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Abstract
Objectives: There are significant clinical challenges associated with alopecia treat-
ment, including poor efficiency of related drugs and insufficient hair follicles (HFs) for 
transplantation. Skin-derived precursors (SKPs) exhibit great potential as stem cell-
based therapies for hair regeneration; however, the proliferation and hair-inducing 
capacity of SKPs gradually decrease during culturing.
Materials and Methods: We describe a 3D co-culture system accompanied by kyoto 
encyclopaedia of genes and genomes and gene ontology enrichment analyses to de-
termine the key factors and pathways that enhance SKP stemness and verified using 
alkaline phosphatase assays, Ki-67 staining, HF reconstitution, Western blot and im-
munofluorescence staining. The upregulated genes were confirmed utilizing corre-
sponding recombinant protein or small-interfering RNA silencing in vitro, as well as 
the evaluation of telogen-to-anagen transition and HF reconstitution in vivo.
Results: The 3D co-culture system revealed that epidermal stem cells and adipose-
derived stem cells enhanced SKP proliferation and HF regeneration capacity by 
amphiregulin (AREG), with the promoted stemness allowing SKPs to gain an earlier 
telogen-to-anagen transition and high-efficiency HF reconstitution. By contrast, 
inhibitors of the phosphoinositide 3-kinase (PI3K) and mitogen-activated protein 
kinase (MAPK) pathways downstream of AREG signalling resulted in diametrically 
opposite activities.
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1  | INTRODUC TION

Alopecia resulting from various factors that decrease hair follicle 
(HF) regeneration1 affects a significant fraction of the world pop-
ulation. Although not life-threatening, hair loss predisposes people 
to considerable psychological distress2,3 and severe quality-of-life 
impairment.4 Its pathogenesis varies and leads to symptoms, such as 
androgenetic alopecia, alopecia areata, diffuse alopecia and therapy-
induced hair loss.5 Several oral, surgical, topical and intralesional 
treatments have been progressively developed in recent decades to 
achieve delayed hair loss or hair restoration in alopecic areas.6

Although hair transplantation is regarded as the gold standard 
for creating natural-appearing hair in androgenic alopecia (AGA),7 
there is an unavoidable controversy surrounding autologous trans-
plantation owing to the limited source of donor hair, the decreased 
viability of cells extracted in this time-consuming procedure, and, 
most importantly, the impermanent outcomes as the disease pro-
gresses.1,3 Regarding oral medicines, drugs approved by the Food 
and Drug Administration (FDA), such as finasteride, dutasteride 
and minoxidil for AGA, vary greatly in efficacy from person to per-
son and provide partial and temporary benefits, as well as side ef-
fects.8-11 Such surgical procedures and medications cannot always 
meet patient satisfaction given the finite sources, unfavourable side 
effects and partial benefits.

Stem cell-based therapies have gained tremendous attention 
owing to their advantages of infinite self-renewal capacity and 
multi-lineage differential potential,6 thereby providing approaches 
to coping with the challenges posed by traditional alopecia thera-
pies. Mesenchymal stem cells (MSCs) show considerable promise for 
intravenous injection of human MSCs into non-scarring alopecia12 
and co-culture with human dermal papilla cells (hDPCs)13,14 in pre-
clinical studies. Moreover, using conditioned medium from cells (eg, 
Wnt1a,15,16 Wnt7a,17 or Nanog-overexpressing MSCs18) can acceler-
ate the telogen-to-anagen transition of HFs.19 Adipose-derived stem 
cells (ASCs) are another latent cell population used in regenerative 
medicine. With their advantage of being easier to obtain than MSCs 
and low immunogenicity, they play a vital role in the activation of 
epidermal stem cells or hDPCs by secreting growth factors, such 
as vascular endothelial growth factor, hepatocyte growth factor, 
platelet-derived growth factor, insulin-like growth factor 1, thymo-
sin beta 4, stromal cell-derived factor 1α, proinflammatory chemo-
kine C–C motif chemokine ligand 2 and endothelial growth factor, 
thereby providing significant promotion of HF morphogenesis both 
in vitro and in vivo.20-28 Additionally, administering the stromal ve-
sicular fraction (SVF) or lipoaspirate obtained from abdominal fat to 

the scalp graft yields favourable outcomes.29,30 However, MSC and 
ASC therapies utilize the paracrine function, and the implanted cells 
cannot regenerate into HFs. Accordingly, considering that the treat-
ment effect is not guaranteed for different types and severity of hair 
loss and their inability to naturally grow and differentiate into HFs 
specifically, identification alternate and more promising strategies 
for hair regeneration is required.

Skin-derived precursors (SKPs) are a multipotent precursor cell 
population from the adult mammalian dermis capable of differenti-
ating into several lineages, such as dermal, neural and mesodermal 
progeny and show promise for therapeutic and regenerative medi-
cine associated with HFs.31-34 The DP of HFs appears to comprise 
SKPs based on identical patterns of gene expression (Nexin, Wnt5a 
and versican), and cells from adult whisker follicle papillae cultivated 
under SKP conditions can generate properties similar to SKPs.35 
SKPs from the HF niche can not only differentiate into dermal cell 
types, such as fibroblasts and myofibroblasts, but also induce HF 
morphogenesis.36,37 These findings indicate SKPs as ideal “seed 
cells” to yield complete HF structures,38 thereby providing a possible 
avenue to address the graft origin of hair loss.

However, following SKP extraction from their physiological 
environment, their ability to generate large amounts or functional 
HFs decreases over time. Furthermore, the critical signalling path-
ways necessary to maintain SKP properties, self-renewal and pro-
liferation remain unclear. Methods to produce highly proliferative 
SKPs capable of modulating cell fate in HF generation are required. 
Therefore, we used a 3D co-culture model, where distinct cell types 
were cultured within the same confined environment to simulate the 
microenvironment in vivo, in order to maintain their proliferation 
and HF-formation potency.39-41 In the present study, SKPs were co-
cultured with ASCs and epidermal stem cells (Epi-SCs) so as to imi-
tate the surrounding niche of SKPs in the dermal layer of the skin and 
identify the crucial factors and pathways in the co-culture system. 
Furthermore, this model allowed the exploration of critical targets 
for preserving dermal stem cell-proliferative capacity.

2  | MATERIAL S AND METHODS

2.1 | Isolation and culture of SKPs and epidermal 
keratinocytes from skin

All experiments involving live rodents conformed to appropriate 
governmental and institutional regulations and were performed 
according to the guidelines of the Animal Ethics Committee of Sun 

Conclusions: By exploiting a 3D co-culture model, we determined that AREG pro-
moted SKP stemness by enhancing both proliferation and hair-inducing capacity 
through the PI3K and MAPK pathways. These findings suggest AREG therapy as a 
potentially promising approach for treating alopecia.
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Yat-sen University (approval no. SYSU-YXYSZ-20210332). C57BL/6 
and BALB/c nu/nu mice were obtained from the Laboratory Animal 
Center of Sun Yat-sen University (Guangzhou, China). Dorsal skin 
from CO2-asphyxiated postnatal day 2 (P2) juvenile C57BL/6 mice 
were dissected, washed with phosphate-buffered saline (PBS; Biofil 
Chemicals and Pharmaceuticals Ltd.) and cut into pieces (2-3 mm2) 
that were digested with 0.35% dispase II (Sigma-Aldrich) at 4°C 
overnight on a rotator. After washing twice with PBS, one pair of 
forceps was used to hold down a corner of the dermis, and the other 
was used to gently lift the epidermis away from the dermal sheet. 
Sheared as finely as possible, Epi-SCs were released into a 0.035% 
collagenase I (Sigma-Aldrich) solution, and dermal cells from the der-
mal layer were digested in a 0.35% collagenase I solution at 37°C for 
2 hours. After incubation, digestion enzyme activity was neutralized 
with an equal volume of Dulbecco's modified eagle medium (DMEM) 
containing 20% foetal bovine serum (FBS). The epidermal and der-
mal cell suspensions were then separately passed through two 100-
μm cell strainers (Biofil) and centrifuged for 8 minutes at 1400 rpm 
at room temperature (RT). After aspirating the supernatant, dermal 
cells were resuspended in red blood cell lysis buffer (Sigma-Aldrich) 
for 5 minutes and centrifuged for 5 minutes at 1400 rpm at RT. Epi-
SCs were resuspended in defined keratinocyte serum-free medium 
(Gibco), changed every other week and transferred into the inserts 
of a 12-well transwell plate. Additionally, the dermal cells were re-
suspended in DMEM-F12 (3:1; Invitrogen) containing 20 ng/mL epi-
dermal growth factor (EGF; Peprotech), 40 ng/mL fibroblast growth 
factor (FGF; Peprotech) and 2% B27 (Gibco) at a density of 1 × 105 
cells/mL in a tissue culture (TC)-treated petri dish for 8 hours until 
some cells adhered to the bottom (for ease of description, we refer 
to the medium for the dermal cells as DMEM-EFB). Purified popula-
tions of SKPs were obtained via selective adhesion. To be specific, 
adherent cells were discarded, and non-adherent cells were cultured. 
After transfer to 0.001% (w/v) Pluronic F-127 (Sigma-Aldrich; PF127) 
coated 6-well plates, the small floating spheres proliferated to larger 
spheres in the same medium as the initial culture (DMEM-EFB). EGF, 
FGF and B27 were supplemented at the initial concentrations every 
3 days. When passaged every 6 days, the spheres (dissociated to sin-
gle cells by pre-warmed TrypLE Express [Gibco]) would subsequently 
generate new spheres under the same culture conditions.42

