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Abstract. Hair loss, including alopecia, is a common and 
distressing problem for men and women, and as a result, there 
is considerable interest in developing treatments that can 
prevent or reverse hair loss. Dermal papillae closely interact 
with epidermal cells and play a key role during hair follicle 
induction and hair morphogenesis. As dermal papilla cells 
(DPCs) lose their hair‑inducing ability in monolayer cultures 
in vitro, it is difficult to obtain de novo hair follicle structures 
following DPC transplantation in  vivo. The present study 
aimed to explore culture conditions to maintain DPC charac‑
teristics using conditioned media (CM) from the supernatant 
of cultured HaCaT keratinocyte cells supplemented with other 
components. Initially, it was observed that during passaging of 
in vitro monolayer DPC cultures, the Wnt/β‑catenin pathway 
was repressed, while the TGF‑β/Smad pathway was activated, 
and that HaCaT cells cultivated in 1% fetal bovine serum had 
higher levels of expression of Wnt3a and Wnt10b compared with 
normal keratinocytes. Culturing of high‑passage (P7) DPCs in 
CM from HaCaT cells (HaCaT‑CM) actively stimulated cell 
proliferation and maintained Sox2 and Versican expression 
levels. Supplementation of HaCaT‑CM with SB431542 (SB, a 
TGF‑β receptor inhibitor), CHIR99021, (CHIR, a GSK3α/β 

inhibitor and activator of Wnt signaling) and platelet‑derived 
growth factor (PDGF)‑AA further increased the expression 
levels of Sox2, Versican and alkaline phosphatase (ALP) in P7 
DPCs. Three‑dimensional culture of P7 DPCs using hanging 
drop cultures in HaCaT‑CM supplemented with SB, CHIR 
and PDGF‑AA resulted in larger cell aggregates and a further 
significant upregulation of Sox2, ALP and Versican expres‑
sion levels. Taken together, these findings demonstrated that 
HaCaT‑CM supplemented with SB, CHIR and PDGF‑AA may 
preserve the hair‑inducing ability of high‑passage DPCs and 
may therefore be useful in reconstructing new hair follicles 
in vivo.

Introduction

Hair loss, including alopecia, is a common and distressing 
problem for men and women, and as a result there is 
considerable interest in developing treatments that can prevent 
or reverse this hair loss. Currently, treatment with drugs and 
hair transplantation are the conventional treatments for hair 
loss or alopecia. However, drug treatments only delay hair loss 
and cannot prevent further hair loss (1). While autologous hair 
follicle transplantation is an effective treatment for hair loss, 
the area for extracting intact hair follicles (HFs) is limited in 
a patient's scalp, and so the available number of hair follicles 
that can be extracted is also limited (1,2). Thus, hair follicle 
regeneration through bioengineering is now considered to be a 
promising alternative strategy for treating hair loss.

In scalp tissue, dermal papilla (DP) cells (DPCs), which 
are derived from neural crest stem cells, are specialized 
fibroblast‑like cells and are hypothesized to play crucial roles 
in hair follicle morphogenesis and cycling (3,4). Therefore, 
DPCs are essential for the successful construction of bioen‑
gineered HFs to treat hair loss. Although freshly dissociated 
fully intact DPCs have hair‑inducing characteristics, they 
rapidly lose this capability following serial sub‑cultivation due 
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to a process of cell dedifferentiation, which is characterized 
by changes in their morphology and a downregulation of their 
characteristic genes (5‑9). As such, obtaining a large number 
of DPCs through modification of ex vivo culture conditions 
remain a challenge.

In vivo, DPCs congregate and form a three‑dimensional 
(3D) DP structure, which is located at the base of the hair 
follicle bulb and are surrounded by a dermal sheath and the 
hair matrix (7). In addition to DPCs, other cellular components 
of the hair bulb include keratinocytes and melanocytes (5). 
Thus, in the bulb, DPCs are closely in contact with each other 
and exist in a specialized 3D environment. Furthermore, their 
cellular properties are strictly controlled by complex elements, 
including cell‑cell interactions, the extracellular matrix 
(ECM) and various factors, such as growth factors and cyto‑
kines that are secreted by DPCs and surrounding cells (2,10). 
According to reports, the DPC phenotype is tightly regulated 
by various signaling pathways, including the Wnt/β‑catenin, 
platelet‑derived growth factor (PDGF) and bone morphoge‑
netic protein (BMP) pathways (11‑15). In particular, DPCs and 
keratinocytes interact with each other in a reciprocal manner, 
suggesting that signals from keratinocytes are vital for main‑
taining the biological function of DPCs (2). Therefore, during 
in vitro culture, culture conditions that mimic the in vivo envi‑
ronment should be used in order to provide a more favorable 
environment that is able to preserve DPC trichogenicity.

The present study explored new culture conditions using 
conditioned media (CM) derived from the supernatant of 
cultured HaCaT cells supplemented with SB431542 (SB, an 
inhibitor of the TGFβ/Smad pathway), CHIR99021 (CHIR, 
a GSK3α/β inhibitor and activator of Wnt signaling), and 
PDGF‑AA. Using this media, high‑passage (P7) DPCs were 
cultured under both two‑dimensional (2D) and 3D culture 
conditions and changes in morphology and gene expression 
patterns associated with the trichogenic phenotype of DPCs 
were examined.

