-
induced ERK1/2 pathway. The prompt entering of the hair
follicles into the anagen was observed in the old mice group
that received intraperitoneal injection of HAPLNI1, com-
pared to the vehicle-treated group. Insights into the mecha-
nism underlying such hair growth effects of HAPLN1 will
provide a novel potential strategy for treating hair loss with
much lower side effects than the current treatments.
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Introduction

An estimated 147 million people suffer from hair loss
worldwide, with an estimated 50% of men and women ex-
periencing forms of pattern baldness at some point in their
lives. Hair serves many features, providing insulation, pro-
tection, and a friction buffer; however, the aesthetic function
of hair is arguably the most important for human beings be-
cause it is directly related to our sociality and self-esteem.
Common treatments for hair loss include conventional
chemical methods such as minoxidil, finasteride, herbal ex-
tracts, platelet-rich plasma (PRP), keratinocyte-conditioned
media, adipose-derived stem cells, and hair transplantation.
However, none of these methods are known to bring satis-
factory results (Taghiabadi et al. 2020).

The hair follicle is an organ composed of inner and outer
layers, bulge, bulb, and sebaceous glands (Hibino and
Nishiyama 2004; Philpott et al. 1990). The hair follicles un-
dergo a hair growth cycle. Through the growing (anagen),
degenerating (catagen), and resting periods (telogen), the
hair repeats growth and loss (Chase 1954). The anagen
phase, the development process of dermal papilla (DP) and
matrix cells, plays a crucial role in hair formation. Dermal
papilla has blood vessels and nourishes matrix cells. In the
matrix, hair is formed through the differentiation, prolifera-
tion, and keratinization of cells. The thickness and length of
the hair are determined by the condition of dermal papilla
and matrix cells. Several signaling molecules are involved
in the normal hair follicle cycle, including Wnt, BMP, shh,
and TGF- signaling cascades (Niimori et al. 2012). TGF-
B1 is known to inhibit the proliferation of keratinocytes
(Mori et al. 1996; Foitzik et al. 2000). In a previous study,
the onset of catagen in TGF-B1 -/- mice was slower than in
the control group. While an injection of TGF-B1 into the dor-
sal skin of the mice induced catagen development (Foitzik
et al. 2000). In contrast, TGF-f2 signal plays an important
role in hair follicle morphogenesis and hair follicle stem cell
activation (Hibino and Nishiyama 2004; Oshimori and
Fuchs 2012). This notion is further supported by animal
studies in which Tgfb2-null skin exhibited a delay in hair
follicle morphogenesis (Foitzik et al. 1999).

TGF-p signaling contains two pathways: Smad-dependent
or non-Smad-dependent pathways. In the canonical TGF-
pathway, TGF-f ligands bind to the TGF-f receptor I (TBRII)
homodimers on the membrane with high affinity. TBRII di-
merizes with TGF-p receptor I (TBRI) homodimers and ac-
tivates TBRI by TPRII-mediated phosphorylation. The
TBRI-TPRII complex undergoes either clathrin-mediated
(non-raft) or caveolaec-mediated (lipid-raft) endocytic path-
way, and each pathway is determined by membrane traffick-
ing of the TBRI-TPRII complex. Internalization of the TBRI-
TBRII complex through clathrin-mediated endocytosis acti-
vates Smad2/3 pathway, and the internalized receptors can
be recycled and return to the membrane. In contrast, caveo-
laec-mediated endocytosis induces degradation of TPRI-
TBRII complex (Huang and Chen 2012). In the non-canoni-
cal pathway, TGF-B activates Smad-independent pathways
such as PI3K/Akt, and MAPK pathway (Neuzillet et al.
2013; Derynck and Zhang 2003). MAPKSs, comprising JNK,
p38, and ERK, are considered to play crucial roles in hair
follicle morphogenesis and regeneration (Tang et al. 2019).

