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Abstract

The dermal papilla cells in hair follicles function as critical regulators of hair growth. In particular, alopecia areata (AA) is closely
related to the malfunctioning of the human dermal papilla cells (hDPCs). Thus, identifying the regulatory mechanism of hDPCs is
important in inducing hair follicle (HF) regeneration in AA patients. Recently, growing evidence has indicated that 3′ untranslated
regions (3′ UTR) of key genes may participate in the regulatory circuitry underlying cell differentiation and diseases through a so-
called competing endogenous mechanism, but none have been reported in HF regeneration. Here, we demonstrate that the 3′ UTR
of junctional adhesion molecule A (JAM-A) could act as an essential competing endogenous RNA to maintain hDPCs function and
promote HF regeneration in AA. We showed that the 3′ UTR of JAM-A shares many microRNA (miRNA) response elements, especially
miR-221–3p, with versican (VCAN) mRNA, and JAM-A 3′ UTR could directly modulate the miRNA-mediated suppression of VCAN in
self-renewing hDPCs. Furthermore, upregulated VCAN can in turn promote the expression level of JAM-A. Overall, we propose that
JAM-A 3′ UTR forms a feedback loop with VCAN and miR-221–3p to regulate hDPC maintenance, proliferation, and differentiation,
which may lead to developing new therapies for hair loss.
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Introduction
Alopecia areata (AA) is a non-scarring, autoimmune hair loss dis-
order characterized by the atrophy and upper shift of the hair fol-
licles (HFs), bulb, and human dermal papilla cells (hDPCs), with
lymphocyte infiltration.1–3 Dermal papilla (DP) cells are recog-
nized as the key inductive mesenchymal player.4 HFs are self-
regenerating miniorgans that form in recurring cycles, beginning
with their embryonic development.5 hDPCs agglomerate into bul-
bous cavities that serve as the hub of a signaling network that
directs the activation of epithelial progenitors and regularly initi-
ates the regeneration process for HFs over the course of all hair
growth developmental stages.6,7 Thus, hDPCs and HFs can be used
as highly tractable and well-understood model systems for explo-
ration of numerous unresolved biological questions, such as those
involving cell-to-cell interactions and signaling and cell behavior
during development.

In addition to their relevance for basic biological questions, the
study of hDPCs can lead to clinically applied findings for treat-
ment of issues surrounding hair loss or excessive hair growth
(hirsutism, hypertrichosis). Previous research has shown that hair
loss is induced by apoptosis and dysfunction of hDPCs.8,9 Ad-
vances in characterization of the genetic and biochemical regu-
latory mechanisms governing the cyclic regeneration or dysfunc-

tion of hDPCs can potentially lead to promising therapies for hair
loss as well as HF-based engineered tissues.

Among their many important characteristics, the agglutinative
growth of hDPCs is directly related to its pluripotency as differen-
tiating stem cells,10 specifically, hair inductivity. The agglutinative
growth of DPCs in this paper is defined as DPCs gathering in clus-
ters when growing. Several reports have shown that following a
fifth passage, hDPCs in culture lose both their ability to coagulate
as well as their hair inductivity.11,12 Furthermore, the expression
of marker proteins including alkaline phosphatase (ALP),13 and
SOX-214 are also decreased in hDPCs. In-depth studies into the reg-
ulatory mechanisms governing hDPCs agglutinative growth have
shown that VCAN (versican, a chondroitin sulfate proteoglycan
matrix core protein) is an essential component in the processes
of mesenchymal condensation and induction of hair growth.12,15

Although VCAN has been shown to participate in the transforma-
tion of HFs from the regressive to the growth phase,16 the mecha-
nisms by which VCAN and changes in its expression regulate hD-
PCs maintenance remain largely unexplored.17,18

As a type of adhesion molecule, junctional adhesion molecule
A (JAM-A), also known as JAM-1 or F11R, belongs to the
immunoglobulin protein superfamily. JAM-A is widely expressed
in various cells and is known to play a critical role in fostering
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vascularization.2,19,20 Our prior study demonstrated that knock-
down of JAM-A resulted in inhibition of mesenchymal stem cells’
(MSCs) migration ability.21 In this study, we demonstrate that the
functions of JAM-A mRNA are dependent on its 3′ untranslated
region (UTR), which is a competitive endogenous RNA (ceRNA)
that competes to regulate VCAN expression. This work provides
considerable insight into the roles and interactions of adhesion-
related molecules in HF regeneration, which can advance our ba-
sic understanding of these proteins in stem cells differentiation in
other tissues, as well as serving as potentially strong therapeutic
targets in hair loss disorders.

Materials and methods
Isolation, cultivation, and characterization of
hDPCs
hDPCs were isolated from abandoned human scalp tissue and
placed in the bottom of a 60-mm dish for culture in Dulbecco’s
Modified Eagle Medium (DMEM) (Invitrogen, Carlsbad, CA, USA)
containing 1% penicillin and streptomycin and 10% fetal bovine
serum (FBS) (Gibco, Gaithersburg, MD, USA) at 37◦C under 5%
CO2, following previously reported protocols.22,23 When confluent,
primary cultured cells were harvested and re-seeded (2.0 × 104

cells/dish), then subsequently passaged on a weekly basis.

hDPCs transfection
hDPCs were trypsinized and seeded at 2 × 104 cells in 1 ml of
DMEM supplemented with 10% FBS in a 12-well plate. Then, 10
μl of virus solution was added in the presence of 5 μg/ml Poly-
brene (Shanghai Genechem Ltd, Shanghai, China). Lentiviral vec-
tors were used to overexpress or knockdown JAM-A and VCAN
in hDPCs (Shanghai Genechem Ltd, Shanghai, China). The siRNA
sense and antisense oligo nucleotides complementary to human
JAM-A and VCAN mRNA were designed following previously pub-
lished methods.24

For studies of miRNA function and gene regulation, miRNA
mimics and inhibitors of miR-221–3p25 were also purchased from
a commercial vendor (Genepharm, Inc., Sunnyvale, CA, USA), and
the sequences of all siRNAs, miRNA mimics, and miRNA inhibitors
are listed in Supplementary Table S1. hDPCs were transfected
with 20 nM miRNA mimic or 20 nM miRNA inhibitor according to
a previously described method for siRNA transfection of hDPCs.26

Fugene HD reagent (Promega, Madison, WI, USA) or lipofectamine
RNAi MAX (Invitrogen, Carlsbad, CA, USA) was used for vector or
RNA oligos transfection, respectively, according to the manufac-
turer’s instructions. At the time of transfection, the optimal con-
fluency for hDPCs is 60%–70%.