Materials and methods

Isolation of DPCs and cell culture. Full‑thickness skin 
samples were obtained from the occipital human scalp of three 
individuals undergoing corrective surgery for the treatment 
of androgenetic alopecia. The experimental protocol was 
established according to the ethical guidelines of the Helsinki 
Declaration and was approved by the Human Ethics Committee 
of China‑Japan Union Hospital of Jilin University (approval 
no.  2020042606; Changchun, China). Written informed 
consent was obtained from individual patients. Follicles were 
removed from the fine scalp. Collagen capsules surrounding the 
scalp follicles were then removed to expose the follicle bases, 
and DPs were dissected using thin needles. Isolated DPs were 
placed on the bottom of the cell culture dishes. DPCs were 
cultured for 10‑14 days, harvested using 0.25% trypsin‑EDTA 
(Sigma‑Aldrich; Merck KGaA), and transferred to fresh 
culture dishes. DPCs were cultured in DMEM‑F12 (Gibco; 
Thermo Fisher Scientific, Inc.) supplemented with 10% fetal 
bovine serum (FBS; Gibco; Thermo Fisher Scientific, Inc.) and 
fibroblast growth factor‑basic (bFGF; 10 ng/ml; PeproTech, 
Inc.). In total, 4x104 cells/ml DPCs were cultured in T75 culture 
flasks. Cells were subcultured or harvested upon reaching 

80‑90%  confluence. The culture medium was exchanged 
every three days. The cells were examined under a bright‑field 
microscope (magnification, x40) (Olympus Corporation), 
the cell aspect ratio (measured as the length of the long 
axis divided by that of the narrow axis) and cell areas were 
analyzed using cellSens Dimension software (version 1.12; 
Olympus Corporation).

Keratinocyte culture. The foreskin of children (discarded 
tissue after circumcision) was obtained from China‑Japan 
Union Hospital of Jilin University. Procedures were explained 
and written informed consent was obtained from participants' 
guardians in accordance with Declaration of Helsinki guide‑
lines. The experimental procedures were officially approved 
by the Human Ethics Committee as described above (approval 
no.  2020042606). The epidermis was separated from the 
foreskin after overnight incubation with 2 g/ml dispase  II 
(Gibco; Thermo Fisher Scientific, Inc.) at 4˚C, and keratino‑
cytes were isolated after trypsinization for 7 min by thorough 
pipetting. Keratinocytes were cultured at 37˚C in Epidermal 
Keratinocyte Medium (Gibco; Thermo Fisher Scientific, 
Inc.). After cells reached 90% confluence, the medium was 
completely replaced with DMEM‑F12 supplemented with 
1% FBS (v/v) and cultured for 24 h, followed by harvesting the 
media for further analysis.

HaCaT cell culture and HaCaT‑CM preparation. HaCaT cells 
were obtained from The Cell Bank of Type Culture Collection 
of the Chinese Academy of Sciences. Cells were cultured to 
80‑90% confluence in T75 culture flasks and treated with 10% 
FBS (v/v). Following this, the medium was replenished with 
10 ml DMEM‑F12 supplemented with different concentrations 
of FBS (0, 1 and 10% by volume) at 37˚C. For HaCaT‑CM 
preparation, the cells were cultured at 37˚C for 24 and 48 h 
with 1% FBS (v/v) before harvesting. The collected superna‑
tant samples were filtered through a 0.2‑µm filter and stored 
at ‑20˚C. Then, the supernatant was used to culture DPCs at 
different concentrations (0, 25, 50 and 100% by volume).

Alkaline phosphatase (ALP) activity. ALP levels were 
assessed using the BCIP/NBT Alkaline Phosphatase Color 
Development Kit (Beyotime Institute of Biotechnology), 
according to the manufacturer's instructions. Human DPCs 
were plated in 12‑well plates at 8x104 cells per well. After 
growing for 24 h, the cells were fixed in 4% paraformalde‑
hyde at room temperature for 10 min and then washed with 
phosphate‑buffered saline (PBS). Cells were then incubated 
in BCIP/NBT buffer at room temperature for 30 min. The 
reaction was stopped by washing with PBS, and the cells were 
examined under a bright‑field microscope (magnification, 
x40). Dark blue staining indicated a positive signal for ALP.