2.2 | Isolation of ASCs

The CO2-asphyxiated 9-week-old C57BL/6 mice were positioned in 
dorsal recumbency. Areas to be incised for harvesting adipose tissue 
need to be depilated entirely to avoid hair contamination. Adipose 
tissue from the subcutaneous and inguinal tissues was meticulously 
dissected and harvested. The linea alba was then longitudinally in-
cised down to the peritoneal cavity in order to expose numerous lo-
cations for harvesting adipose tissue. The harvesting procedure was 
completed within 20 minutes of animal sacrifice.

The harvested adipose tissue was placed in a TC-treated petri 
dish and finely minced into small pieces with a pair of sterile surgical 

scissors. The tissue was then rinsed with PBS containing 2% penicil-
lin/streptomycin (Gibco) solution, and the sample was covered with 
0.1% collagenase I solution and incubated at 37°C at 250  rpm for 
1  hour. DMEM containing 10% FBS was then added to inactivate 
collagenase I, followed by centrifugation at 2000 rpm for 5 minutes 
to obtain a high-density pellet (constituting the SVF, separated from 
the remaining fat lobules and oil). The pelleted SVF was then resus-
pended in red blood cell lysis buffer for 5 minutes at RT to lyse con-
taminating red blood cells, collected by centrifugation and filtered 
through a 100-μm nylon mesh to remove cell debris. After washing 
with PBS, the SVF was again passed through a 70-μm cell strainer 
(Biofil) and centrifuged at 2000 rpm for 5 minutes. ASCs were then 
cultured in low-glucose DMEM (Gibco) containing 15% FBS, 1% L-
glutamine (Gibco) and 1% penicillin/streptomycin solution. When 
the primary cells reached 80% to 90% confluence following changes 
in medium every 2 days, they were trypsinized and passaged in typi-
cal 6-well plates at a 1:3 dilution. P2 to P5 cells were used for in vivo 
and in vitro assays.43,44

2.3 | 3D co-culture system

P3 SKPs were cultured alone at a density of 5  ×  104 cells/well in 
the 0.001%PF127-precoated middle compartment of the 6-well 
transwell co-culture dishes in the control group. For the dual-cell 
3D co-culture system, SKPs (P3) were added to the 0.001%PF127-
precoated middle compartment of the culture dish, whereas ASCs 
(5 × 104 cells/well) or Epi-SCs (2.5 × 104 cells/well) were seeded in 
the lower or upper compartment, as shown in the graphical abstract. 
Regarding the ternary-cell 3D co-culture system, Epi-SCs, SKPs (P3) 
and ASCs were separately cultured in the upper, middle and lower 
compartments of the transwell culture dish, respectively. Two in-
serts separated the well into three compartments with permeable 
membranes (the upper insert: 1-μm pore size, 12-well format, poly-
ethylene terephthalate [PET], cat no. 353103; and the lower insert: 
1-μm pore size, 6-well format, PET, cat no. 353102; Corning Inc) on 
the bottom and uniquely stacked into each other. This plate was in-
serted in the incubator on a shaker, and the 1-μm-diameter pores 
in the porous membrane allowed molecules to diffuse between the 
cell layers without permitting cell-cell contact. The cells were co-
cultured for 6 days, with the medium changed on day 3.

2.4 | RNA interference

Small-interfering (si) RNA was used for amphiregulin (AREG) knock-
down. Duplexes of three oligos targeting AREG and the scrambled 
carboxyfluorescein (FAM)-labelled oligo serving as the negative 
control (NC) (Table S1) were designed using the siRNA selection pro-
gramme from the Whitehead Institute (http://sirna.wi.mit.edu/) and 
synthesized by GenePharma. The most efficacious siRNA among the 
three targeting siRNAs was used in subsequent experiments. SKPs 
(P3) were collected from P2 C57BL/6 mice and seeded at a density 

http://sirna.wi.mit.edu/
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of 2.5 × 106 cells/mL (2 mL/well) in 6-well culture plates 6 h before 
transfection. GP-transfect-Mate (16 μL, diluted in 200 μL Opti-MEM) 
was used to transfect siRNA (200 nmol/L, diluted in 200 μL Opti-
MEM) into SKPs for 48  hours according to manufacturer instruc-
tions. The NC-FAM group was observed by fluorescence microscopy 
to verify transfection efficiencies of >70% at 24-h post-transfection. 
The medium was changed to remove transfection reagents at 48-h 
post-transfection, and SKPs were subjected to Western blot at 72-h 
post-transduction.

2.5 | Alkaline phosphatase (AP) colour-
development experiment

Skin-derived precursors were allowed to attach the bottom by 
replacing the medium with DMEM containing 10% FBS and the 
PF127-treated plate with a regular TC-treated plate. After 6 hours of 
incubation, the attached SKPs were rinsed with PBS, fixed with 4% 
paraformaldehyde (PFA; Solarbio) at RT for 10 minutes and washed 
again with PBS. The cells were then incubated for 1 hour with BCIP/
NBT solution (prepared from Fast BCIP/NBT buffered substrate 
tablet; Sigma-Aldrich), and the colour development was stopped by 
rinsing with distilled water. Finally, the depth of the purple colonies 
was observed under a light microscope (Nikon). Similar to other line-
ages and development-specific genes recognized as a determinant 
to stem cells, AP levels during ontogenesis in some tissue regions 
also correspond to those of particular stem cell precursors and their 
niches. Thus, high AP activity is a unique and unambiguous bio-
marker of pluripotent stem cells,45,46 such as embryonic stem cells47 
and induced pluripotent stem cells.45,46,48 Therefore, AP staining is 
usually used to detect the reprogramming efficiency, the subset of 
undifferentiated pluripotent stem cells with extensive and likely un-
restricted self-renewal potential in detailed.49,50 With the differen-
tiation of cells, AP activity rapidly decreased.51 SKP stemness can 
also be detected with this approach, since they are multipotent stem 
cells as well.52,53

2.6 | Skin embedding and haematoxylin and eosin 
(H&E) staining

The skin was collected, fixed with 4% PFA for 24 hours and trans-
ferred to 70% ethanol. After fixation, samples were embedded in 
paraffin and sectioned (10-μm thickness), with the sections stained 
using an H&E staining kit (Abcam) according to standard procedures.

2.7 | HF reconstitution

Female BALB/c nu/nu mice (4-week-old) were anaesthetized with so-
dium pentobarbital (40 mg/kg) via intraperitoneal injection, and skin 
wounds (symmetrical, full-thickness, 5-mm diameter) were created 
on the disinfected back using a sterile and disposable 5-mm biopsy 

punch (cat no. 50.005; Gyneas). Treated or untreated SKPs (2 × 106) 
and newborn-mouse-derived Epi-SCs (1 × 106) were encapsulated in 
30 μL of thawed Matrigel (Corning Inc), and the cell-matrigel mixture 
was incubated at 37°C for 30 minutes prior to implantation into the 
full-thickness excisional wound. The wound was then covered with a 
tegaderm transparent dressing (2-3/8 × 2-3/4 inches; 3 M, St. Paul, 
MN, USA) and a self-adhering elastic bandage (2.20 yards; Johnson 
& Johnson). After 3  weeks, the newborn hair was photographed 
under a stereoscopic microscope (SZM7045TR; Keyence), and the 
mice from whom hair samples were obtained for photographing, fix-
ing and paraffin-embedding were sacrificed.