RT–qPCR relative expression analysis of mRNA
and microRNA
Total RNA was extracted using Trizol reagent (ThermoFisher Sci-
entific, Waltham, MA, USA). RNA isolation, cDNA synthesis, and
PCR amplification were performed as previously described.26 For
relative mRNA expression analysis, RT–qPCR was carried out on a
Step One plus System (Applied Biosystems, Waltham, MA, USA),
using a Power SYBR Green PCR Master Mix (Applied Biosystems,
Waltham, MA, USA). The primers for JAM-A, JAM-A 3′ UTR, VCAN,
and the β-actin internal reference housekeeping gene are listed in
Supplementary Table S2.

The expression of select miRNAs was also quantified using the
Step One plus System, which converts miRNAs into cDNA, then
detects copy number using SYBR Green-based real time PCR. The

primer sequence for miRNA amplification is given in Supplemen-
tary Table S3.

Cell cycle analysis
For cell cycle analysis, about 1 × 106 treated or untreated hDPCs
were collected and fixed with 80% ice-cold ethanol for 2 hours. Af-
ter washing and centrifugation, 0.5 ml of PI/RNase (BD Pharmin-
gen, San Diego, CA, USA) was added to the cell lysis and incubated
at room temperature for 15 min in the dark. After trypsin treat-
ment, cells were resuspended by pipetting, 1 ml of complete cul-
ture media was added and 500 μl of the suspension was trans-
ferred into FACS tubes.26 The flow cytometry data were analyzed
using ModFit LT 5.0 software (Verity Software House, Topsham,
ME, USA).

CCK-8 assays
The Cell Counting Kit-8 (CCK-8) (Toyobo, Japan) was also used
to evaluate hDPC proliferation. In accordance with the manu-
facturer’s protocol, all DP cells were seeded in 96-well plates at
2 × 103 cells/well (five wells in each group), cultured in DMEM
supplemented with 10% FBS. Ten microliters of the CCK-8 solu-
tion was added to each well, and the plate was incubated at 37◦C
for 1 h. The optical density was then read at 450 nm using a mi-
croplate reader (Tecan, Austria).

Luciferase reporter transfection and dual
luciferase assay
Luciferase reporter transfection and dual luciferase assays were
performed following protocols established in our previous re-
ports.26,27 We used the computational target prediction algo-
rithm miRanda (http://cbio.mskcc.org/microRNA2003/miranda.
html) to identify mature gene transcripts that were potentially
targeted by JAM-A at their 3′ UTRs. VCAN was then experimen-
tally verified as a JAM-A target gene in hDPCs following the pro-
tocols of Wang et al.26,27 Reporter assays used Light Switch 3′ UTR
Go Clone Constructs (BioCat GmBH, Heidelberg, Germany) based
on the 3′ UTR sequences of JAM-A and VCAN, which were co-
transfected with 100 ng of VCAN reporter plasmid and either 10–
40 nM miRNA-221–3p mimic or 40 nM control siRNA. After 24 h of
incubation, 50 μl of Light Switch reagent (BioCat GmBH, Heidel-
berg, Germany) was added to each well, and luminescence was
measured using a plate-reading luminometer (Tecan, Männedorf,
Switzerland). RT–qPCR analysis was performed to quantify the
VCAN transcription levels in DP cells at 1 day after incubation
with the microRNA-221–3p mimic or inhibitor.

Intracutaneous injection of hDPCs
Engraftment was initiated by intracutaneous injection of 2 × 104

hDPCs to the forelimb dorsal skin of 21-day-old BALB/c-nu/nu
mice. Prior to injection, cells were suspended in 150 μl of saline;
equivalent volumes of saline were injected as a negative control.
Histological analysis of male BALB/c-nu/nu mouse skin was per-
formed by staining with hematoxylin and eosin (Richard Allan
Scientific, San Diego, CA, USA). We macroscopically observed hair
growth at the implantation area every day following the injection.

Analysis of in vivo hair regeneration
To observe the relative capacity for initiation of hair regeneration
in the skin of male BALB/c-nu/nu mice, skin tissue was removed
and placed in 30% sucrose for 24 hours. The tissues were then
embedded in Tissue-Tek OCT (Sakura Finetek USA, Torrance, CA,
USA) and sectioned into 8-μm cryostat sections.

http://cbio.mskcc.org/microRNA2003/miranda.html
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AA model mouse preparation and JAM-A-3′ UTR
transfection
Imiquimod was employed to induce 6-week-old C3H/HeJ mice to
form AA. Imiquimod ointment applied once or twice daily for 4
weeks is more efficacious to induce AA regeneration in C3H/HeJ
mice.28–30 To assess the severity of hair loss or AA, H&E stain-
ing was used to detect whether the model of AA is successfully
constructed. AA were transduced with a vector or JAM-A-3′ UTR
lentiviral vector, miR-221, or inhibitor lentiviral vector (Shanghai
Genechem Ltd, Shanghai, China).

Lentivirus packaging system and human embryonic kidney-
293T (HEK-293T) cells were used to prepare the lentivirus overex-
pressing JAM-A-3′ UTR. The recombinant virus preparation was
titered, and the expression of JAM-A-3′ UTR in C3H/HeJ mice
was confirmed by frozen section. Hair regrowth was monitored
through gross observation.

Immunofluorescence and FISH
These assays were performed following protocols in previously
published reports.26,31 The subcellular localization of JAM-A,
VCAN, and ALP proteins in the hDPCs was examined by im-
munocytochemistry, as previously described.31 Culture slides
were incubated with rabbit anti-JAM-A (ab180821, Abcam), rab-
bit anti-VCAN (ab202906, Abcam), and mouse anti-ALP antibod-
ies (ab65834, Abcam) at a 1:100 dilution in a solution containing
0.5% Triton X-100 and 1% bovine serum albumin (BSA) for 2 h at
37◦C. After several washes in phosphate buffered saline (PBS), the
culture slides were incubated with rhodamine-conjugated anti-
goat IgG-R, fluorescein-conjugated anti-mouse IgG-R (Invitrogen,
Carlsbad, CA, USA) at a 1:500 dilution for 45 min at room tempera-
ture and visualized using an Olympus IX70 microscope (Olympus
Corporation, Shinjuku, Tokyo, Japan).

