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Dermal papillae are a target of androgen action in patients with androgenic alopecia,
where androgen acts on the epidermis of hair follicles in a paracrine manner. To mimic
the complexity of the dermal papilla microenvironment, a better culture model of human
dermal papilla cells (DPCs) is needed. Therefore, we evaluated the inhibitory effect of
dihydrotestosterone (DHT)-treated two-dimensional (2D)- and 3D-cultured DPCs on hair
follicle growth. 2D- and 3D-cultured DPC proliferation was inhibited after co-culturing
with outer root sheath (ORS) cells under DHT treatment. Moreover, gene expression
levels of β-catenin and neural cell adhesion molecules were significantly decreased
and those of cleaved caspase-3 significantly increased in 2D- and 3D-cultured DPCs
with increasing DHT concentrations. ORS cell proliferation also significantly increased
after co-culturing in the control-3D model compared with the control-2D model.
Ki67 downregulation and cleaved caspase-3 upregulation in DHT-treated 2D and 3D
groups significantly inhibited ORS cell proliferation. Sequencing showed an increase
in the expression of genes related to extracellular matrix synthesis in the 3D model
group. Additionally, the top 10 hub genes were identified, and the expression of
nine chemokine-related genes in DHT-treated DPCs was found to be significantly
increased. We also identified the interactions between transcription factor (TF) genes
and microRNAs (miRNAs) with hub genes and the TF–miRNA coregulatory network.
Overall, the findings indicate that 3D-cultured DPCs are more representative of in vivo
conditions than 2D-cultured DPCs and contribute to our understanding of the molecular
mechanisms underlying androgen-induced alopecia.
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INTRODUCTION

Hair follicle development and growth depends on reciprocal epithelial–mesenchymal interactions,
and the starting point of the initial signals is thought to originate from the mesenchymal dermis
(Dhouailly, 1973). The dermal papillae, a cluster of mesenchymal cells at the base of the hair follicle,
are considered to play an important role in the hair cycle by regulating the growth and activity of
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various cells in hair follicles through the secretion of diffusible
proteins to the epidermis of hair follicles (Andl et al., 2002).

Androgen alopecia (AGA), also known as male hair loss,
affects 50% of men worldwide and is the most common form
of hair loss in men (McElwee and Shapiro, 2012). AGA is
characterized by the gradual miniaturization of hair follicles
and a premature transition from anagen to catagen induced by
androgens (Jahoda, 1998). The dermal papilla cells (DPCs) of
bald scalp contain more 5-α-reductase, leading to the conversion
of peripheral testosterone into a more active dihydrotestosterone
(DHT), which has an affinity that is five times as strong as
that of testosterone. DHT binds to androgen receptors (ARs)
in the nucleus, initiating a cascade of reactions and triggering
this effect (Dallob et al., 1994). Overall, DPCs are the targets
of androgen action in AGA hair follicles. Androgen drives
DPCs to act on themselves in a paracrine manner in hair
follicle epithelial cells, resulting in the miniaturization of hair
follicles and changes in the hair follicle cycle (Randall et al.,
2001). Thus, altering the expression of DPC-related genes
under DHT treatment may be a key factor in androgen-
potentiated balding.

To elucidate the regulatory effect of DHT-treated DPCs
on epidermal cells of hair follicles, a co-culture model was
established in 1995 in which outer root sheath (ORS) cells
were cultured in the upper compartment and DPCs in the
lower compartment of Transwell culture dishes (Itami et al.,
1995). Subsequently, several scientists have used this co-culture
model to explore the mechanism of AGA. Kwack et al. (2008)
found that DHT-mediated Dickkopf Wnt signaling pathway
inhibitor 1 (DKK1), secreted by DPCs, is involved in DHT-
driven balding. Kitagawa et al. (2009) observed that DHT
inhibited the proliferation of keratinocytes, which was induced
by Wnt3a through Wnt/β-catenin signaling. Leirós et al. (2017)
reported that DHT activates GSK-3β in DPCs, inhibiting the
differentiation of hair follicle stem cells by phosphorylating
β-catenin (Kitagawa et al., 2009); they also found that DHT
could downregulate the expression of Wnt5a and Wnt10b by
stimulating DPCs from patients with AGA. Inui et al. (2002)
examined the role of androgen-induced transforming growth
factor-β (TGF-β1) derived from DPCs in AGA, which is involved
in the growth inhibition of epithelial cells in a co-culture system.
Kwack et al. (2012) reported that DHT-inducible IL-6 inhibits
the proliferation of human follicular keratinocytes. The above
findings were obtained using the co-culture model of DPCs and
hair follicle epidermal cells.