In the present study, we focus on the roles of Hyalu
ronan and proteoglycan link protein-1 (HAPLN1) in th
e hair cycle. HAPLNI, previously referred to as a lin
k protein, is a glycoprotein that is distributed in vario
us tissue organs such as cartilage, skin, brain, heart, a



nd kidney and stabilizes non-covalent interactions betw
een aggrecan and hyaluronic acid (HA) in proteoglyca
ns (PGs) aggregates (Binette etal. 1994; Spicer et al. 2003;
Hardingham 1979). HA is a simple repeating disacchari
de polymer, mainly found in the dermis and epidermis
(50% of total body HA contents) (Papakonstantinou et
al. 2012). One of the main characteristics of HA is its
ability to hold water molecules, so it plays a vital rol
e in keeping the skin hydrated and preventing the agi
ng of skin and hair (Xi et al. 2021). As the ECM grad
ually degrades with age, HA also degrades along with
it (Campiche et al. 2019). But HAPLN1 can retard the d
egradation of HA. A previous study has shown that H
A levels were dramatically reduced in HAPLN1 knock
down, suggesting that loss of HAPLNI1 protein affects
the stability of HA (Govindan and lovine 2014). In hair,
some studies have shown that HA promoted hair grow
th by promoting follicle growth (Kim et al. 2022).

In our previous study, using surgically anastomosed para-
biotic mice and the aptamer-based proteomic analysis of
their blood proteins, we identified HAPLN1 as a protein as-
sociated with skin aging. We have evaluated whether age-
related decreases in the levels of collagen and HA, major
structural components of the ECM, can be restored by expo-
sure to youthful circulation (Fu et al., submitted for publica-
tion).

In the present study, we investigated the anti-aging effects
of HAPLNI on hair follicles. We focused on the prolifera-
tion of human hair germinal matrix cells (HHGMCs) and the
mechanism by which recombinant human HAPLNI1
(thHAPLN1) is involved in the in vitro cell proliferation and
in vivo hair growth in old mice. Our results revealed that
rhHAPLNI enhanced TGF-B2 signaling in a non-canonical
pathway via the selective increase in TGF-B receptor II
(TBRII) in HHGMCs and showed that intraperitoneal injec-
tions of thHAPLNI1 into the synchronized old mice in-
creased the hair growth through the earlier entrance into the
anagen phase of the hair follicles.

Materials and Methods

Chemicals and reagents

Recombinant human TGF-2 (302-B2-010/CF, R&D
Systems, Minneapolis, MN, USA) was used as well as 4-
methylumbelliferone (M1381, Sigma, St Louis, MO, USA),
hyaluronic acid (73641, Sigma, St Louis, MO, USA) and re-
combinant human HAPLN1 (WUX]I, Shanghai, China).

Cell and culture

Human hair germinal matrix cells (HHGMCs, 2410, Sci-
enCell, Carlsbad, CA, USA) were purchased from ScienCell
Research Laboratories (Carlsbad, CA) and maintained in
mesenchymal stem cell medium (MSCM7510, ScienCell,
Carlsbad, CA, USA) and 5 ml FBS, 1% mesenchymal stem
cell growth supplement (MSCGS, 7552, ScienCell, Carls-
bad, CA, USA), and 1% of penicillin-streptomycin (Scien-
Cell, Carlsbad, CA, USA) were grown at 37 °C, 5% COa.
Primary HHGMCs between passages 2 and 6 were used in
all experiments.

Western blotting
Western blot analysis was used to detect pathway proteins,

such as HAPLNI, using antibodies such as anti-TPRI, anti-
TPBRII (Abcam, Cambridge, UK, 1:2000), anti-GAPDH,
anti-MEK1 (Santa Cruz, CA, USA, 1:2000), anti-Raf, anti-
p- Raf, anti-ERK1/2, anti-p-ERK1/2, and anti-p-MEK1/2
(Cell Signaling, MA, USA, 1:2000) in cultured HHGMCs.
Cells were lysed with RIPA buffer (25 mM, Tris-HCI, 1 mM
EDTA, 0.1% Triton-X100) containing complete protease in-
hibitors (Roche, Mannheim, Germany) and phosphatase in-
hibitors (Roche, Mannheim, Germany), and the BCA pro-
tein assay kit (Pierce Biotechnology, MA, USA) was used
for protein quantification. The protein samples were subse-
quently electrophoresed on 10% and 15% SDS-PAGE gels
and transferred onto PVDF membranes. The membranes
were blocked with 5% w/v skin milk/ Bovine Serum Albu-
min (BSA) in TBST (TBS, 0.1% Tween-20) at room tem-
perature for 1 h and incubated with the following primary
antibodies overnight. Following washing with TBST, the
membranes were incubated with secondary antibody at
room temperature for 1 h, washed with TBST and the result-
ing signals were imaged using ECL reagents (GE Healthcare,
UK) as a chemiluminescent substrate. The signals were an-
alyzed and quantified using the computer software Image J
(NIH, MD, USA).