2.8 | Immunofluorescence (IF) staining

The skin or SKPs were fixed and processed for IF staining, as de-
scribed previously,54 to determine levels of AREG, the proliferation 
marker protein Ki-67, keratin-14 (K14) and phosphorylated EGF re-
ceptor (p-EGFR). The samples were photographed under an inverted 
laser scanning confocal microscope (LSM880 with Airyscan; Carl 
Zeiss).

2.9 | Western blot analysis

Briefly, cells were lysed with radioimmunoprecipitation assay lysis 
buffer (Beyotime), and cell lysates were subjected to 8% sodium 
dodecyl sulphate polyacrylamide gel electrophorese. Primary anti-
bodies for p-EGFR, EGFR, p-phosphoinositide 3-kinase (PI3K), PI3K, 
p-RAC-α serine/threonine-protein kinase (AKT), AKT, p-mitogen-
activated protein kinase kinase (MEK), MEK, p-mitogen-activated 
protein kinase (MAPK), MAPK, p-(ETS domain-containing protein) 
ELK, ELK, glyceraldehyde 3-phosphate dehydrogenase (GAPDH) 
and AREG (Table S3) were detected using horseradish peroxidase-
conjugated anti-rabbit or anti-mouse secondary antibodies (Table 
S4) with an enhanced chemiluminescence reagent (Advansta).

2.10 | Transcriptome RNA sequencing (RNA-
seq) analysis

Purified total RNA from SKPs was used for RNA-seq library prepara-
tion. For mRNA library construction, purified mRNA was fragmented 
into small pieces with fragment buffer at an appropriate tempera-
ture, followed by generation of first-strand cDNA using random 
hexamer-primed reverse transcription and second-strand cDNA 
synthesis. To end the repair, A-tailing mix and RNA index adapters 
were added, and the acquired cDNA fragments were amplified by 
polymerase chain reaction (PCR), purified using Ampure XP beads 
(Beckman Coulter), dissolved in elution buffer and validated using 
a 2100 bioanalyzer (Agilent Technologies) for quality control. The 
double-stranded PCR products were heated and circularized using 
the splint oligo sequence to obtain the final library. Single-strand 
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circular DNA was formatted as the final library and amplified with 
phi29 DNA polymerase to create a DNA nanoball, with ≥300 copies 
of one molecule. The qualified products were then loaded into the 
patterned nanoarrays and processed for 50-bp paired-end sequenc-
ing on a BGISEQ-500 sequencer (BGI-Shenzhen). After filtering 
with SOAPnuke (v1.5.2),55 clean reads were obtained and stored in 
FASTQ format and then aligned to the mouse genome using HISAT2 
(v2.0.4).56 Bowtie2 (v2.2.5)57 was used to map the clean reads to 
the reference coding gene set, and gene-expression levels from dif-
ferent samples were calculated using RSEM (v1.2.12).58 Differential 
expression analysis was performed using DEGseq2 (v1.4.5)59 and a 
Q-value ≤0.05. To observe phenotypic changes, gene ontology (GO) 
and kyoto encyclopaedia of genes and genomes (KEGG) enrichment 
analyses of annotated differentially expressed genes (DEGs) were 
performed by phyper (https://stat.ethz.ch/R-manua​l/R-devel/​libra​
ry/stats/​html/Hyper​geome​tric.html) to determine hypergeometric 
distributions. Significance levels of terms and pathways were cor-
rected according to a rigorous threshold (Q-value ≤0.05) using the 
Bonferroni test.60

2.11 | Telogen-to-anagen transition assay

Mice were randomly divided into eight groups: control, AREG 
(0.5  mg/kg body weight), Wortmannin (0.5  mg/kg body weight), 
AREG + Wortmannin, PD98059 (3  mg/kg body weight), AREG 
+ PD98059, Wortmannin + PD98059 and AREG + Wortmannin 
+ PD98059. AREG or inhibitors were multipointedly subcutane-
ously injected into the dorsal skin of 56-day-old mice as grouped, 
whereas the control mice received PBS. At 10-days post-injection, 
the dorsal skin was photographed under a stereoscopic microscope 
(SZM7045TR) to assess changes in telogen-to-anagen transition, and 
the regenerated HFs were evaluated by IF for Ki-67+ cells.

2.12 | Statistical analysis

All statistical analyses were performed using GraphPad Prism soft-
ware (v.7.0; GraphPad Software) and Origin Pro-2018 software 
(OriginLab). Statistical significance between two groups was meas-
ured using an unpaired t test. One-way analysis of variance (ANOVA) 
was used to compare three or more groups. All data are expressed 
as the mean ±standard error of the mean (SEM; n ≥ 3), with a P < .05 
considered significant.

3  | RESULTS

3.1 | Epi-SCs and ASCs promote SKP stemness in 
vitro and in vivo

To determine whether the co-culture system promotes SKP 
stemness, we divided the SKPs (P3) into four groups: the SKP group, 

the SKP and ASC group (the SA group); the SKP and epidermal stem 
cells (Epi-SCs) group (the SE group); and the group with SKPs, ASCs 
and Epi-SCs (the SAE group). We then determined cell numbers, lev-
els of the proliferation marker Ki-67 and AP activity. As expected, 
we observed increased cell numbers (Figure 1A), proliferation ratio 
(Figure 1B) and AP activity (Figure 1C) in the SAE group relative to 
the SA and SE groups, with SKPs cultured alone showing the lowest 
indices. In the meantime, we exploited the AP Assay Kit for the ab-
solute quantification of their enzyme activity, with results depicted 
on the right-hand-side picture (Figure 1C). Additionally, the results of 
the HF-reconstitution experiment in vivo confirmed that co-cultured 
SKPs increased the number of regenerated HFs in vivo (Figure 1D), 
and H&E staining (Figure 1E) showed intact structures without ab-
normalities and consistent hair-morphogenic trends with previous 
results. These results indicated that co-culturing with Epi-SCs and 
ASCs promoted SKP stemness both in vitro and in vivo.

3.2 | The co-culture system activates the ErbB 
pathway of SKPs

To understand the contribution of each cell type to the SKPs in the 
co-culture system, we performed transcriptome profiling by RNA-
seq on SKPs from different groups. Figure 2A shows statistical com-
parisons of DEGs between the different groups, with venn diagrams 
(Figure  2B) revealing overlapping DEGs from the three co-culture 
groups vs the control and identifying 241 genes from the SA group, 
1386 genes from the SE group and 1451 genes from the SAE group 
showing significantly alterations in SKPs. Following KEGG pathway 
analysis and GO-Term analysis for the 65 upregulated genes among 
the significant DEG sets (125 genes) between the three groups, the 
top 20 enriched canonical pathways are depicted in Figure 2C. KEGG 
enrichment analysis using a false discovery rate Q-value ≤0.05 re-
vealed the ErbB pathway among all of those upregulated (Figure 2D) 
as having a low Q-value and close relationship with cell proliferation, 
survival, adhesion and differentiation, thereby suggesting its poten-
tial as a critical pathway in promoting SKP stemness in the co-culture 
system. Moreover, RNA-seq results indicated three significantly up-
regulated genes in this pathway: AREG, epiregulin and p21-activated 
kinase 3. Given its consistent expression trend (Figure 2E) correlating 
with SKP proliferation, we chose AREG for subsequent experimental 
analysis.