In previous studies, the DPCs were cultured in two-
dimensional (2D) monolayers of co-culture systems; however,
DPCs in vivo are surrounded by an extracellular matrix (ECM),
clustered into a special 3D spherical and structured dermal
papilla. Therefore, the 2D model has some limitations because
it is unable to mimic the complexity of the hair follicle
microenvironment. Compared with 2D culture conditions,
a significant advantage of 3D culture is that it reduces
the differences between cell models in vitro and in vivo.
Additionally, 3D cultured cells are more representative of
the complexity of in vivo conditions (Thippabhotla et al.,
2019). With respect to DPCs in particular, previous studies

have reported that 3D-cultured DPCs possess a greater hair
follicle regenerating ability than 2D-cultured DPCs (Lin G.
et al., 2020), indicating considerable differences in 2D- and
3D-cultured DPCs. Hair inductivity sharply decreases when
DPCs are expanded in 2D culture because of the absence of
the 3D microenvironment (Ohyama et al., 2012; Abaci et al.,
2018). Several different approaches have been employed to
construct DP spheroids in an attempt to restore the inductive
characteristics of DPCs, such as hanging drop culture (Lin
et al., 2016), low adhesion biomaterial surfaces (Osada et al.,
2007), and hydrogel culture (Tan et al., 2019). In this study,
we used a low adhesion biomaterial surface approach to culture
DPCs in 3D and speculated that DHT-induced 2D- and 3D-
cultured DPCs may secrete different kinds of proteins, inhibiting
the proliferation of hair follicle epidermal cells by activating
different pathways.

RNA sequencing (RNA-seq) is a relatively new method for
analyzing eukaryotic transcripts, and it is cheaper and more
effective for identifying previously unknown gene signatures
compared with microarray and Sanger sequencing technology
(Nagalakshmi et al., 2008). In the present study, we used RNA-
seq to identify differentially expressed genes (DEGs) in 2D- and
3D-cultured DPCs under DHT treatment.

MATERIALS AND METHODS

In vitro Dermal Papilla Cells Cultured
in 2D
Human hair follicles were taken from the balding (frontal) area
of male patients undergoing hair transplantation surgery. Ethical
approval and informed consent were obtained preoperatively
from Nanfang Hospital of Southern Medical University. Dermal
papillae were isolated from the bulbs of hair follicles, plated
in a cell culture flask (Corning Inc., NY, United States) and
cultured in Dulbecco’s Modified Eagle Medium (DMEM; Gibco,
MA, United States) supplemented with 1% (v/v) penicillin–
streptomycin and 20% (v/v) fetal bovine serum (FBS; Gibco) at
37◦C and 5% CO2. Once the outgrowth reached 80% confluence,
human DPCs were harvested by incubating with 0.25% (w/v)
trypsin/EDTA (Gibco) and transferring to new culture dishes at a
split ratio of 1:2.

In vitro Outer Root Sheath Cells Cultured
in 2D
Outer root sheath cells were isolated from the same hair
specimens mentioned above. The hair follicle bulb was separated
using microscissors and treated with 0.1% dispase (Invitrogen,
CA, United States) for 45 min. The dermal sheaths were
separated and removed under a stereoscope, and the epidermis
was treated with 0.05% trypsin (Gibco) for 10 min. After
terminating digestion, the samples were filtered through a
70-µm strainer (Corning Inc.) and cultured with defined
keratinocyte-SFM (KSFM; Gibco) in flasks that were pre-
coated with 10 µg/mL human fibronectin (Sigma-Aldrich,
MO, United States).
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In vitro Dermal Papilla Cells Cultured in
3D
For 3D culture, DPCs were seeded in an ultra-low attachment
96-well plate (Corning Inc.) with DMEM, supplemented with 1%
(v/v) penicillin–streptomycin and 10% (v/v) FBS. Spheroids were
formed 1 day after seeding and were used in the further assays.

MTT Assay
Two-dimensional- and 3D-cultured DPCs (8 × 103 cells per
well) were seeded into 96-well plates and cultured for two days
with DHT at different concentrations. MTT (20 µL; 5 mg/mL)
was added to each well, and the cells were incubated for 4 h at
37◦C; subsequently 200 µL of dimethyl sulfoxide was added to
dissolve the formazan after removing the supernatant products.
Proliferation of DPCs was determined spectrophotometrically
at 570 nm using an ELISA reader (TECAN Infinite F50,
Männedorf, Switzerland).