Immunoprecipitation

HHGMCs grown on a dish were incubated in ice-cold so-
lution of 0.25 mg/ml EZ-LinkTM Sulfo-NHS-LC-Biotin
(Thermo Fisher Scientific, MA, USA) at 4 °C for 1 h with
gentle shaking on an orbital shaker. Then, 50 mM Tris-HCL
(PH 7.5) was added to quench the reaction. The cells were
harvested and sonicated with iced-clod lysis buffer (50 mM
Tris-HCL, 150 mM NaCl, 1% NP-40, phosphatase inhibitor
and protease inhibitor). To remove nonspecific binding, the
magnetic beads (protein A beads) and normal rabbit IgG
were added and incubated for 1 h at 4 °C. Pre-immobilized
anti-biotin antibody-magnetic beads were treated overnight
at 4 °C after removal of normal rabbit IgG and magnetic
beads. Bound proteins were released by boiling the beads
with SDS-sample buffer, subjected to SDS-PAGE, followed
by western blotting using the desired antibody.

siRNA and transfection

Small interference RNAs (siRNA) include siHAPLNI
((Dharmacon; Accell Non-targeting pool, Lafayette, CO,
USA), negative control siRNA (Dharmacon; Accell Non-
targeting pool, Lafayette, CO, USA), Cluster of Differentia-
tion 44 (CD44) siRNA (Thermo Fisher Scientific; MA,
USA), and negative control siRNA (Thermo Fisher Scien-
tific; MA, USA) were used at transfect to HHGMCs using
Lipofectamine® RNAIMAX (Thermo Fisher Scientific,
MA, USA) in low serum medium for 24 h. The cells were
harvested 24 h after transfection.

Cell proliferation assay

A CCK-8 assay was used to determine proliferation ac-
cording to the manufacturer's protocol. HHGMCs were
seeded in 96-well Poly-D-lysine coated plates (Corning®
BioCoat™, MA, USA) for 24 h. Then, 10 pul CCK-8 solution
(Enzo Life Sciences, NY, USA) was added to the well and
incubated at 37 °C for 1 h. After 1 h of incubation, the ab-
sorbance value at 450 nm of each well was measured using
a microplate reader, after which the results were statistically
analyzed.

Immunofluorescence staining



Immunofluorescence studies were performed using fresh
frozen sections having a thickness of 8 um. The tissue sec-
tions were air dried for 1 h and fixed with 4 % paraformal-
dehyde for 15 min at room temperature. After three washes
with phosphate-buffered saline (PBS; Gibco, MA, USA).
Nonspecific sites were blocked with PBS with 0.5% normal
goat serum at room temperature for 1 h and incubated with
primary antibodies overnight at 4 °C in a humidified cham-
ber. The corresponding secondary antibody was conjugated
to Alexa Fluor 488 or Alexa Fluor 594 (Invitrogen, MA,
USA). Sections were incubated with secondary antibodies
for 1 h at room temperature, followed by cell nucleus stain-
ing with DAPI for 10 min. Slides mounted with ProLong®
Gold antifade reagent with DAPI (Thermo Fisher Scientific,
MA, USA) and the staining results were observed micro-
scopically.

Immunohistochemistry staining

Immunohistochemistry staining was performed using the
recommended method of the instructions (VECTOR labora-
tories; VECTASTAIN® ABC kit, CA, USA). Eight microm-
eter-thick paraffin sections were deparaffinized and incu-
bated in 3% H20: in the dark. The sections were boiled for
30 min in citrated buffer (10 mM citric acid, 0.05% tween
20, at PH 6.0) for antigen retrieval and cooled for 20 min at
room temperature, blocked by 3% BSA in PBS at room tem-
perature for 1 h, and incubated with primary antibodies over-
night at 4 °C in a humidified chamber. Sections were incu-
bated with secondary antibodies for 1 h at room temperature,
the ABC/DAB solution was added, and the samples were
counterstained with hematoxylin. The slides were dehy-
drated in ethanol and the staining results were observed mi-
croscopically.