Reverse transcription (RT)‑polymerase chain reaction (PCR) 
and RT‑quantitative (q)PCR analyses. To examine the expres‑
sion of genes in DPCs, total RNA (1 µg) was isolated using 
TRIzol® reagent (Invitrogen; Thermo Fisher Scientific, Inc.), 
and first‑strand cDNA was synthesized using SuperScript™ III 
Reverse Transcriptase (Invitrogen; Thermo Fisher Scientific, 
Inc.) and oligo‑dT (Promega Corporation), according to the 
manufacturer's instructions. For RT‑PCR, the amplification 
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included initial denaturation at 95˚C for 10 sec, 35 cycles of 
denaturation at 95˚C for 10 sec, and annealing at 60˚C for 
30 sec. The GAPDH mRNA level was used for sample stan‑
dardization. The PCR products were separated by 
electrophoresis on a 1.5% agarose gel (Beyotime Institute of 
Biotechnology) and were stained with GelRed® (Beyotime 
Institute of Biotechnology), each band was quantified using 
ImageJ 1.53a software (National Institutes of Health). For 
RT‑qPCR, a TransStart Tip Green qPCR SuperMix (Beijing 
TransGen Biotech Co., Ltd.) was used, and the thermocycling 
program was as follows: 94˚C for 30 sec, followed by 40 cycles 
at 94˚C for 5 sec, 55˚C for 15 sec and 72˚C for 10 sec. At least 
three independent biological replicates were performed for the 
RT‑qPCR. The amount of PCR product was calculated relative 
to the internal control GAPDH, and then compared between 
the experimental and control groups using the 2‑ΔΔCq 
method (16). Primer sequences were as follows: Sox2 sense, 
5'‑CGGATTATAAATACCGGC CC‑3' and antisense, 5'‑GTG 
TACTTATCCTTCATGAGC‑3'; ALP sense, 5'‑CAGGTC 
CCACAAGCCCGCAA‑3' and antisense, 5'‑CCCGGTGGG 
CCACAAAA‑3'; Versican sense, 5'‑TGAGCATGACTTCCG 
TTGGACTGA‑3' and antisense, 5'‑CCACTGGCCATTCTC 
ATGCCAAAT‑3'; Wnt3a sense, 5'‑AGATTGGCATCCAGG 
AGTG‑3' and antisense, 5'‑CTCCCTGGTAGCTTTGTCC‑3'; 
Wnt10a sense, 5'‑CTAAGGACTTTCTGGACTCCC‑3' and 
antisense, 5'‑TGTTCTCCATCACTGCCTG‑3'; Wnt10b sense, 
5'‑GAGGTCCTGATCGATCTGC‑3' and antisense, 5'‑ATT 
GCTTAGAGCCCGACTG‑3'; EGF sense, 5'‑GAGAAACTG 
TTGGGAGAGGAATC‑3' and antisense, 5'‑TCACAGAGT 
TTAACAGCCCTGC‑3'; BMP6 sense, 5'‑TCAGCACAGAGA 
CTCTGAC‑3' and antisense, 5'‑ATGTCAAATTCCAGCCA 
GC‑3'; GAPDH sense, 5'‑CGCTCTCTGCTCCTGTT‑3' and 
antisense, 5'‑CCATGGTGTCTGAGCGATGT‑3'.

Western blot analysis. Cells were lysed in RIPA buffer 
[150 mM NaCl, 10 mM Tris, pH 7.2, 0.1% sodium dodecyl 
sulfate (SDS), 1.0% Triton X‑100, 1% sodium deoxycholate, 
5 mM EDTA]. Protein concentrations were determined by the 
Bradford assay (Beyotime Institute of Biotechnology). Samples 
(25 µg/lane) were separated via SDS‑PAGE on 10‑12% gels, 
following which, proteins were electrophoretically transferred 
onto a nitrocellulose membrane. After blocking in sterile PBS 
containing 5% non‑fat dry skimmed milk and 0.05% (v/v) 
Tween‑20 at room temperature for 1 h, the blots were incu‑
bated with the following primary antibodies overnight at 
4˚C: Sox2 (cat. no. 3579; 1:1,000; Cell Signaling Technology, 
Inc.), ALP (cat. no. ab108337; 1:2,000; Abcam), Versican (cat. 
no. ab19345; 1:1,000; Abcam), phosphorylated (p)‑Smad2/3 
(cat. no.  8828; 1:1,000; Cell Signaling Technology, Inc.), 
Smad2/3 (cat. no. 5678; 1:1,000; Cell Signaling Technology, 
Inc.), β‑catenin (cat. no.  8480; 1:1,000; Cell Signaling 
Technology, Inc.), lymphoid enhancer‑binding factor 1 (Lef‑1) 
(cat. no. 2230; 1:1,000; Cell Signaling Technology, Inc.) and 
β‑actin (cat. no. AT0001; 1:1,000; Engibody Biotechnology, 
Inc.). Horseradish peroxidase‑conjugated anti‑mouse (cat. 
no.  7076; 1:1,000; Cell Signaling Technology, Inc.) and 
anti‑rabbit (cat. no. 7074; 1:1,000; Cell Signaling Technology, 
Inc.) antibodies were used as secondary antibodies at room 
temperature for 1 h. The immune complexes were assayed 
with an enhanced chemiluminescence kit (Invitrogen; Thermo 

Fisher Scientific, Inc.) and the blots were analyzed with densi‑
tometry using ImageJ 1.53a software (National Institutes of 
Health).