Co-culture of Dermal Papilla Cells and
Outer Root Sheath Cells
Two-dimensional-cultured DPCs were harvested by incubation
with 0.25% (w/v) trypsin/EDTA from the cell culture flask and
plated at a density of 1× 104 cells/cm2 in the upper compartment
of Transwell culture dishes (Corning Inc.). Dermal papillae
spheres of the same quantity as the 2D-cultured cells were also
transferred to the upper compartment of another Transwell
culture dish. ORS cells (4 × 103 cells/well), which were cultured
in FBS-free DMEM on the day before co-culture, were added to
the lower compartment of each dish and co-cultured with 2D-
and 3D-cultured DPCs. After 1 day, the medium was changed
and 10 µM DHT was added to the co-culture system. The number
of ORS cells was counted after 3 days.

Western Blotting Analysis
Protein extracts were isolated from DPCs using a RIPA
protein lysis buffer containing a protease inhibitor cocktail
(Roche, Switzerland). Protein concentrations were determined
using a BCA protein assay kit (Pierce, IL, United States),
measuring the absorbance at 562 nm. Total protein (20 µg)
was subjected to SDS-PAGE, and the separated proteins were
transferred to a polyvinylidene fluoride membrane (Millipore,
MA, United States). The membrane was blocked in 5% bovine
serum albumin (BSA) for 1 h and probed with appropriate
primary antibodies overnight at 4◦C. Primary antibodies against
the following proteins were used: AR (1:2,000; ab133273, Abcam,
Cambridge, United Kingdom), neural cell adhesion molecule
(NCAM; 1:2,000, ab75813, Abcam), β-catenin (1:2,000; ab32572,
Abcam), Ki67 (1:2,000; ab16667, Abcam), cleaved caspase-3
(1:2,000; ab32042, Abcam), β-actin (1:5,000; ab8226, Abcam), and
alpha-tubulin (1:5,000; AC007, ABclonal, MA, United States).
After washing with Tris Buffered saline Tween, the blots were
incubated with the corresponding secondary antibody (1:1,000;
ab150077, Abcam) for 1 h at 20–25◦C and photographed using
an Odyssey infrared fluorescent scanning imager (Bio-Rad,
CA, United States).

Immunofluorescence
Dermal papilla cells were washed once with PBS and fixed
in 4% paraformaldehyde for 20 min at approximately 23◦C.
Then, the samples were rinsed with PBS three times, permeated
with 0.3% Triton X-100 (Solarbio, Beijing, China), and blocked
with 3% BSA (Solarbio). Subsequently, the samples were stained
with primary antibodies against AR (1:200; Abcam) at 4◦C
overnight. The next day, DPCs were incubated with Alexa Fluor-
568 conjugated anti-rabbit secondary antibody (1:200; Abcam)
and 2-(4-amidinophenyl)-6-indolecarbamidine dihydrochloride
(DAPI; 1:200; Abcam) for 1 h at 20–25◦C. Finally, the
samples were imaged using a fluorescence microscope (IX71 FL;
Olympus, Tokyo, Japan).

RNA Extraction, Library Construction,
and Sequencing
For RNA-seq analysis, 2D- and 3D-cultured DPCs were treated
with or without DHT for 3 days. Samples were collected
from 2D and 3D treated and control groups, and total RNA
was extracted using a TRIzol kit (Invitrogen), according to
the manufacturer’s instructions. RNA quality was evaluated
using Agilent 2100 Bioanalyzer (Agilent Technologies, CA,
United States) and examined using RNase-free agarose gel
electrophoresis. After total RNA extraction, eukaryotic mRNAs
were enriched using oligomeric (dT) beads, and prokaryotic
mRNAs were enriched by removing rRNAs using the Ribo-
ZeroTM magnetic kit (Epicenter, WI, United States). The enriched
mRNAs were then fragmented into short sequences using
fragmentation buffer and reverse transcribed into cDNA using
random primers. Second strand cDNA was synthesized using
DNA polymerase I, RNase H, dNTP, and buffer. The QiaQuick
PCR extraction kit (Qiagen, Venlo, Holland) was used to purify
the cDNA fragments, repair base ends, and connect the Illumina
sequencing adapters. The sizes of the ligated products were
determined using agarose gel electrophoresis. The products were
amplified by using PCR and sequenced using the Illumina
NovaSeq 6000 by Gene Denovo Biotechnology Co. (Guangzhou,
China). Gene expression analysis of identified transcripts was
performed using the DESeq2 package in R software. Genes with
changes in expression of p < 0.05 and log2| FC| > 1 were
considered to be DEGs.