In-situ hybridization assay
In-situ hybridization (ISH; ACDbio, CA, USA) assay

studies were performed using fresh frozen sections with a
thickness of 11 pm. The cryosections were fixed in 4% par-
aformaldehyde at room temperature for 20 min and dehy-
drated with ethanol. After incubation at room temperature
for 10 min with H2O2 and incubation at 40 °C for 30 min
with a protease. Pre-hybridization and ISH in Hybridize
Amp1~6 at 40 °C for 30 min. Respectively, stringent washes
with 1X Wash buffers. Equal volumes of BROWN-A and
BROWN-B (DAB substrate) were mixed and 120 ul of DAB
was pipetted onto each tissue section. The slides were coun-
terstained in 50% Hematoxylin for 2 min for RT and washed
for 10 sec in 0.02% ammonia water. Finally, the slides were
mounted and the staining results were observed microscop-
ically.
Mice sources and preparation

Pathogen-free, male C57BL/6NCrlOri mice (postnatal
p23, p27, p32, p37, p40, p44) were purchased from Orient
Bio Inc. (Seoul, Korea) and 20-month-old male C57BL/6J
mice were purchased from Korea Basic Science Institute
(Gwangju, Korea). Animals were quarantined on equal
light/dark cycles (12/12 hour) and were food and water ad
libitum in a controlled environment at 22 + 2 °C and with a
relative humidity of 50 £ 5 %. Skin OCT samples were
placed into the liquid nitrogen and stored at -80 °C. All pro-
cedures and animal treatments were carried out in a clean
room of the animal laboratory according to the guidelines
for laboratory animal experimentation specified by Chung-
Ang University.

Treatment schedule

Progression to the anagen phase was induced by depila-
tion of the skin on the dorsal aspect of mice. Therefore, we
shaved the dorsal skin of mice and hair follicles underwent
one hair growth cycle for 4-6 weeks. To synchronize the hair
growth cycle of mice, this experiment was performed twice.
rhHAPLNI1 was dissolved in PBS at a concentration of 50
pg/mL and intraperitoneal injected at a dose of 0.1 mg/kg
body weight. The mice were randomized into two groups as
follows: (i) the sham group or the vehicle control group re-
ceived an intraperitoneal injection of PBS; (ii) the
rhHAPLNI group received HAPLNI at a dose of 0.1 mg/kg
body weight. The intraperitoneal injection of thHAPLN1
was administered every three days for four weeks. The skin
sample obtained four weeks after the last haircut. The proto-
col for animal care and use, observed in this study, was re-
viewed, and approved by the IACUC at Chung-Ang Univer-
sity (Approval number: 2017-00102).

Statistics

All statistical analyses were performed using the Gr
aphPad Prism 9 software (GraphPad Soft-ware, Inc., C
A, USA). The data are presented as means + standard

error of the mean (SEM). Statistical significance was

evaluated using a Student’s t-test and P-value < 0.05
was considered statistically significant (¢p < 0.05, **p
< 0.001, ***P<0.0005, and ****P < 0.0001).

Results

HAPLNI is expressed in hair follicles and promotes the
proliferation of HHGMCs through TGFp signaling

After examining HAPLN1 in the skin of young and old mice
by immunohistochemistry staining, the results showed that
HAPLNI1 was located in hair follicles (yellow arrows) and
skin fibroblasts (Fig 1A). The level of HAPLNI and the
number of hair follicles were decreased in the skin sections
of old mice. The mice hair follicles undergo hair growth cy-
cle twice until postnatal 49 days. The first hair growth cycle
is completed in about three and a half weeks (postnatal day
23-25) and the second hair growth cycle begins on postnatal
23 days and ends on postnatal 56 days (Sato, Leopold and
Crystal 1999). The time points for the second hair growth
cycle are classified into different phases of the hair growth
cycle based on established morphological guidelines as fol-
low: early anagen (P23-25), mid anagen (P27), late anagen
(P29-34), catagen (P37-39), and telogen (P42). The second
telogen lasts more than two weeks, beginning around P42
(Alonso 2006). To confirm how the hair growth stage af-
fected HAPLNI1, we used P23, P32, P40, and P44 skin sec-
tions (data not shown), and the levels of HAPLN1 were de-
tected by immunofluorescence staining in three stages of the
hair growth cycle (Fig 1B). The level of HAPLNI1 was sig-
nificantly increased in the anagen phase, especially in hair
bulbs. However, the level of HAPLN1 decreased in the cat-
agen and telogen phases. To investigate HAPLN1 mRNA



level, we compared the three stages of the hair growth cycle
(Fig 1C) by morphological criteria using in-situ hybridiza-
tion staining. In the anagen phase, HAPLN1 mRNA was de-
tected in hair bulbs (red arrows). These data show that
HAPLNI1 may be produced from the hair matrix cells and
play an important role in their proliferation, leading to hair
growth.