Cell proliferation assay. The cell proliferation assay was 
carried out using a Cell Counting Kit‑8 (CCK‑8) cell prolif‑
eration assay kit (Dojindo Molecular Technologies, Inc.) 
according to the manufacturer's instruction. DPCs were placed 
into 96‑well plates (2x103 cells/well). After culturing for 1, 2, 
3, 4, 5, 6 or 7 days, 10 µl CCK‑8 assay solution was added to 
each well. Subsequently, after incubation for 2 h, the optical 
density (OD) at 450 nm was measured with an enzyme immu‑
noassay analyzer (Thermo Fisher Scientific, Inc.) to estimate 
cell proliferation.

Histological and immunocytochemical analyses. DPC spheres 
were harvested for histological and immunocytochemical 
analyses. The treated spheres were fixed in 4% paraformalde‑
hyde at room temperature for 24 h, dehydrated with sucrose and 
embedded in optimum cutting temperature compound. The 
frozen sections (6‑µm thick) were visualized using hematox‑
ylin and eosin (H&E) stain at room temperature and observed 
under a bright‑field microscope (Olympus Corporation). For 
immunocytochemical analysis, cells were washed with PBS, 
fixed in 4% paraformaldehyde at room temperature for 30 min, 
and incubated in PBS for 20 min at 4˚C. Subsequently, the 
cells were permeabilized using 0.1% Triton X‑100 for 15 min, 
followed by blocking with 5% FBS at room temperature for 
30 min. The frozen sections were incubated with ALP (cat. 
no. ab108337; 1:100; Abcam) and Versican (cat. no. ab19345; 
1:100; Abcam) or Sox2 (cat. no. 3579; 1:100; Cell Signaling 
Technology, Inc.) at 4˚C overnight. The sections were then 
washed in PBS with 0.05% (v/v) Tween‑20 and incubated 
with Alexa Fluor® 594‑conjugated goat anti‑rabbit IgG (cat. 
no. R37117; 1:200; Invitrogen; Thermo Fisher Scientific, Inc.) 
at room temperature for 1 h. The frozen sections were stained 
with DAPI (1:2,000; Sigma‑Aldrich; Merck KGaA) at room 
temperature for 10 min and observed via fluorescence micros‑
copy (Olympus Corporation).

Hanging drop aggregation assay. DPCs at P7 (3x103 cells/ml; 
40 µl) were disseminated and pipetted into each well of the 
96‑well hanging drop dishes (Sigma‑Aldrich; Merck KGaA). 
The medium for the HaCaT‑CM + 3D group was HaCaT‑CM 
supplemented with 10 mM SB (TGF‑β receptor inhibitor; 
Tocris Bioscience), 3 mM CHIR (GSK3 inhibitor and activator 
of the Wnt pathway; Peprotech, Inc.), and 5 ng/ml growth factor 
PDGF‑AA (Peprotech, Inc.). The medium of the control group 
was DMEM‑F12 supplemented with 1% FBS (v/v). Culture 
media were changed every 24 h. The cultures were placed at 
37˚C in a humidified incubator with a 5% CO2 atmosphere. 
Subsequently, the cells from both groups were harvested 
throughout the culture period of 5  days and evaluated in 
terms of morphology and gene expression. The diameter and 
surface area of DPC spheres were analyzed using the cellSens 
Dimension software (version 1.12; Olympus Corporation).

Statistics. The results are expressed as the mean ± SEM. 
All experiments were repeated three times with indepen‑
dent cultures, and similar results were obtained. Statistical 
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tests were carried out with SPSS (version 22.0; SPSS, Inc.). 
Statistical significance was determined using one‑way analysis 
of variance (ANOVA), followed by Tukey's post hoc test. For 
comparisons between two treatment groups unpaired Student's 
t‑test was used. P<0.05 was considered to indicate a statisti‑
cally significant difference.

Results

Isolation of human DPs and ALP staining. First, HFs were 
separated, and their morphology was examined under a 
microscope following histochemical staining. In addition, 
DPCs (from micro‑dissected DPs) were characterized by ALP 

Figure 1. Isolation of human DPs and ALP staining. (A) H&E staining of human hair follicles in the anagen phase; arrowheads indicate DP (scale bar, 200 µm). 
(B and C) Structure of DP by optical microscopy (scale bars, 200 or 100 µm). (D) H&E staining of DP (scale bar, 200 µm). (E) ALP staining of cultured DP 
and DPCs (scale bar, 200 µm). DP, dermal papilla; DPC, dermal papilla cells; H&E, hematoxylin and eosin; ALP, alkaline phosphatase.

Figure 2. Morphological observation and specific ALP staining of DPCs at different passages. (A) Morphology of DPCs at passages P1, P3, P5 and P7 (scale 
bar, 200 µm). (B) ALP staining of DPCs at passages P1, P3, P5 and P7 (scale bar, 200 µm). (C) Cell aspect ratio of DPCs at P1, P3, P5 and P7; n=20 in each 
group. (D) Cell areas of DPCs at passages P1, P3, P5 and P7; n=20 in each group. (E) ALP staining of DPCs at passages P1, P3, P5 and P7; n=20 in each group. 
Data represent the mean ± SEM. *P<0.05, **P<0.01 vs. P7 DPCs. DPC, dermal papilla cells; ALP, alkaline phosphatase; P, passage.