We then investigated AREG-expression patterns using Western 
blot and IF. Co-culturing with Epi-SCs or ASCs increased AREG lev-
els in SKPs (P3) relative to levels in control cells, with SKPs in the 
SAE group showing the highest AREG expression (Figure  2F). To 
further demonstrate the role of AREG in HF development, we as-
sessed AREG-expression patterns, revealing that levels were higher 
during the anagen stage than during the telogen stage (Figure 2G,H, 
Figure S1). Among the ErbB family of receptors, AREG has a high 
binding affinity for EGFR. To determine whether receptor activation 
by AREG occurred in the anagen phase, we investigated levels of 
p-EGFR, with the result exhibiting consistent changes in levels along 

https://stat.ethz.ch/R-manual/R-devel/library/stats/html/Hypergeometric.html
https://stat.ethz.ch/R-manual/R-devel/library/stats/html/Hypergeometric.html
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with those of AREG, as expected (Figure 2I, Figure S2). These results 
implied that the co-culture system activated the ErbB pathway and 
upregulated AREG expression in SKPs, leading to hair morphogene-
sis in the anagen phase by activating EGFR.

3.3 | AREG promotes SKP stemness in vitro and 
in vivo

To validate the role of AREG in enhancing SKP stemness, we divided 
SKPs (P3) into four groups: control, AREG, negative-control FAM 
(NC-FAM) and siRNA. We then conducted AP and Ki-67 staining 
for in vitro experiments, as well as HF reconstitution for in vivo 

experiments. The SKPs in the AREG group were cultured in DMEM-
EFB with 80 ng/mL AREG, those in the NC-FAM group were cul-
tured in DMEM-EFB supplemented with control siRNA, and the 
siRNA group involved AREG silencing for 48  hours. As shown in 
Figure 3, AREG significantly increased the cell number (Figure 3A) 
and percentage of Ki-67+ SKPs (Figure  3B) (both signs of prolif-
erative capacity), as well as AP activity (Figure 3C) (demonstrating 
SKP pluripotency), whereas AREG knockdown had the opposite ef-
fect. Furthermore, the HF-reconstitution assay (Figure 3D) showed 
that the AREG group demonstrated the best hair neogenesis, and 
that the siRNA group displayed the worst among the four groups, 
thereby indicating that AREG promoted SKP stemness both in vitro 
and in vivo.

F I G U R E  1  Co-culture of SKPs (P3) for 6 d. (A) Bright-field image showing cell expansion when cultured alone or in the presence of ASCs, 
Epi-SCs or both. (B) The percentage of Ki-67+cells, with regions of active proliferation highlighted. (C) AP staining of SKPs. (D) Formation 
of HFs in composites with treated SKPs and Epi-SCs grafted onto BALB/c-nu/nu after 21 d. (E) H&E staining of skin cross-sections from four 
groups of BALB/c-nu/nu mice. *P < .05 vs control
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F I G U R E  2  Statistical analysis of changes in SKP gene expression. (A) DEGs in SKPs (P3) after 6-d co-culture or culture alone. (B) Venn 
diagram showing the overlap of DEGs from three co-culture groups vs control. (C) Bubble chart showing the top 20 enriched pathways 
according to KEGG pathway analysis for 65 upregulated genes. (D) KEGG pathway map for the ErbB signalling pathway. The upregulated 
targets of the ErbB pathway are highlighted in orange. (E) Heat map and fold-line graph of AREG expression. (F) Analysis of AREG levels 
by Western blot at 6 d after co-culture or culture alone. (G) AREG expression in HFs during the telogen stage (19-d-old mice) and anagen 
stage (35-d-old mice) according to Western blot. (H, I) AREG, K14, p-EGFR and DAPI IF of HFs in the same anagen stage and telogen stage. 
*P < .05 vs control
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3.4 | AREG activates the PI3K and MAPK pathways 
in vitro

To determine which signalling pathway downstream of EGFR is ac-
tivated, we performed global transcriptional profiling, followed by 
next-generation RNA-seq analysis of SKPs treated with AREG (80 ng/
mL for 3  days) or cultured alone. As shown in Figure  4A, AREG-
treated SKPs exhibited 244 upregulated genes and 141 downregu-
lated genes. GO and KEGG analyses of the 244 upregulated genes 
identified skin development and positive regulation of cell-population 
proliferation as enriched processes (Figure 4B). Besides, the MAPK 
and PI3K signal-transduction pathways, which are highly involved 
in cell growth, proliferation, survival and differentiation,61 were 
enriched according to KEGG analysis (Figure  4C). The separately 
enriched genes from the two pathways are listed in Table S2. SKPs 
undergoing AREG treatment or knockdown, co-culturing with both 
Epi-SCs and ASCs or either one of them, and culturing alone were 
then lysed to determine changes in phosphorylation levels of EGFR, 

PI3K, AKT, MEK, MAPK and ELK between the two pathways, reveal-
ing that phosphorylation levels matched the observed enhancement 
of SKP stemness from AREG or co-culture treatment (Figure 4D-G). 
These results indicated that AREG played an essential role in the co-
culture system through the PI3K and MAPK pathways in vitro.

3.5 | AREG promotes SKP stemness in vitro 
through the PI3K and MAPK pathways

To verify the role of AREG-mediated PI3K and MAPK signalling 
in SKP stemness, we classified SKPs (P3) into eight groups: con-
trol, AREG, wortmannin, AREG + wortmannin, PD98059, AREG 
+ PD98059, wortmannin + PD98059 and AREG + wortmannin + 
PD98059, which were cultured for 3 days. Administration of PI3K 
inhibitor (wortmannin, 100  nmol/L) or MAPK inhibitor (PD98059, 
50 μmol/L) significantly decreased SKP cell number (Figure 5A), ra-
tios of Ki-67+ cells (Figure 5B) and AP activity (Figure 5C). Notably, 

F I G U R E  3  Analysis of SKP stemness according to AREG expression. SKPs (P0) were divided into groups and treated with AREG (80 ng/
mL) for 3 d, co-transfected with either control siRNA (200 nmol/L) or AREG siRNA (200 nmol/L) for 48 h, or normally cultured as the control 
group. The medium was replaced with fresh medium, and cells were grown for an additional 24 h before analysis. The effects of AREG 
supplementation or AREG knockdown on SKP stemness are indicated by (A) cell number, (B) Ki-67 staining and (C) AP staining. (D) HF 
regeneration in composites of treated SKPs and Epi-SCs grafted onto BALB/c-nu/nu after 21 d. #P < .05 vs AREG treatment; *P < .05 vs 
control



     |  9 of 15LU et al.

AREG treatment slightly rescued the adverse effects of wortmannin 
or PD98059 alone; however, addition of both inhibitors completely 
blocked AREG-mediated promotion of stemness.

3.6 | AREG induces the telogen-to-anagen transition 
in vivo through the PI3K and MAPK pathways

To evaluate the hair-promoting effect of AREG in vivo, multipoint 
subcutaneous injection of AREG (0.5  mg/kg body weight, every 
48 hours) with or without one or both of the downstream pathway in-
hibitors [PI3K (wortmannin, 0.5 mg/kg body weight, every 48 hours) 
and MAPK (PD98059 [3 mg/kg body weight, every 48  hours]) to 
the shaved dorsal skin of 56-day-old C57BL/6 mice was performed, 
and skin pigmentation and hair growth were observed (Figure 6A), 
Ki-67+ cells evaluated in HFs (Figure 6B, Figure S3). Compared with 
NC mice, AREG induced an earlier transition from telogen stage to 
anagen one along with a higher number of Ki-67+ cells in the DP. 
However, after applying one or both of the inhibitors, HF entry 
to the anagen stage was delayed, which could not be reversed by 
AREG. All in vivo outcomes were consistent with the in vitro results 
(Figure 5). These results suggested that AREG induced stemness in 
vitro and the telogen-to-anagen transition in vivo through the PI3K 
and MAPK pathways.

4  | DISCUSSION

This study used 3D co-culture models to mimic the in vivo micro-
environment and concluded that AREG plays an essential role in 

enhancing the stemness of SKPs through the PI3K and MAPK path-
ways in vivo and in vitro. These findings suggest AREG as a promis-
ing therapeutic strategy for alopecia.

Based on the application of the co-culture system to remedy the 
shortcomings of monoculture fermentation and increase the biosyn-
thetic efficiency of natural products,62 we successfully generated 
highly proliferative spherical SKPs by establishing a ternary-cell 
3D co-culture system. In this system, Epi-SCs, SKPs and ASCs are 
separately plated in three-layer chambers mimicking skin epidermis, 
dermis and hypodermis in order to facilitate the diffusion of small 
molecules between inserts and divide cells into their designated 
tiers without physically contacting with one another. The 2D model 
is thus not able to simulate such a normal anatomical position. Upon 
addition, the 2D culture settings hinder us from isolating the SKPs 
from other cells, posing the subsequent difficulties for the separate 
analysis for SKPs.