To examine whether HAPLNI1 contributes to hair cell pro-
liferation, the HHGMCs were employed and incubated with
rhHAPLNI and/or HA, and the cell viability was analyzed
with CCK-8 assay. The results show that the TGF-B2-de-
pendent proliferation of HHGMCs was significantly pro-
moted in the presence of thHAPLN1 and/or HA (Fig 1D).
Co-localization of HAPLNI1 and TPRII was detected in the
hair matrix in the anagen phase (Fig 1E). As confirmed in
the skin section, HAPLN1 was detected in the hair matrix
with a high rate of cell proliferation, suggesting that
HAPLNI1 may be an essential factor for cell proliferation.

rhHAPLNTI selectively enhanced the level of TBRII in
HHGMCs

We examined the effect of thHAPLNI on the levels of
TGF-p receptor I and II in HHGMCs using western blotting.
rhHAPLNI increased the level of TBRII at a concentration
of 20 ng/mL (Fig 2A), and significantly increased the TBRII
levels when combined with HA (Fig 2B). This suggests that
such increases by thHAPLN1 and/or HA may be due to the
formation of a huge PGs-thHAPLN1-HA-CD44-TBRII
complex, as previously described (Bourguignon et al. 2002;
Harada and Takahashi 2007), thereby preventing the rate of
endocytic degradation of the TBRII.

To examine whether TBRII levels are down-regulated by
the knock-down of HAPLN1, HHGMCs were transfected
with either negative control siRNA or siRNA against
HAPLN1 (siHAPLN1). The siHAPLN1 reduced endoge-
nous HAPLNI1 and concurrent reduction of the TBRII levels
(Fig 2C). When siHAPLNI-transfected HHGMCs were
treated with thHAPLNT1 and/or HA, the TPBRII levels were
significantly restored (Fig 2D). Thus, we suggest that endog-
enous HAPLN1 may play an important role in enhancing or
maintaining the TBRII level. On the other hand, to investi-
gate whether thHAPLN1 depends on HA to increase the
TBRII levels, 4-methylumbelliferone (4-MU), an inhibitor
of hyaluronan synthase 2 (HAS2), was employed (Kultti et
al. 2009). 4-MU significantly decreased TBRII and HAS2
expression levels, but hHAPLN1 restored TBRII and HAS2
expression levels (Fig 2E), suggesting that HA may restore
the reduced TPRII level through thHAPLNI1.

CD44 is essential for rhHAPLN]1 to increase the level of
TPRII

It is well known that HA binds to the CD44 receptors, and
these complexes seem to be further associated with TPRII at
the cell surface, leading to activation of TGF-B signaling
(Bourguignon et al. 2002). To evaluate the effect of CD44
knockdown on HAPLN1-regulated TPRII, cells were trans-
fected with negative control and CD44 siRNA. Our results
showed that the knockdown of CD44 inhibited TPRII level
(Fig3A). Moreover, following treatment with HA and/o
r thHAPLNI on CD44 siRNA-transfected HHGMCs, T
BRII levels were not restored by HA and/or thHAPLN
1 (Fig 3B). The results indicate that CD44 is an esse
ntial factor in the action of thHAPLNI on the regulati
on of TPRII level.

rhHAPLN1 and HA increase the level of cell surface
membrane TPRII by the treatment of TGF-f2 in
HHGMCs

Previous findings suggested that HA and HAPLNI exert
their effects at the level of the cell membrane. This is be-
cause extracellular HA and HAPLN1 were found to regulate
TPRIIL, and CD44 was found to play a crucial role in this
process. In treatment with HA and/or rhHAPLNI on
HHGMC:s, cell surface proteins were labeled with sulfo-
NHS-LC-biotin and then separated using immunoprecipita-
tion analysis. As per the results, the exogenous HA and
rhHAPLNI increased the level of TBRII at the cell surface
membrane in HHGMCs (Fig 4). These results imply that the
increased levels of TBRII by thHAPLN1 and/or HA may in-
deed be through a mechanism at the cell membrane.