Correlation Analysis of Replicates
Correlation analysis of the three parallel experiments was
performed using R software1 to evaluate the reliability and
operational stability of the experimental results. The repeatability
was evaluated by calculating the correlation coefficient among
the three replicates: the closer the correlation coefficient to 1, the
stronger the repeatability among the three parallel experiments.

Principal Component Analysis
Principal component analysis (PCA) was performed using an
omicshare tool.2 We performed PCA to reveal the structure or
relationship of the samples.

1http://www.r-project.org/
2https://www.omicshare.com
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Identification of Differentially Expressed
Genes
RNA differential expression analysis of the four groups (DHT-
2D, control-2D, DHT-3D, and control-3D) was performed using
DESeq2 (Love et al., 2014) software. Genes/transcripts with
p-value [false discovery rate (FDR)] < 0.05, and logarithmic
fold change value (log2FC) > 1 were considered to be DEGs.
Overlapping genes between two comparison groups (DHT-2D vs.
control-2D and DHT-3D vs. control-3D) were presented using
Venn diagrams. DEGs were annotated using Gene Ontology
(GO) and the Kyoto Encyclopedia of Genes and Genomes
(KEGG) databases.

Gene Ontology and Kyoto Encyclopedia
of Genes and Genomes Enrichment
Analysis
To further identify section “Advantages of Control-3D Over
Control-2D in Simulating Dermal Papilla Cells in vivo,” we used
KEGG3 to specify relevant molecular processes of control-2D
and control-3D. Subsequently, KEGG and GO were performed
using The Database for Annotation, Visualization, and Integrated
Discovery (DAVID; version 6.84) to analyze the associated cellular
pathways. Specifically, biological classification and molecular
function enrichment were assessed for the DEGs in the
control-2D vs. DHT-2D, and control-3D vs. DHT-3D, as well
as overlapping DEGs between the two comparison groups
(Huang et al., 2007).

Gene Set Enrichment Analysis
To determine statistically significant gene sets among the four
groups, the genes were analyzed using Gene Set Enrichment
Analysis (GSEA) software v3.0, available from the Broad
Institute.5 The dataset was input with the annotation file
“hallmark gene sets.” Enriched gene sets were identified based on
p < 0.05 and FDR q < 0.25.

Construction of a Protein–Protein
Interaction Network and Analysis of
Module
The Search Tool for the Retrieval of Interacting Genes (STRING6)
is an online database for analyzing protein–protein interaction
(PPI) networks of genes (Szklarczyk et al., 2017), which
determines genes as nodes and interactions as lines in a
network. In the present study, the STRING database was used
to construct the PPI network of overlapping DEGs between
DHT-2D vs. control-2D and DHT-3D vs. control-3D. Networks
with a combined score >0.4 were defined as statistically
significant interactions. Cytoscape (v3.7.1) software was used
to visualize the network file and present core and hub gene
biological interactions. The plugin Molecular Complex Detection
(MCODE) (version 1.4.2) of Cytoscape is an application for

3https://www.kegg.jp/
4http://david.ncifcrf.gov
5http://software.broadinstitute.org/gsea/index.jsp
6http://string-db.org; version 10.5

clustering a given network based on topology to find densely
connected regions. The PPI networks were depicted using
Cytoscape, and the most significant module in the PPI networks
was identified using MCODE. The standard for selection was
as follows: MCODE scores >5, degree cut-off = 2, node score
cut-off= 0.2, max depth= 100, and node k-score= 2.

Hierarchical Clustering
Unsupervised hierarchical cluster analysis was performed on the
ECM–receptor related genes, reported AGA-related genes, and
overlapping DEGs in the two comparison groups (control-2D vs.
DHT-2D and control-3D vs. DHT-3D). Raw z-scores were first
calculated from counts of the four groups and then subjected to
agglomerative hierarchical clustering analysis based on Ward’s
method and Euclidean distance. Bioinformatics analysis was
performed, and heat maps were generated using an omicshare
program (see text footnote 2).