MOLECULAR MEDICINE REPORTS  23:  326,  2021 5

staining. The results showed that DPs were located in the hair 
bulb at the bottom of the HFs (Fig. 1A and B), and that they 
had a very high cell density in the follicular growth phase (Fig. 
1C and D). Next, DPs were isolated from the HFs and placed in 
dishes, after which the DPCs were observed to spread out and 
underwent proliferation after ~14 days (Fig. 1E). It was also 
observed that there was high ALP activity in the cultured DPs 
and DPCs (Fig. 1E).

Morphological observation and specific ALP staining of 
subcultured DPCs. Upon observing the subcultured DPCs, 
the morphology of DPCs was found to change notably during 
subculture. Specifically, the morphology of DPCs gradually 
shifted from long‑spindle shaped cells to polygonal shaped 
cells at higher cell generations (Fig. 2A). Furthermore, the 
amount of ALP‑stained cells decreased over the culture 
period (Fig.  2B  and  E). A statistical analysis showed 
that the aspect ratio of the cells decreased at higher cell 
generations, while the cell surface area gradually increased 
(Fig. 2C and D).

Expression of specific genes and proteins in DPCs during 
subculture. Changes in the expression of hair induction‑related 
genes and proteins were examined during DPC culture. The 
results showed that the expression levels of hair‑inducing 
genes Sox2, ALP and Versican were decreased significantly 
compared with P1‑DPCs (Fig. 3A and B). Western blotting 
was used to measure the protein expression levels of DPCs 
during subculture, including the hair‑inducing proteins Sox2, 
ALP and Versican, the Wnt pathway proteins β‑catenin and 

Lef‑1, and the TGF‑β/Smad pathway protein p‑Smad2/3. The 
results showed that Sox2, ALP and Versican expression levels 
decreased rapidly during subsequent passaging. Moreover, 
the expression levels of β‑catenin and Lef‑1 also gradually 
decreased, while the levels of p‑Smad2/3 gradually increased 
with passaging (Fig. 3C and D).

Preparation and evaluation of HaCaT‑CM. HaCaT cells were 
cultured with different concentrations of FBS (0, 1 and 10% 
by volume) and the gene expression levels of a number of 
key genes were measured. HaCaT cells cultured in 0% FBS 
were found to grow more slowly than those cultured in 1% or 
10% FBS. Cells cultured in the presence of 1% and 10% FBS 
showed no notable differences in growth rate and morphology 
(Fig.  4A). Keratinocytes were also isolated and cultured 
(Fig. 4B). HaCaT cells also showed higher mRNA expres‑
sion levels of Wnt3a, Wnt10a, Wnt10b and EGF than DPCs 
(Fig. 4C and D), as well as higher expression levels of Wnt3a 
and Wnt10b than primary keratinocytes isolated from human 
foreskin (Fig.  4E  and  F). To reduce the interference of 
exogenous serum cytokines, the supernatant of HaCaT cells 
cultured with 1% FBS at different time points (24 or 48 h) 
were collected. Subsequently, the supernatant was used to 
culture DPCs at different concentrations (0, 25, 50 and 100%). 
Cell proliferation and gene expression of the DPCs in each 
group were measured and it was found that DPCs had a higher 
growth rate and higher expression levels of Sox2 and Versican 
in a 24 h culture with a 50% volume fraction of the supernatant 
(Fig. 4G and H). As such, the supernatant under this condition 
was designated as HaCaT‑CM.

Figure 3. Expression of characteristic genes and proteins in DPCs during subculture. (A) RT‑PCR analysis of Sox2, ALP and Versican mRNA levels in DPCs 
(P1, P3, P5, P7) subcultured in control medium (DMEM‑F12 supplemented with basic fibroblast growth factor). (B) RT‑qPCR analysis of Sox2, ALP and 
Versican mRNA levels in DPCs (P1, P3, P5, P7) in control medium; n=3. (C) Western blot analysis of Sox2, ALP, Versican, β‑catenin, Lef‑1, total Smad2/3 
and p‑Smad2/3 levels in DPCs (P1, P3, P5, P7) in control medium; (D) Densitometry analysis; n=3. Data represent the mean ± SEM. *P<0.05, **P<0.01 vs. P7 
DPCs. DPC, dermal papilla cells; ALP, alkaline phosphatase; P, passage; RT‑PCR, reverse transcription‑quantitative PCR; RT‑qPCR, RT‑quantitative PCR; 
Lef‑1, lymphoid enhancer‑binding factor 1; p‑, phosphorylated.
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Figure 4. Preparation and evaluation of HaCaT‑CM. (A) Morphology of HaCaT cells cultured in 0, 1 or 10% FBS (scale bar, 100 µm). (B) Morphology of 
keratinocytes isolated from human foreskin (scale bar, 100 µm). (C) RT‑PCR analysis of Wnt3a, Wnt10a, Wnt10b, EGF and BMP6 mRNA expression levels 
in DPCs and HaCaT cells cultured in 0, 1 or 10% FBS. (D) RT‑qPCR analysis of Wnt3a, Wnt10a, Wnt10b, EGF and BMP6 mRNA levels in DPCs and HaCaT 
cells cultured in 0, 1 or 10% FBS; n=3. *P<0.05 vs. P5 DPC. (E) RT‑PCR analysis of Wnt3a and Wnt10a mRNA levels in keratinocytes and HaCaT cells 
cultured in 1 or 10% FBS. (F) RT‑qPCR analysis of Wnt3a and Wnt10a mRNA levels in keratinocytes and HaCaT cells cultured in 1 or 10% FBS; n=3. *P<0.05, 
**P<0.01 vs. keratinocytes. (G) Cell Counting Kit‑8 assay in DPCs cultured with HaCaT‑CM under different conditions. (H) RT‑qPCR analysis of Sox2, ALP 
and Versican mRNA levels in DPCs cultured in HaCaT‑CM under different conditions; n=3. Data represent the mean ± SEM. *P<0.05, **P<0.01 vs. Ctrl. 
CM, conditioned media; FBS, fetal bovine serum; BMP6, bone morphogenetic protein 6; DPC, dermal papilla cells; ALP, alkaline phosphatase; P, passage; 
RT‑qPCR, reverse transcription‑quantitative PCR; Ctrl, control.