Moreover, the SKPs are isolated via an adherence-separation 
method, which keeps them separate from Epi-SCs and fibroblasts.63 
In the first 8 hours after separation, Epi-SCs readily adhered to the 
bottom of the well52 and did not generate spherical colonies under 
SKPs first culture conditions described in the methods section. 
Secondary clonality of the spheres expressing SKPs markers was 
subsequently formed from dissociated primary spheres, acquisi-
tion of which was confirmed according to a growing body of evi-
dence from other 3D colony-forming systems (eg, methylcellulose 
or matrigel).

Following this period, premature adherence has typically resulted 
in a reduced SKPs yield, owing to the fact that the SKPs in the ad-
herent sphere will immediately differentiate into dermal fibroblasts 
and gradually lose their stemness.52 Therefore, some studies utilized 

F I G U R E  4  Measurement of differential gene expression following AREG supplementation. Analysis of DEGs between the control group 
and the group receiving treatment with 80 ng/mL AREG for 3 d. (A) Volcano plots showing upregulated and downregulated genes. (B) 
Bubble plot showing differential enrichment of 244 upregulated genes according to GO biological process categories (top 20 are presented). 
(C) Bubble chart showing the top 20 enriched KEGG pathways for the 244 upregulated genes. (D-G) Protein levels in the PI3K and MAPK 
pathways according to Western blot
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rolling cultures or gentle agitation to promote sphere formation.52 
Besides, Ohsang Kwon et al observed that the 3D skin equivalent 
culture assay reproducibly regenerated hair follicles while SKPs pre-
cultured in the 2D model with epidermal cells did not. Also, several 
representative genes related to hair induction, such as AP, Hey1, 
versican (hair-inducing properties),64 CD133,65 TBX1866 (markers of 
DP precursors) and Sox2 (the highest-expressed transcription fac-
tors in the DP)67,68 showed higher expression in 3D culture assay 
than in the 2D chamber assay.

Utilizing this co-culture model and subsequent RNA-seq analy-
sis, we discovered that the expression of AREG in SKPs was driven 
by Epi-SCs and ASCs. Previous studies report that AREG, a widely 
expressed transmembrane tyrosine kinase of the EGF family,69 be-
haves as autocrine,70 paracrine71 and juxtacrine71,72 factors involved 
in a broad range of physiological processes that trigger central intra-
cellular signalling cascades governing proliferation, survival, motility, 
angiogenesis and inhibition of apoptosis.73,74 Soluble AREG pres-
ents a C-terminal domain that shares significant overall homology 
with all other EGF-like growth factor family members. After binding 

to a ligand, EGFR homo- or heterodimerizes with ErbB2, ErbB3 or 
ErbB4,75 leading to autotransphosphorylation of the tyrosine ki-
nase domain and activation of a complex network of pathways, in-
cluding those associated with MAPK, PI3K, phospholipase Cγ, and 
signal transducer and activator of transcription pathways.76 One re-
markable determinant of specific triggers of corresponding signals 
in the EGFR system is its differential spatiotemporal expression in 
response to a given stimulus, which is observed in various physiolog-
ical phenomena related to AREG. For example, AREG is the predom-
inant EGFR ligand upregulated in skin mimicking cutaneous injury 
models, where heparin-binding EGF upregulation was followed by 
that of AREG in promoting wound healing through a potent stimulus 
of keratinocyte proliferation in skin homeostasis.77-79 Additionally, 
AREG was identified as the ascendant EGFR ligand upregulated 
during blastocyst implantation,80,81 and mammary gland, neuronal, 
bone and trophoblast development.82-84 Furthermore, AREG does 
not result in EGFR degradation in contrast to EGF, an effective trig-
ger of EGFR degradation,85 but rather targets EGFR towards a recy-
cling pathway86 and promotes EGFR accumulation.87 These findings 

F I G U R E  5  Amphiregulin promotes SKP stemness in vitro through the PI3K and MAPK pathways. Evaluation of PI3K (wortmannin, 
100 nmol/L) and MAPK (PD98059, 50 μmol/L) inhibition alone or together in the presence of AREG (80 ng/mL) or not in vitro for 3 d. 
Changes in SKP stemness were evaluated according to (A) changes in cell number, (B) Ki-67 staining, and (C) AP staining. #P < .05 vs AREG 
treatment; *P < .05 vs control. S, significant difference; NS, not significant

F I G U R E  6  Amphiregulin induces the telogen-to-anagen transition in vivo through the PI3K and MAPK pathways. Mice were randomly 
divided into eight groups, and AREG (0.5 mg/kg body weight, every 48 h), Wortmannin (0.5 mg/kg body weight, every 48 h), and PD98059 
(3 mg/kg body weight, every 48 h) were subcutaneously injected into the dorsal skin of 56-d-old C57 mice, whereas controls received 
PBS. At 10-d post-injection, (A) the dorsal skin was photographed under a stereoscopic microscope to assess changes in telogen-to-anagen 
transition, and (B) HFs were evaluated by IF for Ki-67+ cells
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suggest AREG as a promising target for promoting EGFR signalling 
in skin restoration; however, no study had previously demonstrated 
the influence of AREG on dermis-derived cells, such as SKPs.

Therefore, the present study determined whether AREG im-
proves SKP stemness and the associated mechanisms. We employed 
RNA-seq rather than cDNA microarrays, because RNA-seq allows 
assessment of the presence and quantity of RNA transcripts from 
whole-genome samples, whereas cDNA microarrays only identify 
finite allele variants designed into the microarrays. Additionally, 
RNA-seq shows higher resolution for detecting changes in gene ex-
pression relative to cDNA microarrays.88 Following acquisition of 
RNA-seq results, GO89 and KEGG90 enrichment analyses were per-
formed to identify enriched metabolic pathways and/or biological 
processes, which subsequently identified involvement of the PI3K 
and MAPK pathways.

Both the PI3K and MAPK pathways played a critical role in multi-
ple cellular responses elicited by AREG signalling, which agreed with 
our previous findings reporting involvement of the PI3K pathway in 
wound-induced HF telogen-to-anagen transition91 and a vital path-
way for epidermal and dermal cell communication, which is indispens-
able for HF regeneration.54 Moreover, the PI3K pathway is involved 
in tissue regeneration, as highlighted by the reported decline in the 
long-term regeneration capability of hematopoietic stem cells in Akt 
knockout mice,92 whereas phosphatase and tensin homolog knockout 
in Lgr5+ HF stem cells enhanced HF regeneration after wounding.54 
Importantly, the PI3K pathway inhibits senescence and promotes 
the self-renewal of human SKPs in vitro.93 Regarding the MAPK 
pathway, EGFR stimulation provokes MAPK in a multistep process, 
which results in transcription factor translocation to the nucleus and 
alters gene expression to promote growth, proliferation and/or dif-
ferentiation94 and described by the effect of lysophosphatidic acid 
on fibroblasts.95 Moreover, previous studies suggest that the MAPK 
pathway cooperates with PI3K and Rac1 signalling to induce DNA 
synthesis.96,97 These findings, as well as those of the present study, 
suggest a critical role for AREG in HF regeneration and its potential 
efficacy as a therapeutic approach for de novo HF regeneration.

This study has limitations. First, we were unable to elucidate 
the precise mechanism associated with the AREG-mediated activ-
ity; therefore, further studies are necessary to determine the tran-
scription factors responsible for the SKP-specific expression profile 
observed following co-culture with the Epi-SCs and ASCs. Second, 
there is overwhelming evidence supporting a role for AREG in tu-
mour development, as AREG is upregulated in numerous neoplasms, 
including head, neck, lung, breast, stomach, liver, colon, prostate, 
bladder and skin tumours,73 and capable of self-sufficient growth 
and survival signals.72 Moreover, functional studies indicate that 
AREG can perform as a pro-oncogenic factor, affecting most cancer 
hallmarks.98 Therefore, a gap exists between experimental and clini-
cal findings regarding AREG-related roles, and further investigations 
are required to clarify its efficacy for future clinical applications. 
Furthermore, caution is needed and safety should be confirmed 
when extrapolating experimental results to a clinical setting, includ-
ing the long-term treatment effects and further in vitro studies in 

human cells and in vivo experiments in larger animals, which are re-
quired to confirm the approaches to inducing SKP stemness in HFs 
as promising yet underexplored lines of research.