For the detection of JAM-A and VCAN transcripts, samples were
further hybridized with FISH probe reaction buffer-1 (Genepharm
Inc., Sunnyvale, CA, USA) containing respective RNA probes. RNA
probes were labelled with 5′ CY3 (Genepharm, Inc., Sunnyvale, CA,
USA). For observation of tissue samples, mouse anti-mitochondria
(1:100, ab3298, Abcam), rhodamine-conjugated anti-mouse IgG-
R, and fluorescein-conjugated anti-rabbit IgG-R antibodies were
used. Nuclei were fluorescently labeled with DAPI (Invitrogen,
Carlsbad, CA, USA). All secondary antibodies were purchased from
Invitrogen.

Western blot
Protein extraction from the hDPCs, SDS–polyacrylamide gel elec-
trophoresis, and western blotting were performed as previously
described.32

RNA immunoprecipitation (RIP) assay
The MS2bp-MS2bs-based RIP assay was performed according to
previously established protocols,26,33 with modifications for using
the EZ-Magna RIP Kit (Millipore Sigma, Burlington, MA, USA) in
accordance with the manufacturer’s instructions.

Statistical analysis
Data are presented as means ± SD. For data from RT–qPCR,
western blots, and luciferase activity assays, differences between
groups were assessed by a paired, two-tailed Student’s t-test.
P < 0.01 was used to determine statistical significance.

Results
Clustering analysis reveals differentially
expressed adhesion-related genes in AA and
normal scalp tissues
To identify differences in gene expression patterns related to
AA, we performed two independent microarrays and clustering
analysis on several adhesion-related genes. Through this relative
expression analysis (patients with AA and healthy scalp, Data
Sources GSE68801), we found that JAM-A, VCAN, and ITGB6 were
down-regulated in scalp tissue of patients with AA (Fig. 1A). We
also found that the relative expression levels of both VCAN and
JAM-A in AA patients were significantly lower compared to nor-
mal patients (Fig. 1B). This finding strongly suggested that both
JAM-A and VCAN expression were related to hair baldness.

Histological analysis revealed the expression of VCAN and JAM-
A in the normal HFs (Fig. 1C). Dermal papilla caught our atten-
tion. Quantitative real-time PCR (qPCR) and western blot analyses
of four samples taken from cases of human AA and four from
normal patients confirmed that JAM-A and VCAN were down-
regulated in human AA scalps (Fig. 1D, E). JAM-A RNA-interference
(siJAM-A) experiments revealed that down-regulation JAM-A ex-
pression resulted in the inhibition of hair regeneration (Fig. 1F, G).
In addition, ALP and VCAN expression in hDPCs were also dimin-
ished in the siJAM-A group (Fig. 1H).

These results strongly suggest that decreased JAM-A and VCAN
expression is associated with AA in particular. Given that JAM-A
expression is closely related with VCAN expression, ALP expres-
sion and hair regeneration, the question remains as to how JAM-
A functions mechanistically in these processes. We therefore en-
deavored to resolve the relationship between JAM-A, VCAN, and
hair regeneration.

RT–PCR and western blot results showed that JAM-A and
VCAN gene expression changed synchronously in hDPCs
(Supplementary Fig. S1). Notably, the expression of JAM-A
rapidly decreased in p7 hDPCs, which was simultaneous with the
decline in levels of VCAN. We therefore hypothesized that JAM-A
might regulate VCAN expression in hDPCs, suggesting a role for
JAM-A in the regulatory network governing hDPCs activity and
level of differentiation or primitiveness.

JAM-A 3′ UTR expression is positively correlated
with the aggregative behavior of DP cells in vitro
To better understand the individual roles of VCAN and JAM-A24

in hDPCs aggregation, we used siRNAs targeting VCAN or JAM-
A to posttranscriptionally suppress their expression. Agglutina-
tive growth was also diminished in both VCAN and JAM-A knock-
down hDPCs (Fig. 2A, Supplementary Fig. S2). Furthermore, the
optimum reduction in the level of VCAN mRNA and protein was
detected by RT–qPCR and western blot (Fig. 2A, B). These findings
are consistent with previous reports,32 suggesting that the JAM-A
gene has a close and interdependent relationship with VCAN, and
that hDPCs depend on the expression of both genes for character-
istics such as agglutinative growth.

As shown in Fig. 3C the relative cell viability was decreased
by 52% after the treatment of JAM-A interference. The percent-
age of hDPCs in G1 phase was increased after JAM-A interference
(P < 0.01), but the proportion of cells in S phase and G2 phase was
decreased and the cell cycle was arrested at G1 phase (P < 0.01)
(Fig. 2D).

To better understand the contribution of JAM-A expression
specifically in the process of hDPCs differentiation, we separately
examined the effects of JAM-A 3′ UTR and JAM-A CDS (coding
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Figure 1. JAM-A and VCAN are down regulated in AA. (A) Heat map of differentially expressed adhesion-related genes with green indicating
down-regulation of genes and red indicating up-regulation of genes (top bar: blue samples are scalp skin from normal tissue; red samples are scalp
skin from patients with AA). Data Sources GSE68801. (B) Compared with healthy people, the relative expression levels of JAM-A and VCAN in the skin
and scalp samples of patients with AA were lower. (C) The results of hematoxylin and eosin staining showed that in the scalp tissue of the control
group, the hair follicles penetrated deep into the fat cells of the subcutaneous tissue, while in the scalp of patients with AA the hair follicle was
shorter in length and confined to the dermis tissue. The results of immunohistochemistry showed that VCAN and JAM-A were enriched in the papilla
of hair follicles, which was brown. (D) Relative expression levels of JAM-A and VCAN in AA patient’s tissue were lower compared to normal samples. (E)
Western blot analysis showed that the relative expression level of JAM-A and VCAN in the scalp of patients with AA was lower than that of normal
people. (F) We downregulated JAM-A expression in AA model mice (left) (subcutaneous injection JAM-A shRNA expressing lentivirus). After 14 days, we
observed the hair regrowth of AA was delayed in siJAM-A group mice. (G) Quantification of germinal area. In the JAM-A interference group, the number
and speed of hair growth were lower than those in the SCR group. (H) Western blot analysis showed that the relative expression level of JAM-A, AP, and
VCAN in JAM-Akd group was lower than that of SCR group. Three repetitions, data are represented as means ± SD. ∗P < 0.05, ∗∗P < 0.01.
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Figure 2. JAM-A promotes agglutinative growth and VCAN expression of hDPCs through the 3′ UTR region. (A) Quantitative analysis of JAM-A and
VCAN expression in JAM-A knockdown hDPCs, the phenotypic agglutinative colonies were lost in the siJAM-A group. NC, transfected with a scrambled
siRNA negative control. (B) Western blot analysis revealed the expression of JAM-A and VCAN were decreased in the siJAM-A group compared to NC.
(C) CCK-8 assays were conducted to determine the cell proliferation. (D) Cell viability was assessed by FCM in hDPCs with and without JAM-A
knockdown. (E) Quantitative analysis of JAM-A and VCAN expression in JAM-A overexpressed hDPCs, the phenotypic agglutinative colonies were
shown in the upper panel. The JAM-A CDS represents overexpression of only JAM-A coding region, while JAM-A 3′ UTR represents overexpression of
JAM-A 3′ UTR region only. (F) Western blot analysis showing the protein expression of JAM-A and VCAN in JAM-A overexpressed hDPCs. (G) CCK-8
assays were conducted to determine the cell proliferation of hDPCs with JAM-A CDS or 3′ UTR overexpression. (H) Cell viability was assessed by FCM.
(I) Quantitative analysis of JAM-A and VCAN expression in hDPCs of different treatments, the phenotypic agglutinative colonies were shown in the left
panel. The JAM-A CDS represents overexpression of only the JAM-A coding region, while JAM-A 3′ UTR represents overexpression of only the JAM-A 3′