rhHAPLNI1 and HA promote TGF-B2 signaling through
the ERK1/2-mediated non-canonical pathway

It has been previously shown that the heteromeric rec
eptor complexes between TPRI and TPRII mediated by
TGF-B stimulate distinct downstream signaling pathway
s, Smad-dependent and Smad-independent pathways, al
so termed canonical and non-canonical pathways, respe
ctively, to regulate different context-dependent transcrip
tions (Massague, Blain and Lo 2000). That is, the canon-
ical TGF-p signaling pathway uses Smad2 and/or Smad3 to
transfer signals. Smad2/3 are directly phosphorylated by
TBRI and translocate to the nucleus to regulate gene tran-
scription (Massague, Blain and Lo 2000). One of the non-
canonical TGF-f signaling pathways involves ERK/MAPK
kinase. The ERK/MAPK pathway is induced by various
stimuli. Thus, we investigated whether the TGF-B2 sign
aling occurred through the Smad-dependent or Smad-in-
dependent pathway. No changes in phosphorylation of
Smad2 was observed by the treatment of hHAPLN1 and/or
HA (Fig 5A). In contrast, interestingly, p-ERK1/2, p-
MEK1/2, and p-c-Raf, which are known as the effectors ac-
tivated downstream of the Smad-independent pathway, were
significantly increased in the presence of thHAPLN1 and/or
HA (Fig 5B). These results highlight that the TGF-B2 sig-
naling could undergo via the non-canonical ERK1/2 path-
way.

HAPLNI1 stimulates hair growth in mice

Our previous results indicating the loss of HAPLNI in the
aging process, prompted us to adapt old mice for an in vivo
experiment. Each of the mice has been shown to enter the
different hair growth cycles after the second hair growth cy-
cle. To synchronize the hair growth cycle, the old mice were
clipped, and depilatory cream was applied to stimulate the
whole skin. In old mice, hair follicles enter the anagen phase
earlier in the HAPLNI treatment group compared to the ve-
hicle group (Fig 06).

Discussion

Hair loss in a part of the head has been known to be due
to various causes, such as drugs, stresses, and autoimmune
disorders. Various therapeutic agents have been shown



depending on the cause of the condition, as well as patient
sex and age (Kim et al. 2022). This study is the first to de-
scribe the newly discovered effects of full-length
rhHAPLNI on hair growth of old mice as well as the under-
lying mechanisms in HHGMCs. Indeed, HAPLNI1 has been
shown to bind noncovalently to a specific region of proteo-
glycan protein and a filament of HA and stabilizes the re-
versible noncovalent binding between. Thus, HA-PGs com-
plexes known as ‘aggregates’ are formed in the PCM (Har-
dingham 1979; Buckwalter et al. 1984; C B Knudson 1993).
It has long been known that the aggregate formed in the pres-
ence of HAPLNI, termed ‘HAPLN1-containing aggregate’
is five times longer and has three times more proteoglycans
compared to HAPLN1-free aggregate because the former
leads to an increased stability of the linking between prote-
oglycans and HA et al. 1984). Thus, HAPLNI can largely
contribute to the formation of a water-rich and viscoelastic
hydrogel matrix (Warren et al. 2021).