5  | CONCLUSIONS

We applied a 3D co-culture model and determined that AREG pro-
moted SKP stemness by enhancing both cell proliferation and hair-
inducing capacity through the PI3K and MAPK pathways, thereby, 
providing insight into a promising strategy of AREG for de novo hair 
regeneration in treating alopecia.

ACKNOWLEDG EMENTS
This work was supported by grants from the Natural Science 
Foundation of China (No. 31801196, 31900540), the 
Shenzhen Science and Technology Innovation Committee 
(JCYJ201803073000199, JCYJ20200109142444449), Central 
University Basic Research Fund of China (19ykpy16).

CONFLIC T OF INTERE S T
The authors declare that they have no conflicts of interest regarding 
this study.

AUTHOR CONTRIBUTIONS
Qiumei Lu and Weiwei Chu contributed to the study concept and de-
sign. Qiumei Lu, Ying Gao and Zhimeng Fan contributed to acquisi-
tion of data. Qiumei Lu, Ying Gao, Zhimeng Fan, Xing Xiao, Yu Chen, 
Yuan Si, Deqiang Kong, Shuai Wang, Meijian Liao, Xiaodong Chen, 
Xusheng Wang and Weiwei Chu contributed to analysis and inter-
pretation of data. Qiumei Lu, Ying Gao, Zhimeng Fan, Xing Xiao, Yu 
Chen, Yuan Si, Deqiang Kong, Shuai Wang, Meijian Liao, Xiaodong 
Chen, Xusheng Wang and Weiwei Chu contributed to writing, re-
viewing and approval of the final version of this work.

DATA AVAIL ABILIT Y S TATEMENT
All data included in this study are available upon request to the cor-
responding author.

ORCID
Qiumei Lu   https://orcid.org/0000-0003-3607-7141 

R E FE R E N C E S
	 1.	 Owczarczyk-Saczonek A, Krajewska-Włodarczyk M, Kruszewska 

A, et al. Therapeutic potential of stem cells in follicle regeneration. 
Stem Cells Int. 2018;2018:1049641.

	 2.	 Cash TF. The psychosocial consequences of androgenetic alopecia: 
a review of the research literature. Br J Dermatol. 1999;141:398-405.

	 3.	 Mohammadi P, Youssef KK, Abbasalizadeh S, Baharvand H, 
Aghdami N. Human hair reconstruction: close, but yet so far. Stem 
Cells Dev. 2016;25:1767-1779.

	 4.	 Varothai S, Bergfeld WF. Androgenetic alopecia: an evidence-based 
treatment update. Am J Clin Dermatol. 2014;15:217-230.

	 5.	 Wolff H, Fischer TW, Blume-Peytavi U. The diagnosis and treatment 
of hair and scalp diseases. Dtsch Arztebl Int. 2016;113:377-386.

https://orcid.org/0000-0003-3607-7141
https://orcid.org/0000-0003-3607-7141


     |  13 of 15LU et al.

	 6.	 Martinez-Lopez A, Montero-Vilchez T, Sierra-Sánchez Á, Molina-
Leyva A, Arias-Santiago S. Advanced medical therapies in the man-
agement of non-scarring alopecia: areata and androgenic alopecia. 
Int J Mol Sci. 2020;21:8390.

	 7.	 Cole JP. An analysis of follicular punches, mechanics, and dynam-
ics in follicular unit extraction. Facial Plast Surg Clin North Am. 
2013;21:437-447.

	 8.	 Rongioletti F, Christana K. Cicatricial (scarring) alopecias: an over-
view of pathogenesis, classification, diagnosis, and treatment. Am J 
Clin Dermatol. 2012;13:247-260.

	 9.	 Falto-Aizpurua L, Choudhary S, Tosti A. Emerging treatments in al-
opecia. Expert Opin Emerg Drugs. 2014;19:545-556.

	10.	 Rossi A, Anzalone A, Fortuna MC, et al. Multi-therapies in andro-
genetic alopecia: review and clinical experiences. Dermatol Ther. 
2016;29:424-432.

	11.	 Motofei IG, Rowland DL, Tampa M, et al. Finasteride and andro-
genic alopecia; from therapeutic options to medical implications. J 
Dermatolog Treat. 2020;31:415-421.

	12.	 Byun JW, Kim HJ, Na K, et al. Bone marrow-derived mesenchy-
mal stem cells prevent alopecia areata development through 
the inhibition of NKG2D expression: a pilot study. Exp Dermatol. 
2017;26:532-535.

	13.	 Kim JE, Oh JH, Woo YJ, Jung JH, Jeong KH, Kang H. Effects of mes-
enchymal stem cell therapy on alopecia areata in cellular and hair 
follicle organ culture models. Exp Dermatol. 2020;29:265-272.

	14.	 Wu M, Sun Q, Guo X, Liu H. hMSCs possess the potential to 
differentiate into DP cells in vivo and in vitro. Cell Biol Int Rep. 
2010;19:e00019.

	15.	 Dong L, Hao H, Xia L, et al. Treatment of MSCs with Wnt1a-
conditioned medium activates DP cells and promotes hair follicle 
regrowth. Sci Rep. 2014;4:5432.

	16.	 Dong L, Hao H, Liu J, et al. Wnt1a maintains characteristics of der-
mal papilla cells that induce mouse hair regeneration in a 3D precul-
ture system. J Tissue Eng Regen Med. 2017;11:1479-1489.

	17.	 Dong L, Hao H, Liu J, et al. A conditioned medium of umbilical cord 
mesenchymal stem cells overexpressing Wnt7a promotes wound 
repair and regeneration of hair follicles in mice. Stem Cells Int. 
2017;2017:3738071.

	18.	 Park J, Jun EK, Son D, et al. Overexpression of Nanog in amniotic 
fluid-derived mesenchymal stem cells accelerates dermal papilla 
cell activity and promotes hair follicle regeneration. Exp Mol Med. 
2019;51:72.

	19.	 Gunawardena TNA, Rahman MT, Abdullah BJJ, Abu Kasim NH. 
Conditioned media derived from mesenchymal stem cell cultures: 
the next generation for regenerative medicine. J Tissue Eng Regen 
Med. 2019;13:569-586.

	20.	 Rezza A, Sennett R, Tanguy M, Clavel C, Rendl M. PDGF signalling in 
the dermis and in dermal condensates is dispensable for hair follicle 
induction and formation. Exp Dermatol. 2015;24:468-470.

	21.	 Yano K, Brown LF, Detmar M. Control of hair growth and follicle size 
by VEGF-mediated angiogenesis. J Clin Invest. 2001;107:409-417.

	22.	 Philp D, St-surin S, Cha H-J, Moon H-S, Kleinman HK, Elkin M. 
Thymosin beta 4 induces hair growth via stem cell migration and 
differentiation. Ann N Y Acad Sci. 2007;1112:95-103.

	23.	 Neuhaus T, Stier S, Totzke G, et al. Stromal cell-derived factor 1alpha 
(SDF-1alpha) induces gene-expression of early growth response-1 
(Egr-1) and VEGF in human arterial endothelial cells and enhances 
VEGF induced cell proliferation. Cell Prolif. 2003;36:75-86.

	24.	 Wood S, Jayaraman V, Huelsmann EJ, et al. Pro-inflammatory 
chemokine CCL2 (MCP-1) promotes healing in diabetic wounds by 
restoring the macrophage response. PLoS One. 2014;9:e91574.

	25.	 Yang Y, Choi H, Seon M, Cho D, Bang SI. LL-37 stimulates the func-
tions of adipose-derived stromal/stem cells via early growth re-
sponse 1 and the MAPK pathway. Stem Cell Res Ther. 2016;7:58.

	26.	 Shin H, Ryu HH, Kwon O, Park BS, Jo SJ. Clinical use of condi-
tioned media of adipose tissue-derived stem cells in female pat-
tern hair loss: a retrospective case series study. Int J Dermatol. 
2015;54:730-735.