Figure 5. Culture in HaCaT‑CM supplemented with SB, CHIR and PDGF‑AA enhances the hair‑inducing capacity of DPCs. (A) Table showing the small 
molecule inhibitors used to supplement HaCaT‑CM. (B) Reverse transcription‑quantitative PCR analysis of Sox2, ALP and Versican mRNA levels in DPCs 
cultured in HaCaT‑CM supplemented with SB, CHIR and PDGF‑AA; n=3. (C‑1) Western blot analysis of Sox2, ALP and β‑catenin levels in DPCs cultured in 
HaCaT‑CM supplemented with SB, CHIR and PDGF‑AA; (C‑2) densitometry analysis; n=3. Data represent the mean ± SEM. *P<0.05, **P<0.01 vs. group A. 
CM, conditioned media; SB, SB431542; CHIR, CHIR99021; PDGF, platelet‑derived growth factor; DPC, dermal papilla cells; ALP, alkaline phosphatase.
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HaCaT‑CM supplemented with SB, CHIR and PDGF‑AA 
maintains the hair‑inducing capacity of DPCs. To further 
promote the characteristics of DPCs in vitro and maintain their 
expression of hair‑inducing genes and proteins, HaCaT‑CM 
was supplemented with small molecule inhibitors namely 
10 mM SB and 3 mM CHIR, as well as 5 ng/ml PDGF‑AA, 
and then the growth and differentiation of the DPCs at P7 were 
observed. The medium components in each group are listed in 
Fig. 5A. The results showed that treatment with HaCaT‑CM 
containing SB, CHIR and PDGF‑AA significantly upregulated 
the mRNA expression levels of Sox2, ALP and Versican in 
DPCs compared with other treatment combinations (Fig. 5B). 
In addition, a western blot analysis showed that Sox2, ALP and 
β‑catenin expression levels were all upregulated after treat‑
ment with HaCaT‑CM containing SB, CHIR and PDGF‑AA 
compared with other treatment combinations (Fig. 5C).

HaCaT‑CM supplemented with SB, CHIR and PDGF‑AA 
increases DPC characteristics in a hanging drop culture 
system. DPCs at P7 were seeded into hanging drop dishes, 
and after 7 days of culture, DPC aggregates were observed 
(Fig. 6A and B). The average diameter and surface area of DPC 
sphere cultures in HaCaT‑CM supplemented with SB, CHIR 
and PDGF‑AA were significantly larger than those cultured 

in control medium (Fig. 6C and D). Additionally, the expres‑
sion levels of Sox2 and ALP in DPCs cultured in HaCaT‑CM 
supplemented with SB, CHIR and PDGF‑AA in the hanging 
drop culture were significantly increased compared with 
those cultured in control medium (Fig. 6E). Moreover, higher 
expression levels of Sox2 and ALP were also found by 
immunofluorescent staining following culture in HaCaT‑CM 
supplemented with SB, CHIR and PDGF‑AA compared with 
those cultured in control medium (Fig. 6F and G).

Discussion

DPs are located in the bulb area of HFs, and it is here that 
DPCs receive crucial signals from surrounding keratino‑
cytes. Numerous studies have proven that keratinocytes are 
indispensable cellular components during hair regeneration 
for their role of interacting with DPCs (2,6). Keratinocytes 
secrete a variety of bioactive molecules that are necessary for 
preserving DPC characteristics in vivo (17,18). Accordingly, we 
speculated that the co‑culture of DPCs with keratinocytes or 
using keratinocyte‑CM (containing bioactive molecules) can 
induce the redifferentiation of DPCs and preserve their hair 
formation properties after long‑term 2D subculture. However, 
co‑cultivation with keratinocytes has some disadvantages, 