Hub Genes Selection and Analysis
Hub genes were obtained from an application plugin in
Cytoscape called CytoHubba. After constructing the network
of genes, the top 10 genes with degree ≥10 were identified
as hub genes. The Biological Networks Gene Oncology tool
(BiNGO) (version 3.0.3), another APP plugin in Cytoscape,
calculates overrepresented GO terms by GO_full analysis in
the network and displays them as a network of significant GO
terms. The term “GO_full analysis” is an option in the BiNGO
settings that includes biological processes, cellular components,
and molecular functions.

Quantitative Real-Time Reverse
Transcription Polymerase Chain
Reaction
Total RNA was extracted using a TRIzol reagent (Invitrogen)
to evaluate expression levels of the 10 hub genes. cDNA was
reverse transcribed from 2 mg of RNA using the SYBR Prime-
Script RT-PCR Kit (TaKaRa Bio, Japan). Quantitative real-time
reverse transcription polymerase chain reaction (qRT-PCR) was
performed using the ABI Prism 7900HT Sequence Detection
System (Life Technologies, CA, United States), according to the
manufacturer’s protocol. Relative gene expression levels were
calculated using the 2−11Ct method.

Transcription Factor-Gene and
MicroRNA Interactions With Hub Genes
and Transcription Factor–MicroRNA
Coregulatory Network
The NetworkAnalyst7 platform was used to identify transcription
factor (TF)-gene and microRNA (miRNA) interactions with hub
genes and the TF–miRNA coregulatory network.

Statistical Analysis
Statistical analysis was conducted using one-way ANOVA and
two-tailed Student’s t-test in GraphPad Prism 8 (GraphPad

7https://www.networkanalyst.ca/
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Software Inc., CA, United States). Results are presented as the
mean ± standard deviation (SD), and statistical significance was
set at p ≤ 0.05. Heat maps were used to display the hierarchical
groupings of the gene expression profiles of the samples using R
package. Each experiment was repeated at least three times.

RESULTS

Selection of Dermal Papilla Cells With
Relatively High Expression of Androgen
Receptor for Co-Culture Model
The results of immunofluorescence staining of DPCs at passage
(P)2, P4, P6, and P8 showed that the AR protein was significantly
expressed in P2 and P4 compared with that in P6 and
P8 (Figure 1A). Similarly, western blotting analysis showed
that the AR protein of the DPCs decreased during passage
(Figures 1B,C), and the differences between the P2 group and
the other groups were statistically significant. Additionally, when
DPCs were treated with 10 µm DHT, immunofluorescence
staining revealed that the AR had been transferred from the
original cytoplasm to the nucleus (Figures 1D,E). We selected
P2 DPCs with relatively high AR expression for the co-
culture model.

Establishment of 2D and 3D Dermal
Papilla Cell Co-Culture Models With
Outer Root Sheath Cells for Androgen
Alopecia
The construction process of 2D and 3D co-culture models
is shown in Figure 2. DPCs are located within a complex
ECM environment that involves wide-ranging intermolecular
interactions. The 3D co-culture model thus offers a way to
simulate the in vivo morphology and normal physiological
function of these cells. DHT inhibited the proliferation of 2D-
cultured DPCs in a dose-dependent manner after 2 days of
treatment (p < 0.0001); however, only 10 µm DHT significantly
inhibited the proliferation of 3D-cultured DPCs (Figure 3A).
Additionally, there was a significant decrease in NCAM and
β-catenin expression and a significant increase in cleaved caspase-
3 expression in the 2D- (Figures 3D–G) and 3D-cultured
DPCs (Figures 3H–K) with increasing DHT concentration. The
number of ORS cells in the 3D co-culture model was nearly
1.5-times that of the 2D co-culture model. However, there was
a decrease in the quantity of ORS cells in both the 2D and
3D co-culture models with an increase in DHT concentration
(Figure 3B). DHT did not have an inhibitory effect on ORS cells
that were not co-cultured with DPCs, suggesting that the negative
effect of DHT on ORS cells (Figure 3C) was mediated indirectly