UTR region. (J) CCK-8 assays were conducted to determine the cell proliferation of hDPCs with of different treatments. (K) Cell viability analysis of
hDPCs with different treatments by FCM. All quantifications were done with three independent repeats, and the expression of GAPDH was used as PCR
internal references. CTL means control. Data are represented as means ± SD. ∗P < 0.05, ∗∗P < 0.01. Scale bars show 50 μm.
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Figure 3. JAM-A 3′ UTR regulates VCAN expression by sequester microRNAs in hDPCs. (A and B) Quantitative analysis of JAM-A and VCAN expression
in lentiviral mediated Dicer knockdown hDPCs with and without JAM-A and VCAN knockdown. (C) The Quantification of JAM-A and VCAN targeted
miRNAs between early and late passage hDPCs. (D) Dual-luciferase assay detecting the targeting effect of candidate miRNAs to VCAN and JAM-A 3′

UTR. (E) Dual-luciferase assay detecting the targeting effect of candidate miRNAs to site mutated VCAN and JAM-A 3′ UTR constructs. (F) Illustration
of the mechanism of RNA immunoprecipitation using the MS2 system. The western blot analysis showing the efficacy of MS2 mediated 3′ UTR
pulldown in hDPCs is showing in the lower panel. (G) The quantification of microRNAs in MS2 mediated JAM-A 3′ UTR pulldown of hDPCs. (H) The
quantification of microRNAs in MS2 mediated VCAN 3′ UTR pulldown of hDPCs. All quantifications were done with three independent repeats, and the
expression of GAPDH was used as a PCR internal references. Data are represented as means ± SD. ∗P < 0.05, ∗∗P < 0.01.
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sequence) overexpression in maintaining hDPCs aggregation prior
to differentiation. Overexpression of the JAM-A 3′ UTR in WT
p7 hDPCs restored VCAN expression and agglutinative growth
(Fig. 2E). However, overexpression of the full JAM-A CDS in hD-
PCs at p7 resulted in neither agglutinative growth nor VCAN ex-
pression (Fig. 2F), suggesting that expression of the JAM-A 3′ UTR
is necessary for hDPCs aggregation and VCAN expression. Mean-
while, the relative cell viability were increased in JAM-A 3′ UTR
and JAM-A CDS overexpression (Fig. 2G). FCM analysis demon-
strated that overexpression of JAM-A 3′ UTR could decrease the
cell proportion of S and G2/M phase in DP cells (Fig. 2H).

As discussed before, we observed the loss of the agglutinative
growth phenotype in p3 hDPCs following siRNA-mediated JAM-A
depletion, so we overexpressed the JAM-A 3′ UTR or the JAM-A CDS
in p3 hDPCs with JAM-A silence (Fig. 2I). The results showed that
overexpression of the JAM-A 3′ UTR partially rescued agglutinative
growth and VCAN expression, while overexpression of the over ex-
pression CDS in siJAM-A hDPCs did not increase VCAN expression
or hDPCs aggregation (Fig. 2I). Compared to siJAM-A + vector hD-
PCs, the relative cell viability were increased in siJAM-A + JAM-A
3′ UTR and siJAM-A + JAM-A CDS (Fig. 2J), the decrease cell propor-
tion of G1 phase, the increase of S and G2/M phase were detected
(Fig. 2K).

These results further illustrate the critical role of the JAM-A
3′ UTR in VCAN expression in hDPCs. Considering the close rela-
tionship between VCAN and the agglutinative growth phenotype
of hDPCs, we therefore propose that the JAM-A 3′ UTR forms a
regulator in hDPCs that mediates agglutinative growth and sub-
sequently induces hair regeneration.

JAM-A 3′ UTR regulates expression of VCAN
through a miRNA-dependent mechanism in
hDPCs, specifically, JAM-A 3′ UTR shares
regulatory miRNAs with VCAN and prevents
miRNA-221-3p-mediated VCAN degradation
To further study how the JAM-A 3′ UTR regulates hDPCs aggre-
gation through VCAN, we next evaluated the molecular mech-
anism underlying JAM-A-mediated regulation of VCAN expres-
sion. We evaluated the expression of VCAN in dicer-deficient hD-
PCs, which were impaired for global expression of miRNAs.34 The
lentivirus (LV)-short hairpin (sh) RNA-mediated knockdown of
dicer mRNA expression in hDPCs was confirmed. In both the un-
differentiated p3 hDPCs and differentiated p7 hDPCs, we found
that dicer knockdown partially rescued the decrease in VCAN
expression caused by JAM-A knockdown, whereas the lentivirus
control-infected cells exhibited changes similar to cells infected
with the scrambled vector construct (Fig. 3A, B, Supplementary
Fig. S3A, B). These results support our hypothesis that the expres-
sion of miRNAs is essential for JAM-A 3′ UTR-mediated regulation
of VCAN expression. As one of the most important posttranscrip-
tional modifiers, miRNAs have been shown to be critical regula-
tory factors during hDPCs proliferation and differentiation.35

We used the bioinformatic tool miRanda36 to search for miR-
NAs that target the full-length JAM-A, VCAN, BMP-4, β-catenin,
and Shh, all of which participate in hair regeneration. Of the miR-
NAs that fit these criteria, miR-221–3p, miR-221–5p, miR-410–5p,
miR-340–3p, miR-106b-3p, and miR-106b-5p emerged as obvious
candidates because their predicted binding sites were shared by
the JAM-A 3′ UTR and VCAN 3′ UTR (Table S4). These miRNAs were
reported to regulate hDPCs’ self-renewal and activity.25 The Quan-
tification of JAM-A and VCAN targeted miRNAs were increased in

late passage hDPCs (Fig. 3C). For the primer sequence, see Supple-
mentary Table 5.