	27.	 Shin H, Won CH, Chung WK, Park BS. Up-to-date clinical trials of 
hair regeneration using conditioned media of adipose-derived stem 
cells in male and female pattern hair loss. Curr Stem Cell Res Ther. 
2017;12:524-530.

	28.	 Won CH, Yoo HG, Kwon OS, et al. Hair growth promoting effects of 
adipose tissue-derived stem cells. J Dermatol Sci. 2010;57:134-137.

	29.	 Yingbo Z, Daping Y. Supplementation of fat grafts with adipose-
derived regenerative cells improves long-term graft retention. Ann 
Plast Surg. 2012;68:111. author reply 111-112.

	30.	 Perez-Meza D, Ziering C, Sforza M, Krishnan G, Ball E, Daniels E. 
Hair follicle growth by stromal vascular fraction-enhanced adipose 
transplantation in baldness. Stem Cells Cloning. 2017;10:1-10.

	31.	 Joannides A, Gaughwin P, Schwiening C, et al. Efficient generation of 
neural precursors from adult human skin: astrocytes promote neu-
rogenesis from skin-derived stem cells. Lancet. 2004;364:172-178.

	32.	 Toma JG, Akhavan M, Fernandes KJL, et al. Isolation of multipotent 
adult stem cells from the dermis of mammalian skin. Nat Cell Biol. 
2001;3:778-784.

	33.	 Agabalyan NA, Sparks HD, Tarraf S, et al. Adult human der-
mal progenitor cell transplantation modulates the functional 
outcome of split-thickness skin xenografts. Stem Cell Reports. 
2019;13:1068-1082.

	34.	 Assinck P, Sparling JS, Dworski S, et al. Transplantation of skin 
precursor-derived schwann cells yields better locomotor outcomes 
and reduces bladder pathology in rats with chronic spinal cord in-
jury. Stem Cell Reports. 2020;15:140-155.

	35.	 Fernandes KJ, McKenzie IA, Mill P, et al. A dermal niche for 
multipotent adult skin-derived precursor cells. Nat Cell Biol. 
2004;6:1082-1093.

	36.	 Hunt DP, Morris PN, Sterling J, et al. A highly enriched niche of pre-
cursor cells with neuronal and glial potential within the hair follicle 
dermal papilla of adult skin. Stem Cells. 2008;26:163-172.

	37.	 Biernaskie J, Paris M, Morozova O, et al. SKPs derive from hair folli-
cle precursors and exhibit properties of adult dermal stem cells. Cell 
Stem Cell. 2009;5:610-623.

	38.	 Weinberg WC, Goodman LV, George C, et al. Reconstitution of 
hair follicle development in vivo: determination of follicle forma-
tion, hair growth, and hair quality by dermal cells. J Invest Dermatol. 
1993;100:229-236.

	39.	 Broutier L, Mastrogiovanni G, Verstegen M, et al. Human primary 
liver cancer-derived organoid cultures for disease modeling and 
drug screening. Nat Med. 2017;23:1424-1435.

	40.	 Bao K, Papadimitropoulos A, Akgül B, Belibasakis GN, Bostanci N. 
Establishment of an oral infection model resembling the periodontal 
pocket in a perfusion bioreactor system. Virulence. 2015;6:265-273.

	41.	 Sobue T, Bertolini M, Thompson A, Peterson De, Diaz Pi, Dongari-
Bagtzoglou A. Chemotherapy-induced oral mucositis and associ-
ated infections in a novel organotypic model. Mol Oral Microbiol. 
2018;33:212-223.

	42.	 Wang X, Wang X, Liu J, et al. Hair follicle and sebaceous gland de 
novo regeneration with cultured epidermal stem cells and skin-
derived precursors. Stem Cells Transl Med. 2016;5:1695-1706.

	43.	 Christodoulou I, Kolisis FN, Papaevangeliou D, Zoumpourlis V. 
Comparative evaluation of human mesenchymal stem cells of fetal 
(Wharton's Jelly) and adult (Adipose Tissue) origin during prolonged 
in vitro expansion: considerations for cytotherapy. Stem Cells Int. 
2013;2013:246134.

	44.	 Megaloikonomos PD, Panagopoulos GN, Bami M, et al. Harvesting, 
isolation and differentiation of rat adipose-derived stem cells. Curr 
Pharm Biotechnol. 2018;19:19-29.



14 of 15  |     LU et al.

	45.	 Martins TM, de Paula AC, Gomes DA, Goes AM. Alkaline phospha-
tase expression/activity and multilineage differentiation potential 
are the differences between fibroblasts and orbital fat-derived 
stem cells–a study in animal serum-free culture conditions. Stem 
Cell Rev Rep. 2014;10:697-711.

	46.	 Štefková K, Procházková J, Pacherník J. Alkaline phosphatase in 
stem cells. Stem Cells Int. 2015;2015:628368.

	47.	 Pera MF, Reubinoff B, Trounson A. Human embryonic stem cells.  
J Cell Sci. 2000;113(Pt 1):5-10.

	48.	 Takahashi K, Tanabe K, Ohnuki M, et al. Induction of pluripotent 
stem cells from adult human fibroblasts by defined factors. Cell. 
2007;131:861-872.

	49.	 Kuang Y, Miki K, Parr CJC, et al. Efficient, selective removal of human 
pluripotent stem cells via ecto-alkaline phosphatase-mediated aggre-
gation of synthetic peptides. Cell Chem Biol. 2017;24:685-694.e684.

	50.	 O'Connor MD, Kardel MD, Iosfina I, et al. Alkaline phosphatase-
positive colony formation is a sensitive, specific, and quantitative 
indicator of undifferentiated human embryonic stem cells. Stem 
Cells. 2008;26:1109-1116.

	51.	 Jeong HC, Cha HJ. Helping induced hPSCs clean up their act. Cell 
Chem Biol. 2017;24:651-652.

	52.	 Biernaskie JA, McKenzie IA, Toma JG, Miller FD. Isolation of skin-
derived precursors (SKPs) and differentiation and enrichment of 
their Schwann cell progeny. Nat Protoc. 2006;1:2803-2812.

	53.	 Fernandes KJ, Toma JG, Miller FD. Multipotent skin-derived pre-
cursors: adult neural crest-related precursors with therapeutic po-
tential. Philos Trans R Soc Lond B Biol Sci. 2008;363:185-198.

	54.	 Chen Y, Fan Z, Wang X, et al. PI3K/Akt signaling pathway is es-
sential for de novo hair follicle regeneration. Stem Cell Res Ther. 
2020;11:144.

	55.	 Li R, Li Y, Kristiansen K, Wang J. SOAP: short oligonucleotide align-
ment program. Bioinformatics. 2008;24:713-714.

	56.	 Kim D, Langmead B, Salzberg SL. HISAT: a fast spliced aligner with 
low memory requirements. Nat Methods. 2015;12:357-360.

	57.	 Langmead B, Salzberg SL. Fast gapped-read alignment with Bowtie 
2. Nat Methods. 2012;9:357-359.

	58.	 Li B, Dewey CN. RSEM: accurate transcript quantification from RNA-
Seq data with or without a reference genome. BMC Bioinformatics. 
2011;12:323.

	59.	 Love MI, Huber W, Anders S. Moderated estimation of fold change and 
dispersion for RNA-seq data with DESeq2. Genome Biol. 2014;15:550.

	60.	 Curtin F, Schulz P. Multiple correlations and Bonferroni's correc-
tion. Biol Psychiatry. 1998;44:775-777.

	61.	 Lee HC, Tian B, Sedivy JM, Wands JR, Kim M. Loss of Raf kinase in-
hibitor protein promotes cell proliferation and migration of human 
hepatoma cells. Gastroenterology. 2006;131:1208-1217.

	62.	 Jones JA, Wang X. Use of bacterial co-cultures for the efficient pro-
duction of chemicals. Curr Opin Biotechnol. 2018;53:33-38.

	63.	 Toma JG, McKenzie IA, Bagli D, Miller FD. Isolation and character-
ization of multipotent skin-derived precursors from human skin. 
Stem Cells. 2005;23:727-737.