Figure 6. HaCaT‑CM supplemented with SB, CHIR and PDGF‑AA increases DPC characteristics in a hanging drop culture system. (A) Aggregate of DPCs in 
hanging drop cultures using HaCaT‑CM supplemented with SB, CHIR and PDGF‑AA. (A‑1) Scale bar, 200 and (A‑2) scale bar, 100 µm. (B) Hematoxylin and 
eosin staining of DPC spheres (scale bar, 100 µm). (C) Sphere diameter analysis of DPC aggregates cultured in HaCaT‑CM supplemented with SB, CHIR and 
PDGF‑AA; n=20. (D) Sphere area analysis of DPC aggregates cultured in HaCaT‑CM supplemented with SB, CHIR and PDGF‑AA; n=20. (E) Reverse tran‑
scription‑quantitative PCR analysis of Sox2, ALP and Versican mRNA levels in 3D cultures using HaCaT‑CM supplemented with SB, CHIR and PDGF‑AA, 
and in two‑dimensional cultures in HaCaT‑CM supplemented with SB, CHIR and PDGF‑AA; n=3. Immunocytochemical staining for (F) Sox2 and (G) ALP in 
DPC spheres from 3D cultures using HaCaT‑CM supplemented with SB, CHIR and PDGF‑AA (scale bar, 100 µm). Data represent the mean ± SEM. *P<0.05, 
**P<0.01 vs. Ctrl. CM, conditioned media; SB, SB431542; CHIR, CHIR99021; PDGF, platelet‑derived growth factor; DPC, dermal papilla cells; ALP, alkaline 
phosphatase; 3D, three‑dimensional; Ctrl, control.
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including donor‑to‑donor variability in the characteristics 
of the keratinocyte cells, and the cells differentiate quickly 
during cultivation (19), so it is difficult to harvest enough cells 
to produce high‑quality CM for DPC cultures. As a means 
of addressing this, HaCaT cells were used in the present 
study. These cells are a spontaneously immortalized human 
keratinocyte cell line from adult skin that maintain a stable 
phenotype during in vitro passaging, which can proliferate in 
FBS‑supplemented medium without the addition of growth 
factors for continuous growth (19). In the present study, it was 
found that the mRNA expression levels of Wnt3a and Wnt10b in 
HaCaT cells were significantly higher than in primary cultured 
keratinocytes, indicating a potential ability of these cells to 
secrete Wnt. Wnt signaling has been demonstrated to regulate 
HF induction and promote hair growth. The expression of Wnt 
ligands (Wnt1a, 3a, 7a, 10b and 11) has also been reported in 
HFs isolated from postnatal skin, suggesting that HaCaT cells 
could be utilized to produce CM for DPC culture (11,20‑22). 
Therefore, unlike normal keratinocytes, a sufficient quantity 
of CM with stable quality could be collected from the HaCaT 
cell line for long‑term cultivation of DPCs in vitro. To the 
best of our knowledge, the present study is the first report to 
explore the HaCaT cell‑CM combined with small molecular 
compounds to inhibit the dedifferentiation of DPCs in vitro.

The present study examined changes in gene and protein 
expression levels during 2D  cell culture of DPCs. The 
results showed that there were significant decreases in the 
levels of Sox2, Versican and ALP during the normal culture 
(DMEM‑F12 with 10% FBS and 10 ng/ml bFGF). Furthermore, 
β‑catenin expression levels were also significantly decreased, 
indicating that the activity of the Wnt/β‑catenin pathway is 
downregulated in DPC cultures. These results are consistent 
with previous reports (10,11,14), demonstrating that down‑
regulation of the Wnt/β‑catenin pathway can lead to DPC 
dedifferentiation.

There are numerous reports that small molecule 
compounds can be used to inhibit or activate signaling 
pathways and have been extensively used in numerous cell 
proliferation and differentiation studies (23‑25). For example, 
recently, Yoshida et al (24) found that treating DPCs with the 
canonical Wnt/β‑catenin signaling activator CHIR99021, a 
potent inhibitor of GSK3α and GSK3β, significantly enhanced 
the expression of DP signature genes associated with their 
hair‑inducing ability (24). For these reasons, in the present 
study, DPCs were cultured in the presence of HaCaT‑CM 
supplemented with the Wnt signaling activator CHIR. 
FGF2/bFGF has also been reported to enhance DPC prolifera‑
tion (13). Accordingly, in addition to Wnt, bFGF was added as 
an elemental component in the DPC culture medium.

PDGF is a potent mitogen for cells of mesenchymal 
origin (12,13). It has been suggested that PDGF‑AA expres‑
sion by immature adipocytes regulates the activity of follicular 
stem cells and that PDGF receptor α is activated in the DP 
during the anagen phase (13). Hair reconstitution assays have 
also revealed that DPCs treated with both PDGF‑AA and 
FGF2 show an improved ability to maintain their hair induc‑
tive activity compared with those treated with FGF2 alone (12). 
PDGF has also been revealed to contribute to the induction and 
maintenance of the anagen phase in HFs in vivo (12,13,26). 
Based on these findings, PDGF was considered to be essential 

factor to promote the growth of DPCs and to maintain hair 
follicle inductive ability in vivo. For all of these reasons PDGF 
was also added to the HaCaT‑CM in the present study.