For further confirmation of the role of miRNAs in regulating
hDPCs function, we also created luciferase reporter fusion con-
structs containing the JAM-A 3′ UTR or the VCAN 3′ UTR and
co-transformed hDPCs with either of the 3′ UTR reporter con-
structs and the individual mimics of the miRNAs identified by
miRanda. We found that miR-221–3p mimics substantially re-
duced the luciferase activities of the reporter vectors containing
JAM-A 3′ UTR or VCAN 3′ UTR in HEK-293 cells (Fig. 3D). JAM-A
3′ UTR or VCAN 3′ UTR with miR-221–3p binding site mutation
had been constructed. The results of dual luciferase experiments
showed that miR-221–3p affected luciferase activities of JAM-A
3′ UTR or VCAN 3′ UTR (Fig. 3E). We therefore chose miR-221–3p
as a model miRNA for further study. To validate the direct bind-
ing of the predicted miRNA response elements to the transcripts,
we then performed an RNA immunoprecipitation (RIP) assay with
MS2 binding sequences (MS2bs). We found that RIP pull-downs
of endogenous miRNAs associated with the JAM-A 3′ UTR were
significantly enriched for miR-221–3p, compared with the empty
vector (M2S), and non-targeting miRNA miR-215 (Fig. 3F). We con-
firmed the enrichment for these miRNAs in hDPCs by RT–qPCR
(Fig. 3G, H).

To validate the effects of miR-221–3p on preventing the dif-
ferentiation and aggregation of hDPCs, we transfected the miR-
221–3p mimics and negative control RNA (NC) into p3 hDPCs
(Fig. 4A). After 5 days of growth, the agglutinative growth pheno-
type was diminished, and at 7 days after transfection the abil-
ity of cells to aggregate was lost completely (Fig. 4A). The ex-
pression of alkaline phosphatase (ALP), a marker for progenitor
hDPCs, was down-regulated in cells transfected with miR-221–3p
(Fig. 4A). Compared to the NC group, the relative cell viability was
decreased in miR-221–3p up-regulation hDPCs, the cell propor-
tion of G1 phase were increased (Fig. 4B). Concurrent with miR-
221–3p up-regulation, the expressions of VCAN and JAM-A were
down-regulated in miR-221–3p-transfected p3 hDPCs (Fig. 4A, E,
G). However, in p7 hDPCs exposed to miR-221–3p inhibitor, JAM-
A and VCAN transcriptions were restored to levels 3-fold greater
than in the controls not treated with inhibitor (Fig. 4C, F, and G).
Compared to NC group, the relative cell viability was increased
in miR-221–3p inhibitor transfection hDPCs, the cell proportion of
G1 phase was decreased (Fig. 4B).

In JAM-A 3′ UTR-overexpressing p7 hDPCs transfected with
miR-221–3p mimics, we found that the expression of JAM-A and
VCAN were decreased compared to JAM-A 3′ UTR-overexpression
group (Fig. 4H). Furthermore, to determine the role of miR-221–3p
in the JAM-A 3′ UTR-mediated regulatory loop, we further used
the miR-221–3p inhibitor to abolish miR-221–3p up-regulation in
p3 hDPCs with JAM-A interference (siJAM-A) (Fig. 4I). The results
showed that the expression of VCAN in siJAM-A + miR-221–3p in-
hibitor hDPCs was increased compared to siJAM-A + NC. Mean-
while, the aggregation of hDPCs partially appeared (Fig. 4I). JAM-A
3′ UTR is just like a suppressor that inhibits hDPCs differentiation
and aging. In light of these findings, we speculated that mutation
of the miRNA-221–3p binding sites in the JAM-A 3′ UTR would ef-
fectively prevent regulation of hDPC differentiation and induce
hair regeneration.

To determine whether miR-221–3p directly bound the JAM-A 3′

UTR, we constructed JAM-A 3′ UTR and VCAN 3′ UTR transcript
variants with mutations (mut1, 2, 3 and all mut) in putative
miR-221–3p binding sites (Supplementary Fig. S4A, B, Table S4).
We found that these mutations partially abolished the previ-
ously observed inhibitory effects of miR-221–3p on transcription
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Figure 4. miR-221–3p is necessary for JAM-A 3′ UTR to promote VCAN expression. (A) Representative immunofluorescence imaging of AP expression in
miR-221–3p transfected hDPCs. (B) CCK-8 assays were conducted to determine the cell proliferation of hDPCs with miR-221–3p transfection. The right
panel shows the cell viability analysis of miR-221–3p transfected hDPCs. (C) Representative immunofluorescence imaging of AP expression in
miR-221–3p inhibitor transfected hDPCs. (D) CCK-8 assays and FCM were used to observe the effects of miR-221–3p expression on the proliferation and
cell cycle of hDPCs. (E and F) Quantitative analysis of JAM-A and VCAN expression in miR-221–3p mimics and inhibitor transfected hDPCs. (G) The
immunofluorescence imaging of JAM-A and VCAN expression in miR-221–3p overexpressed or inhibited hDPCs. (H and I) Quantitative analysis of
JAM-A and VCAN expression in miR-221–3p overexpression (H) or inhibition (I) treated hDPCs in different groups. The agglutinative properties of
treated hDPCs were shown using bright field microscopy in the left panel. All quantifications were done with three independent repeats, and the
expression of GAPDH was used as PCR internal references. Data are represented as means ± SD. ∗P < 0.05, ∗∗P < 0.01. Scale bars show 50 μm.
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Figure 5. Expression of the JAM-A 3′ UTR promotes hair growth in nude mice. BALB/c-nu/nu mice were divided into six groups: saline, hDPCsscr,
hDPCssiJAM-A, hDPCssiJAM-A+vec, hDPCssiJAM-A+UTR, and hDPCssiJAM-A+UTR mut. (A) Gross observation. (B) Histological observation. (C)
Immunohistofluorescence observation. (D) Quantification of regenerated hair diameter in six groups. (E) Quantification of VCAN expression in hair
follicles in different groups. All quantifications were done with three independent repeats. Data are represented as means ± SD. ∗P < 0.05, ∗∗P < 0.01.
Scale bars show 50 μm.

of wild-type JAM-A and VCAN transcription in HEK293 cells
(Supplementary Fig. S4).