A previous study showed that the exogenous HA induced
the trafficking of TPR to caveolin-1 lipid raft-associated
pools and caused TBR degradation (Ito et al. 2004). Of not
e, the present study demonstrates that the treatment with
rhHAPLNI and/or HA selectively increased the levels of
TBRII, not TPRI, at the cell surface membrane in HHGMC.
Although at present, the precise mechanisms by which
rhHAPLNI increased the levels of TPRII, rhHAPLN1
seems to inhibit the internalization of TBRII by preventing
the degradation of HA (Govindan and lovine 2014). In this
context, it should be noted that the degradation of HA is es-
sential for the endocytosis of large HA molecules (Hua et al.
1993; Danielson et al. 2015), and this process involves
CD44, the main receptor of HA (Harada and Takahashi
2007). Since TPRs is known to be directly linked to CD44,
and the degradation of HA is required for the endocytosis of
TBR (Bourguignon et al. 2002; Tto et al. 2004). Additionally,
as aforementioned, the HAPLNI-containing aggregate
binds to CD44 as a bulky and water-rich hydrogel ligand,
forming a huge size of complex consisted of the aggregate-
CD44-TPRs, and thereby slowing down the rate of endo-
cytic degradation of TBRIIL. Therefore, our data suggest that
rhHAPLNI could contribute to the increase in the levels of
TBRII by preventing the degradation of HA, enabling the
aggregate-containing complexes to remain functional on the
membrane. Moreover, our results indicate that exogenous
HA and/or thHAPLNT1 increase the level of cell surface
membrane TBRII in the presence of TGF-2, suggesting that
rhHAPLNI1 and/or HA may decrease the internalization rate
of TPRII, and subsequently enhance the TGF-f2-signaling
through such an increase in the number of TPRII on the cell
surface membrane. Our results show that when membrane
proteins are labeled with sulfo-NHS-LC-biotin, the in-
creased levels of TPRII were shown in HA- and/or
rhHAPLNI1-treated HHGMCs through an immunoprecipita-
tion analysis, further indicating the decreased rate of the en-
docytic degradation of TBRII.

Importantly, we found that both the HA and CD44 are
likely to be essential for hHAPLN1 to act on HHGMCs and
regulate TGF-B2 signaling. When production of endogenous
HA was inhibited by the HAS?2 inhibitor 4-MU, the levels of
TPRII were significantly decreased, suggesting an important
role of HA as a molecule connecting between TBRII and
rhHAPLNI1. Furthermore, in CD44-knockdown HHGMCs,
TBRII was not only decreased compared with the control,
but also unaffected by the treatment of HA and/or

rhHAPLNI, highlighting the important roles of CD44 in the
enhancement of TPRII by thHAPLN1. Unlike young mice,
old mice have been shown to exhibit different hair growth
cycles for each individual (Plikus and Chuong 2008). In this
regard, old mice were clipped and depilatory cream was ap-
plied to stimulate the whole skin. The hair growth cycle was
promoted by skin stimulation and the above procedure was
repeated twice to synchronize the hair growth cycle of all
old mice. After the second hair growth cycle, we clipped hair
coats in the telogen phase and treated them with trhHAPLNI.
Compared with the vehicle-treated group, the group that re-
ceived intraperitoneal injections of rhHAPLN1 showed that
the hair follicles entered the hair growth phase (anagen) ear-
lier. hHAPLN1 seems to play a role in optimizing an envi-
ronment for cell proliferation and differentiation, allowing
hair follicles to enter the anagen phase in vivo.

Taken together, the present study findings show that the
treatment of rhHAPLN1 and/or HA can result in an increase
in TPRII protein levels, thus leading to the enhancement of
TGF-B2-ERK1/2 signaling via non-canonical TGF-f} signal-
ing pathways. In addition, these data imply that TBRII may
be subjected to its degradation via an endocytic process, but
this degradation pathway may be slowed down or inhibited
by the mechanochemical properties of hHAPLNI. Interest-
ingly, the intraperitoneal injections of hHAPLNI into old
mice showed that the hair follicles entered the hair growth
phase (anagen) earlier, allowing hair follicles to enter the
anagen phase in vivo. Thus, hHAPLN1 may act as a novel
biomechanical signaling protein promoting hair growth.
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Figure legends:

Figure 1. Expression of HAPLN1 indifferent stages of
hair growth cycle and HAPLN1 enhanced the prolifera-
tion of HHGMC:s

(A) Immunohistochemical staining of frozen sections of
skin tissue. HAPLNI1 (yellow arrows) staining of biopsies
taken from 7-week-old mice and 20-month-old mice kept in
conventional conditions. Original magnifications: 100 X
and 200 X. (B) Localization and characterization of
HAPLNTI in the hair follicles of mice during each phase of
the hair cycle. Localization of HAPLNI1 in the hair follicles
during telogen, anagen and catagen phases. The levels of
HAPLNI1 were significantly increased in the anagen phase.
Original magnifications: 400 X. (C) In situ hybridization de-
tection of HAPLN1 mRNA in each stage of hair growth cy-
cle. HAPLN1 mRNA was detected in hair bulbs in the
anagen phase. The tissue sections were stained with
HAPLN1 RNA probe according to the standard procedures
(original magnification, 400 X). (D) HHGMCs were pre-
treated with HAPLN (25 ng/Ml)and/or HA (25 pg/mL) for
1 h prior to stimulation with TGF-B2 (2 ng/mL) for 23 h. The
cell proliferation was analyzed with the CCK-8 assay. The
results (the mean + S.E.M.) are representative of four inde-
pendent experiments (n=4). * p <0.05. (E) Immunofluores-
cence staining of frozen sections of skin tissue. Localization
of HAPLNT1 in the hair growth cycle during telogen, anagen,
and catagen phases. Co-localization of HAPLN1 and TBRII
were detected in the anagen phase (original magnification,
400 X).