During the skin healing process that occurs following 
skin injury, DPCs dedifferentiate into fibroblast‑like cells 
and participate in the wound healing process. It has been 
reported that TGF‑β1 induces DPC dedifferentiation to the 
fibroblast‑like phenotype (27,28). In the present study, it was 
observed that the expression levels of p‑Smad2 and p‑Smad3 in 
the TGF‑β/Smad signaling pathway gradually increased with 
passage time, suggesting that TGF‑β/Smad pathway activation 
causes DPC dedifferentiation during DPC sub‑cultivation. 
SB is a potent small molecule inhibitor of the TGF‑β/Smad 
pathway that blocks the type I receptor ALK5  (29). For 
this reason, SB was also included in the CM to inhibit the 
TGF‑β/Smad pathways.

Culture of DPCs in HaCaT‑CM supplemented with SB, 
CHIR and PDGF‑AA increased the expression levels of Sox2, 
ALP and β‑catenin more significantly at both the mRNA and 
protein levels compared with other culture conditions. The 
mRNA expression levels of Versican were also upregulated 
~2‑fold by culturing in HaCaT‑CM supplemented with SB, 
CHIR and PDGF‑AA compared with those in the control 
medium; however, the protein levels did not show a significant 
change (data not shown). The reason for this is unclear, but 
it does suggest that Versican protein expression is inhibited 
at the post‑transcriptional stage through an unknown mecha‑
nism. Additionally, the functional role of Versican in hair 
follicle development and hair growth is also unclear; however, 
several researchers have suggested that Versican functions 
as an inhibitor of cell‑cell or cell‑ECM adhesion (9,30). As 
DPCs are densely packed in the postnatal skin, Versican 
could selectively prevent the incorporation of dermal fibro‑
blasts (non‑DP‑destined cells) into the DP. It is possible that 
continuous Versican expression in condensed mesenchymal 
cells may be required to exclude the additional surrounding 
dermal fibroblasts from condensation, thus maintaining the 
purity of the induced DPC population (1). We hypothesized 
that without signals or stimulation from fibroblasts or other 
dermal components, the Versican levels in DPCs may not rise 
significantly. However, this will require further investigation 
to uncover the specific underlying mechanism.

In the hair follicle bulb, DPCs are assembled in a 3D orga‑
nization, where cell‑cell and cell‑ECM interactions are crucial 
for maintaining the biological functions of DPC (4,5,9,18). 
However, in vitro, 2D cell culture systems do not reflect the 
in vivo environment and may cause DPCs to rapidly lose their 
distinctive features and inductive function. Previous studies 
have reported that in vitro conditions mimicking in vivo‑like 
conditions, specifically DPCs grown into a 3D microtissue, 
can preserve the natural functions of DPCs and enhance their 
hair‑inducing potential after in vivo transplantation (31,32). In 
both human and murine hair, the DP size specifies the hair size, 
shape and cycling (33). Moreover, the DP size mainly depends 
on DPC number. The average volume of DP in the human 
scalp is ~536x103 (µm3), and the total number of DPCs within 
the DP is ~1.3x103 (34). Accordingly, in the present study, the 
hanging drop technique was utilized to create cell‑aggregated 
3D spheroids. It was found that 3x103 cells formed tightly 
aggregated spheroids in HaCaT‑CM supplemented with 
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SB, CHIR and PDGF‑AA, and that the average volume was 
~523x103 (µm3) (data not shown), which was similar to the size 
of hair follicle DPs in a healthy human scalp. Furthermore, 
increased Sox2 and ALP gene and protein expression levels 
were found in the spheroids formed, indicating that the combi‑
nation of the hanging drop 3D culture and the supplemented 
HaCaT‑CM is favorable for reconstructing an artificial DP 
structure in vitro. In future studies, we plan to conduct in vivo 
transplantation to evaluate the hair regenerative capacity of 
these artificial DP structures using these culture conditions.

To the best of our knowledge, this is the first study 
to demonstrate the development of a novel DPC culture 
medium comprising HaCaT‑CM supplemented with defined 
small molecules and growth factors, which has significant 
synergetic effects in restoring the expression of signature 
DPC genes. Furthermore, combining this with the hanging 
drop 3D culture was demonstrated to be more effective in 
reconstructing DP‑like structures with high expression of hair 
follicle‑inducing proteins than 2D cultures.

In conclusion, cultured and expanded DPCs can change 
their morphology and lose their hair‑inducing ability. 
However, HaCaT‑CM was successfully used to reverse the 
signature gene expression patterns of high‑passage DPCs 
by culturing in the presence of small molecule inhibitors, 
including SB, CHIR, and the growth factor PDGF‑AA. The 
present study showed that this culture method could possibly 
maintain the hair induction ability of DPCs after several 
passages in expansion cultures. Therefore, this strategy 
could be used to potentially improve DPC culture methods 
to provide high‑quality and high‑quantity DPCs for both the 
construction of tissue engineered HFs for hair loss treatment 
and for skin wound repair.
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