These data support the hypothesis that in hDPCs proliferation
and differentiation, JAM-A 3′ UTR functions as an endogenous
miR-221–3p sponge to mitigate VCAN degradation induced by el-
evated levels of miR-221–3p.

JAM-A 3′ UTR expression is positively correlated
with hair regeneration in vivo
To determine whether the JAM-A 3′ UTR has similar effects
in vivo, we intradermally injected hDPCs with JAM-A over
expression (OE) or knockdown (KD) into shoulder skin of 21-
day-old nude mice, which was in the first telogen phase of the
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Figure 6. JAM-A 3′ UTR expression promotes hair regeneration in AA mice. (A) C3H/HeJ mice with induced AA were used to examine the decreased
numbers of anagen phase hair follicle microstructures in AA skin tissue. The morphology and histology analysis and imaging were performed. (B)
Quantifications of anagen HFs in the AA area were calculated and compared. (C) Representative imaging showing the integration of injected lentivirus
in the HFs using anti-GFP immunofluorescence on days 3 and 14 after the injection. The results showed that injected lentivirus successfully integrated
into the HFs after 14 days. (D) Distinct hair regeneration was observed in mice injected with JAM-A 3′ UTR Lentivirus at 14 days after engraftment
(left). The histology showing the status of hair follicles in different treatment groups were shown in the right panel. (E) The number of anagen phase
hair follicles in the JAM-A 3′ UTR injection group was significantly higher than among other groups (right). (F) Distinct hair regeneration was observed
in mice injected with miR-221–3p mimics or inhibitor at 14 days after engraftment (left). The histology showing the status of hair follicles in different
treatment groups were shown in the right panel. (G) Quantifications of anagen HFs in the AA area were calculated and compared. (H) Illustration
summarizes the mechanism of how JAM-A protects VCAN expression in AA by sponging up miR-221–3p.



JAM-A 3’ UTR facilitates hair follicle regeneration | 11

hair growth cycle.21,37 The specific groups are as follows: saline
group, hDPCsscr, hDPCssiJAM-A, hDPCssiJAM-A+vec, hDPCssiJAM-A+UTR,
and hDPCssiJAM-A+UTR mut.

We checked the hair regrowth after cell injection. Then, 14 days
after engraftment, we found hair regrowth in hDPCssiJAM-A+UTR and
hDPCsscr group mice (Fig. 5A). Histological analysis of the skin
from these two experimental groups revealed that the HFs struc-
ture was mature, which correlated with enhanced hair growth
(Fig. 5B). Hair density, hair length, and hair diameter in the six
groups were all measured and compared. Statistical analysis indi-
cated that the HF numbers and size of dermal papilla were bigger
than other groups (Fig. 5C, D). These findings demonstrate that
in vivo expression of functional JAM-A, specifically 3′ UTR, can
promote and restore HF self-renewal. Subsequently, we used im-
munofluorescence microscopy to detect the expression of human
mitochondria and VCAN in neonatal HFs (Fig. 5C, E). This exper-
iment demonstrated that hDPCs had prominently migrated into
the neonatal HFs in the nude mice: JAM-A 3′ UTR enhanced the
ability of hDPCs to promote hair regrowth.

Effect of JAM-A 3′ UTR on hair regrowth in mice
with AA
To explore the roles of the JAM-A 3′ UTR in hair regeneration in
cases of AA, we applied adequate Imiquimod smear to the skin
once or twice daily for four consecutive weeks to induce AA in
6-week-old C3H/HeJ mice (Fig. 6A).28–30 Imiquimod was used to
induce the catagen stage,30 but microscopic observation showed
that the HFs were in the telogen phase (Fig. 6A, B). A possible rea-
son is C3H/HeJ model mice develop an AA-like hair phenotype
spontaneously.38 Next, we injected JAM-A 3′ UTR lentivirus into
the AA area, which was in the quiescent stage, at a concentration
of 107 TU per 100 μl of DMEM. 14 days after injection, the ana-
gen HF amount in JAM-A 3′ UTR injection group was significantly
higher than other experimental groups, followed by the JAM-A 3′

UTR with miR-221–3p binding site mutation group (Fig. 6C, D and
E). The miR-221–3p inhibitor injection group also had a good hair
regrowth effect (Fig. 6F and G).

Since AA can be seen as an organ-specific autoimmune condi-
tion characterized by T cell-mediated attacks on the hair follicle,
we detected the expression of TH1 cytokines in each group after
JAM-A 3′ UTR injection (Supplementary Fig. S6). A weak downward
trend was seen in the JAM-A 3′ UTR injection group.

Together, these results indicate that JAM-A 3′ UTR can rescue
hDPCs agglutinative growth in vitro and hair regeneration in vivo.
MiR-221–3p plays a critical role in the JAM-A 3′ UTR-mediated reg-
ulation of VCAN expression and hair regeneration (Fig. 6H).

Discussion
Given the limited number of treatments available, the need to dis-
cover new therapies for preventing hair loss and enhancing hair
regrowth is urgent. This is an opportunity and a challenge for bi-
ological therapy. Replenishing DP cells with in vitro cultured DP
cells is a feasible method to promote the telogen-to-anagen tran-
sition in the hair follicle cycle.6 However, DP cells will lose their
hair-inducing capacity and agglutinative growth over time when
they are cultured over six passages.39 Past studies demonstrated
that cell aggregation ameliorated biological properties and hair
induction ability of cultured DP cells n(1–3). VCAN improved DP
cells self-aggregative capacity,40 strong VCAN expression around
the matrix area could thus contribute to keep matrix cells in a
poorly differentiated and proliferative phenotype.41 How to regu-

late the expression of VCAN in hair growth has not been reported
yet. Using a screen for target gene prediction of abundant miRNAs
in AA scalp tissue25,42 (GSE68801) miRNAs highly expressed in AA
tissue have multiple binding sites on both genes, especially JAM-
A and VCAN (Supplementary Table S4). Our previous studies had
reported that JAM-A can regulate the proliferation and secretion
of MSCs, promote wound repair and hair regeneration.21,43 So we
speculate that JAM-A is likely to regulate the expression of VCAN
and DP cells growth. Interestingly, we found that the non-coding
region of JAM-A was at work. JAM-A 3′ UTR functions as a ceRNA
to protect VCAN in self-renewing DP cells. JAM-A 3′ UTR may be a
stronger stimulus to restore DP cells phenotypic marker.