Figure 2. HAPLN1 and/or HA increased TPRII levels ex-
pression in HHGMCs

(A) The plot and relative quantification of the expression of
TBRII in HHGMCs treated with various doses (0 ng/ml; 5
ng/mL; 10 ng/mL; 20 ng/mL) HAPLNI1 for 24 h. (B) The
plot and the relative quantification of the expression of
TPBRII in cells pretreated with HAPLN1 (25 ng/mL) and/or
HA (25 pg/mL) for 1 h prior to stimulation with TGF-p2 (2
ng/mL) for 23 h. (C) The plot and the relative quantification
of the expression of TBRII in HHGMC:s following HAPLN1
knockdown. (D) The plot and relative quantification of the
expression of TBRII in HAPLN1 knockdown HHGMCs pre-
treated with HAPLN1 (25 ng/mL) and/or HA (25 pg/mL) for
1 h prior to stimulation with TGF-B2 (2 ng/mL) for 23 h. (E)
The plot and the relative quantification of the expression of
TBRII and HAS2 in HHGMCs pretreated with 4-MU (0.5

mM) and/or HAPLN1 (25 ng/mL) for 1 h prior to stimula-
tion with TGF-f2 (2 ng/mL) for 23 h. The results (the mean
+ S.E.M.) are representative of three independent experi-
ments (n=3). * p <0.05, ** p <0.01, *** p <0.001.

Figure 3. Lack of endogenous CD44 decreased TPRII
levels expression in hair matrix cells

(A) The plot and the relative quantification of the expression
of TPRII in CD44 following HAPLN1 knockdown. (B) The
plot and the relative quantification of the expression of
TBRII in CD44 knockdown HHGMCs pretreated with
HAPLNI (25 ng/mL) and/or HA (25 pg/mL) for 1 h prior to
stimulation with TGF-f2 (2 ng/mL) for 23 h. The results (the
mean + S.E.M.) are representative of three independent ex-
periments (n=3). * p <0.05, ** p <0.01, *** p <0.001.

Figure 4. HAPLN1 and/or HA increased TBRII levels ex-
pression in hair matrix cells surface membrane.

The plot and the relative quantification of the expression of
TPRII in cells pretreated with HAPLN1 (25 ng/mL) and/or
HA (25 pg/mL) for 1 h prior to stimulation with TGF-p2 (2
ng/mL) for 23 h. Cell surface levels of TBRII were defined
by labeling cells with sulpho-NHS-LC-biotin. Immunopre-
cipitation study was performed using an antibody against bi-
otin. The results (the mean + S.E.M.) are representative of
three independent experiments (n=3). * p <0.05, ** p<0.01,
**%p <0.001.

Figure 5. HAPLN1 and/or HA activate non-canonical
pathway of TGF-p2-ERK1/2 signaling.

The plot and the relative quantification of the expression of
phosphorylation of (A) Smad2, (B) c-Raf, ERK1/2 and
MEK1/2 in cells pretreated with HAPLN1 (25 ng/mL)
and/or HA (25 pg/mL) for 1 h prior to stimulation with
TGF-B2 (2 ng/mL) for 23 h. The results (the mean +
S.E.M.) are representative of four independent experiments
(n=4). * p<0.05, ** p <0.01, *** p <0.001.

Figure 6. HAPLN1 promotes hair regrowth in mice.

20 month-old male C57BL/6 mice were depilated and were
treated with HAPLN1, beginning the day after hair removal,
three times per week. Photographs were taken on days 0, 8.
and 21 days after depilation. From 8 days, HAPLN1 groups
showed notable darkening of skin color, and over time they
showed a markedly greater hair growth than the PBS group.
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Figure 4
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