	64.	 Huang CF, Chang YJ, Hsueh YY, et al. Assembling composite dermal 
papilla spheres with adipose-derived stem cells to enhance hair fol-
licle induction. Sci Rep. 2016;6:26436.

	65.	 Ito Y, Hamazaki TS, Ohnuma K, Tamaki K, Asashima M, Okochi H. 
Isolation of murine hair-inducing cells using the cell surface marker 
prominin-1/CD133. J Invest Dermatol. 2007;127:1052-1060.

	66.	 Grisanti L, Clavel C, Cai X, et al. Tbx18 targets dermal condensates 
for labeling, isolation, and gene ablation during embryonic hair fol-
licle formation. J Invest Dermatol. 2013;133:344-353.

	67.	 Clavel C, Grisanti L, Zemla R, et al. Sox2 in the dermal papilla niche 
controls hair growth by fine-tuning BMP signaling in differentiating 
hair shaft progenitors. Dev Cell. 2012;23:981-994.

	68.	 Paik SH, Choi S-J, Jang S, Jo S-J, Kim KH, Kwon O. Skin equiva-
lent assay: an optimized method for testing for hair growth 

reconstitution capacity of epidermal and dermal cells. Exp Dermatol. 
2019;28:367-373.

	69.	 Berasain C, Avila MA. Amphiregulin. Semin Cell Dev Biol. 2014;28:31-41.
	70.	 Li S, Plowman GD, Buckley SD, Shipley GD. Heparin inhibition 

of autonomous growth implicates amphiregulin as an autocrine 
growth factor for normal human mammary epithelial cells. J Cell 
Physiol. 1992;153:103-111.

	71.	 Sternlicht MD, Sunnarborg SW, Kouros-Mehr H, Yu Y, Lee DC, 
Werb Z. Mammary ductal morphogenesis requires paracrine acti-
vation of stromal EGFR via ADAM17-dependent shedding of epi-
thelial amphiregulin. Development. 2005;132:3923-3933.

	72.	 Willmarth NE, Ethier SP. Autocrine and juxtacrine effects of amphi-
regulin on the proliferative, invasive, and migratory properties of 
normal and neoplastic human mammary epithelial cells. J Biol Chem. 
2006;281:37728-37737.

	73.	 Busser B, Sancey L, Brambilla E, Coll JL, Hurbin A. The multi-
ple roles of amphiregulin in human cancer. Biochim Biophys Acta. 
2011;1816:119-131.

	74.	 Brandes AA, Franceschi E, Tosoni A, Hegi ME, Stupp R. Epidermal 
growth factor receptor inhibitors in neuro-oncology: hopes and dis-
appointments. Clin Cancer Res. 2008;14:957-960.

	75.	 Olayioye MA, Neve RM, Lane HA, Hynes NE. The ErbB signaling 
network: receptor heterodimerization in development and cancer. 
Embo J. 2000;19:3159-3167.

	76.	 Holbro T, Civenni G, Hynes NE. The ErbB receptors and their role in 
cancer progression. Exp Cell Res. 2003;284:99-110.

	77.	 Stoll SW, Johnson JL, Bhasin A, et al. Metalloproteinase-mediated, 
context-dependent function of amphiregulin and HB-EGF in human 
keratinocytes and skin. J Invest Dermatol. 2010;130:295-304.

	78.	 Liu B, Xia X, Zhu F, et al. IKKalpha is required to maintain skin ho-
meostasis and prevent skin cancer. Cancer Cell. 2008;14:212-225.

	79.	 Stoll SW, Johnson JL, Li Y, Rittié L, Elder JT. Amphiregulin carboxy-
terminal domain is required for autocrine keratinocyte growth. J 
Invest Dermatol. 2010;130:2031-2040.

	80.	 Sherwin JR, Freeman TC, Stephens RJ, et al. Identification of genes 
regulated by leukemia-inhibitory factor in the mouse uterus at the 
time of implantation. Mol Endocrinol. 2004;18:2185-2195.

	81.	 Song H, Lim H, Das SK, Paria BC, Dey SK. Dysregulation of EGF 
family of growth factors and COX-2 in the uterus during the preat-
tachment and attachment reactions of the blastocyst with the lumi-
nal epithelium correlates with implantation failure in LIF-deficient 
mice. Mol Endocrinol. 2000;14:1147-1161.

	82.	 Luetteke NC, Qiu T, Fenton S, et al. Targeted inactivation of the 
EGF and amphiregulin genes reveals distinct roles for EGF recep-
tor ligands in mouse mammary gland development. Development. 
1999;126:2739-2750.

	83.	 Lysiak JJ, Johnson GR, Lala PK. Localization of amphiregulin in the 
human placenta and decidua throughout gestation: role in tropho-
blast growth. Placenta. 1995;16:359-366.

	84.	 Qin L, Tamasi J, Raggatt L, et al. Amphiregulin is a novel growth 
factor involved in normal bone development and in the cellu-
lar response to parathyroid hormone stimulation. J Biol Chem. 
2005;280:3974-3981.

	85.	 Longva KE, Blystad FD, Stang E, Larsen AM, Johannessen LE, 
Madshus IH. Ubiquitination and proteasomal activity is required for 
transport of the EGF receptor to inner membranes of multivesicular 
bodies. J Cell Biol. 2002;156:843-854.

	86.	 Baldys A, Göoz M, Morinelli TA, et al. Essential role of c-Cbl in 
amphiregulin-induced recycling and signaling of the endogenous epi-
dermal growth factor receptor. Biochemistry. 2009;48:1462-1473.

	87.	 Willmarth NE, Baillo A, Dziubinski ML, et al. Altered EGFR localiza-
tion and degradation in human breast cancer cells with an amphi-
regulin/EGFR autocrine loop. Cell Signal. 2009;21:212-219.

	88.	 Chu Y, Corey DR. RNA sequencing: platform selection, experimental 
design, and data interpretation. Nucleic Acid Ther. 2012;22:271-274.



     |  15 of 15LU et al.

	89.	 Gene Ontology Consortium. The gene ontology project in 2008. 
Nucleic Acids Res. 2008;36:D440-D444.

	90.	 Kanehisa M, Goto S. KEGG: kyoto encyclopedia of genes and ge-
nomes. Nucleic Acids Res. 2000;28:27-30.

	91.	 Wang X, Chen H, Tian R, et al. Macrophages induce AKT/β-catenin-
dependent Lgr5(+) stem cell activation and hair follicle regeneration 
through TNF. Nat Commun. 2017;8:14091.

	92.	 Juntilla MM, Patil VD, Calamito M, et al. AKT1 and AKT2 maintain 
hematopoietic stem cell function by regulating reactive oxygen 
species. Blood. 2010;115:4030-4038.

	93.	 Liu S, Liu S, Wang X, et al. The PI3K-Akt pathway inhibits senes-
cence and promotes self-renewal of human skin-derived precursors 
in vitro. Aging Cell. 2011;10:661-674.

	94.	 Zhang W, Liu HT. MAPK signal pathways in the regulation of cell 
proliferation in mammalian cells. Cell Res. 2002;12:9-18.

	95.	 Ediger TL, Toews ML. Synergistic stimulation of airway smooth mus-
cle cell mitogenesis. J Pharmacol Exp Ther. 2000;294:1076-1082.

	96.	 Joneson T, White MA, Wigler MH, Bar-Sagi D. Stimulation of mem-
brane ruffling and MAP kinase activation by distinct effectors of 
RAS. Science. 1996;271:810-812.

	97.	 Rodriguez-Viciana P, Warne PH, Khwaja A, et al. Role of phospho-
inositide 3-OH kinase in cell transformation and control of the actin 
cytoskeleton by Ras. Cell. 1997;89:457-467.

	98.	 Hanahan D, Weinberg RA. Hallmarks of cancer: the next genera-
tion. Cell. 2011;144:646-674.

SUPPORTING INFORMATION
Additional supporting information may be found online in the 
Supporting Information section.

How to cite this article: Lu Q, Gao Y, Fan Z, et al. 
Amphiregulin promotes hair regeneration of skin-derived 
precursors via the PI3K and MAPK pathways. Cell Prolif. 
2021;54:e13106. https://doi.org/10.1111/cpr.13106

https://doi.org/10.1111/cpr.13106