Considering that miRNAs target multiple genes in the regu-
lation of DP cells differentiation and renewal,44 we hypothesize
that miRNA-221 maybe the bad guy that block hair regenera-
tion. In contrast to previous models, our data led us to conclude
that DP cell self-renewal is maintained by a regulatory loop in
an integrated network of transcriptional and posttranscriptional
miRNA/3′ UTR interactions. This regulatory loop maintains a rel-
ative balance between JAM-A/VCAN/miRNAs transcripts by sup-
pressing the generation of DP cells in response to slight environ-
mental changes or by initiating a rapid response to strong differ-
entiation signals that promote DP cell differentiation or senes-
cence.

In conclusion, we identified the JAM-A 3′ UTR as a regulator of
hDPCs self-renewal, which is primarily involved in initiating the
emergence of hair, especially given that its expression is substan-
tially elevated during AA. However, despite its changes and func-
tions in the artificial processes, we also showed that endogenous
expression of the JAM-A 3′ UTR is critical for DP cell maintenance,
which has strong implications for developmental biology studies
of hair growth, as well as for clinical applications, going forward.
Additionally, future studies will incorporate experiments examin-
ing the effects of ectopic JAM-A 3′ UTR expression on modulation
of the self-renewal state of in vitro cultured DP cells. A comprehen-
sive understanding of the regulatory mechanisms governing DP
cells self-renewal may facilitate the development of DP cell-based
therapies for AA, third-degree burns, and engineered skin tissue.
Furthermore, given the widespread expression of VCAN and JAM-
A, JAM-A 3′ UTR may also contribute to the regulation of genetic
networks for tissue development and regeneration in other tis-
sues than follicles, and may lead to novel therapies for many
diseases.
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Acknowledgements
This study was supported by the National Natural Science Foun-
dation of China (Grants No. 81772075, 81772076, and 32071186).

Ethical approval
All applicable international, national, and/or institutional guide-
lines for the care and use of animals were followed.

Conflict of interest
The authors declare that they have no conflicts of interest.

https://academic.oup.com/pcmedi/article-lookup/doi/10.1093/pcmedi/pbac020#supplementary-data


12 | Precis Clin Med, 2022, 5: pbac020

References
1. Shin JM, Choi DK, Sohn KC, et al. Induction of alopecia

areata in C3H/HeJ mice using polyinosinic-polycytidylic acid
(poly[I:C]) and interferon-gamma. Sci Rep 2018;8:12518. doi:
10.1038/s41598-018-30997-3.

2. Kakogiannos N, Ferrari L, Giampietro C, et al. JAM-A acts via
C/EBP-alpha to promote claudin-5 expression and enhance
endothelial barrier function. Circ Res 2020;127:1056–73. doi:
10.1161/CIRCRESAHA.120.316742.

3. Abreu CM, Cerqueira MT, Pirraco RP, et al. Rescuing key native
traits in cultured dermal papilla cells for human hair regenera-
tion. J Adv Res 2021;30:103–12. doi: 10.1016/j.jare.2020.10.006.

4. Fuchs E. Scratching the surface of skin development. Nature
2007;445:834–42. doi: 10.1038/nature05659.

5. Wang X, Xing Y, Li Y. Identification and characterization of
hair follicle stem cells. Methods Mol Biol 2018;1842:69–80. doi:
10.1007/978-1-4939-8697-2_5.

6. Rahmani W, Abbasi S, Hagner A, et al. Hair follicle dermal
stem cells regenerate the dermal sheath, repopulate the der-
mal papilla, and modulate hair type. Dev Cell 2014;31:543–58.
doi: 10.1016/j.devcel.2014.10.022.

7. Veraitch O, Mabuchi Y, Matsuzaki Y, et al. Induction of hair folli-
cle dermal papilla cell properties in human induced pluripotent
stem cell-derived multipotent LNGFR(+)THY-1(+) mesenchy-
mal cells. Sci Rep 2017;7:42777. doi: 10.1038/srep42777.

8. Basit S, Khan S, Ahmad W. Genetics of human isolated
hereditary hair loss disorders. Clin Genet 2015;88:203–12. doi:
10.1111/cge.12531.

9. Gilhar A, Etzioni A, Paus R. Alopecia areata. N Engl J Med
2012;366:1515–25. doi: 10.1056/NEJMra1103442.

10. Yu Z, Jiang K, Xu Z, et al. Hoxc-dependent mesenchymal niche
heterogeneity drives regional hair follicle regeneration. Cell Stem
Cell 2018;23:487–500 e6. doi: 10.1016/j.stem.2018.07.016.

11. Kalabusheva E, Terskikh V, Vorotelyak E. Hair germ model
in vitro via human postnatal keratinocyte-dermal papilla
interactions: impact of hyaluronic acid. Stem Cells Int
2017;2017:9271869. doi: 10.1155/2017/9271869.

12. Feng M, Yang G, Wu J. Versican targeting by RNA interference
suppresses aggregative growth of dermal papilla cells. Clin Exp
Dermatol 2011;36:77–84. doi: 10.1111/j.1365-2230.2010.03917.x.

13. Zheng M, Jang Y, Choi N, et al. Hypoxia improves hair inductivity
of dermal papilla cells via nuclear NADPH oxidase 4-mediated
reactive oxygen species generation’. Br J Dermatol 2019;181:523–
34. doi: 10.1111/bjd.17706.

14. Suwanprakorn N, Chanvorachote P, Tongyen T, et al. Scoparone
induces expression of pluripotency transcription factors SOX2
and NANOG in dermal papilla cells. In Vivo 2021;35:2589–97. doi:
10.21873/invivo.12541.

15. Williams R, Westgate GE, Pawlus AD, et al. Age-related changes
in female scalp dermal sheath and dermal fibroblasts: how the
hair follicle environment impacts hair aging. J Invest Dermatol
2021;141:1041–51. doi: 10.1016/j.jid.2020.11.009.

16. Jo SJ, Kim JY, Jang S, et al. Decrease of versican levels in
the follicular dermal papilla is a remarkable aging-associated
change of human hair follicles. J Dermatol Sci 2016;84:354–7. doi:
10.1016/j.jdermsci.2016.09.014.

17. Ki GE, Kim YM, Lim HM, et al. Extremely low-frequency
electromagnetic fields increase the expression of anagen-
related molecules in human dermal papilla cells via GSK-
3beta/ERK/Akt signaling pathway. Int J Mol Sci 2020;21:784. doi:
10.3390/ijms21030784.

18. du Cros DL, LeBaron RG, Couchman JR. Association of versican
with dermal matrices and its potential role in hair follicle de-
velopment and cycling. J Invest Dermatol 1995;105:426–31. doi:
10.1111/1523-1747.ep12321131.

19. Kummer D, Ebnet K. Junctional adhesion molecules
(JAMs): the JAM-integrin connection. Cells 2018;7:25. doi:
10.3390/cells7040025.

20. Ebnet K. Junctional adhesion molecules (JAMs): cell adhesion
receptors with pleiotropic functions in cell physiology and
development. Physiol Rev 2017;97:1529–54. doi: 10.1152/phys-
rev.00004.2017.

21. Wu M, Guo X, Yang L, et al. Mesenchymal stem cells with modifi-
cation of junctional adhesion molecule a induce hair formation.
Stem Cells Transl Med 2014;3:481–8. doi: 10.5966/sctm.2013-0165.

22. Gledhill K, Gardner A, Jahoda CA. Isolation and establishment
of hair follicle dermal papilla cell cultures. Methods Mol Biol
2013;989:285–92. doi: 10.1007/978-1-62703-330-5_22.

23. Higgins CA, Roger MF, Hill RP, et al. Multifaceted role of
hair follicle dermal cells in bioengineered skins. Br J Dermatol
2017;176:1259–69. doi: 10.1111/bjd.15087.

24. Otani T, Nguyen TP, Tokuda S, et al. Claudins and JAM-A coordi-
nately regulate tight junction formation and epithelial polarity.
J Cell Biol 2019;218:3372–96. doi: 10.1083/jcb.201812157.

25. Goodarzi HR, Abbasi A, Saffari M, et al. Differential expression
analysis of balding and nonbalding dermal papilla microRNAs
in male pattern baldness with a microRNA amplification profil-
ing method. Br J Dermatol 2012;166:1010–6. doi: 10.1111/j.1365-
2133.2011.10675.x.

26. Xu C, Zhang Y, Wang Q, et al. Long non-coding RNA GAS5
controls human embryonic stem cell self-renewal by main-
taining NODAL signalling. Nat Commun 2016;7:13287. doi:
10.1038/ncomms13287.

27. Wang Y, Xu Z, Jiang J, et al. Endogenous miRNA sponge
lincRNA-RoR regulates Oct4, Nanog, and Sox2 in human em-
bryonic stem cell self-renewal. Dev Cell 2013;25:69–80. doi:
10.1016/j.devcel.2013.03.002.

28. Richmond HM, Lozano A, Jones D, et al. Primary cutaneous folli-
cle center lymphoma associated with alopecia areata. Clin Lym-
phoma Myeloma 2008;8:121–4. doi: 10.3816/CLM.2008.n.015.

29. Tobin DJ, Sundberg JP, King LE, et al. Autoantibodies to hair folli-
cles in C3H/HeJ mice with alopecia areata-like hair loss. J Invest
Dermatol 1997;109:329–33. doi: 10.1111/1523-1747.ep12335848.

30. Ito T, Suzuki T, Sakabe J, et al. Plasmacytoid dendritic
cells as a possible key player to initiate alopecia areata
in the C3H/HeJ mouse. Allergol Int 2020;69:121–31. doi:
10.1016/j.alit.2019.07.009.

31. Wu M, Ji S, Xiao S, et al. JAM-A promotes wound healing
by enhancing both homing and secretory activities of mes-
enchymal stem cells. Clin Sci (Colch) 2015;129:575–88. doi:
10.1042/CS20140735.

32. Xiao SE, Miao Y, Wang J, et al. As a carrier-transporter for hair fol-
licle reconstitution, platelet-rich plasma promotes proliferation
and induction of mouse dermal papilla cells. Sci Rep 2017;7:1125.
doi: 10.1038/s41598-017-01105-8.

33. Gong C, Maquat LE. lncRNAs transactivate STAU1-mediated
mRNA decay by duplexing with 3’ UTRs via Alu elements. Na-
ture 2011;470:284–8. doi: 10.1038/nature09701.

34. Liu Z, Wang J, Cheng H, et al. Cryo-EM structure of human
dicer and its complexes with a pre-miRNA substrate. Cell
2018;173:1549–50. doi: 10.1016/j.cell.2018.05.031.

35. Liu Z, Yang F, Zhao M, et al. The intragenic mRNA-microRNA reg-
ulatory network during telogen-anagen hair follicle transition



JAM-A 3’ UTR facilitates hair follicle regeneration | 13

in the cashmere goat. Sci Rep 2018;8:14227. doi: 10.1038/s41598-
018-31986-2.

36. Enright AJ, John B, Gaul U, et al. MicroRNA targets in Drosophila.
Genome Biol 2003;5:R1. doi: 10.1186/gb-2003-5-1-r1.

37. Eaton GJ. Hair growth cycles and wave patterns in “nude”
mice. Transplantation 1976;22:217–22. doi: 10.1097/00007890-
197609000-00001.

38. Gilhar A, Schrum AG, Etzioni A, et al. Alopecia areata: animal
models illuminate autoimmune pathogenesis and novel im-
munotherapeutic strategies. Autoimmun Rev 2016;15:726–35. doi:
10.1016/j.autrev.2016.03.008.

39. Jahoda CA, Horne KA, Oliver RF. Induction of hair growth by im-
plantation of cultured dermal papilla cells. Nature 1984; 311:
560–2. doi: 10.1038/311560a0.

40. Fukuyama M, Tsukashima A, Kimishima M, et al. Human iPS
cell-derived cell aggregates exhibited dermal papilla cell prop-

erties in in vitro three-dimensional assemblage mimicking
hair follicle structures. Front Cell Dev Biol 2021;9:590333. doi:
10.3389/fcell.2021.590333.

41. Malgouries S, Thibaut S, Bernard BA. Proteoglycan expression
patterns in human hair follicle. Br J Dermatol 2008;158:234–42.
doi: 10.1111/j.1365-2133.2007.08339.x.

42. Jabbari A, Cerise JE, Chen JC, et al. Molecular signatures de-
fine alopecia areata subtypes and transcriptional biomarkers.
EBioMedicine 2016;7:240–7. doi: 10.1016/j.ebiom.2016.03.036.

43. Combates NJ, Chuong CM, Stenn KS, et al. Expression of two Ig
family adhesion molecules in the murine hair cycle: DCC in the
bulge epithelia and NCAM in the follicular papilla. J Invest Der-
matol 1997;109:672–8. doi: 10.1111/1523-1747.ep12337725.

44. Hu S, Li Z, Lutz H, et al. Dermal exosomes containing miR-218-5p
promote hair regeneration by regulating beta-catenin signaling.
Sci Adv 2020;6:eaba1685. doi: 10.1126/sciadv.aba1685.