FIGURE 1 | Expression of androgen receptor in cultured DPCs and AR translocation from the cytoplasm to nucleus following DHT treatment.
(A) Immunofluorescence images of AR expression of DPCs in different passages. Scale bar = 200 µm. (B) Western blotting analysis of AR in different passages.
(C) Relative expression of AR protein in P2, P4, P6, and P8. Immunofluorescence images of AR expression (D) in the cytoplasm in the absence of DHT, and (E) in
the nucleus in the presence of DHT. Results are presented as mean ± SD. *p < 0.05; ***p < 0.001, compared with P2 group by one-way ANOVA and Student’s
t-test. AR, androgen receptor; DHT, dihydrotestosterone; DPC, dermal papilla cells.
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FIGURE 2 | Construction process for the 2D and 3D co-cultured models. The schematic shows the construction process of the 2D and 3D co-culture models
containing DPCs and ORS cells. The specific steps are mentioned in section “Materials and Methods.” DPCs and ORS cells were seeded, respectively, in the upper
and lower compartments of Transwell culture dishes, with or without of DHT (10 µM). DHT, dihydrotestosterone; DPC, dermal papilla cell; ORS, outer root sheath.

by DPCs. There was a significant decrease in Ki67 (Figures 3L–N)
and cleaved caspase-3 (Figures 3L,O,P) expression in ORS cells
with increasing DHT concentration.

Clear Separation of Transcriptional
Signatures of Inter-Groups and High
Reproducibility of Intra-Groups
High-throughput sequencing technology was used to investigate
the mRNA profiles of genes in the control-2D, DHT-2D, control-
3D, and DHT-3D groups. A total of 12 DPC samples were
collected from the models, with three samples from each group.
Furthermore, Pearson’s correlation analysis was performed to
examine the similarity and discrepancy between the four groups
using the normalized fragment counts as the distance between
genes. The results showed that samples in the same group
were highly similar, while samples from different groups were
distinct. The correlation coefficients of the four groups ranged
0.85–0.88 for control-2D and control-3D, 0.96–0.97 for control-
2D and DHT-2D, and 0.96–0.98 for control-3D and DHT-
3D samples (Figure 4A). PCA results showed that 88.4% of
gene expression variation (PC1: 70.1%, PC2: 18.3%) could be
explained by the first two PCs (Figure 4B). Two of the four
groups in the PCA projection showed a significant distance in
the PC space, indicating that the significant variations in gene
expression of the different treatment groups can be attributed to
the DHT treatment and cell morphological changes in 2D- and
3D-cultured DPCs. A short distance in the intra-group analysis
prompted minute variations and high biological replication
among the three samples within one group. To directly observe
gene abundance at any location in each sample, we used a violin
plot to display the degree of dispersion of gene expression (y-axis)
and data distribution of a vertical coordinate position (x-axis).
We found that the interquartile distance, median, and gene
expression distribution in the intra-group were nearly the same,

indicating that the parallel samples had high reproducibility
(Figure 4C). The correlation heatmap, PCA analysis, and violin
plot demonstrated a clear separation of transcriptional signatures
between the four groups and confirmed high-quality RNA-seq
data for further functional analysis.

Advantages of Control-3D Over
Control-2D in Simulating Dermal Papilla
Cells in vivo
To demonstrate that the 3D model is more representative of the
in vivo situation than the 2D model. The results of the analysis
showed that there were 1,652 upregulated genes and 1,343
downregulated genes in the control-2D vs. control-3D group
(Figure 5A). KEGG analysis of the DEGs indicates that the DEGs
were mainly enriched in ECM–receptor interaction, with the
gene number/total gene number (gene ratio) close to 0.5. Among
22 genes enriched in ECM–receptor interaction, unsupervised
hierarchical clustering showed that 20 were upregulated and
two were downregulated (Figure 5B), suggesting that the ECM
was more abundant in the control-3D group (Figure 5C).
Additionally, β-catenin expression was significantly higher in
the control-3D than that in the control-2D group (Figure 5D),
indicating the involvement of the canonical Wnt/β−catenin
pathway, owing to 3D aggregation of DPCs. The expression of
NCAM and β-catenin was confirmed by western blotting analysis
(Figures 5E–G). The upregulated expression of NCAM in the
3D-control showed that the 3D model could exhibit, to some
extent, the characteristics of hair follicle development in vivo.

Identification of Differentially Expressed
Genes in Two Comparison Groups and
Reliability of the Models
To further characterize DEGs in the control-2D vs. DHT-2D
and control-3D vs. DHT-3D groups, gene expression analysis
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FIGURE 3 | Effect of dihydrotestosterone on outer root sheath cells regulated by dermal papilla cells in 2D and 3D co-culture models. (A) Effect of different
concentrations of DHT on the proliferation of 2D- and 3D-cultured DPCs. (B) Relative ORS cell number in the four groups (control-2D, DHT-2D, control-3D, and
DHT-3D). (C) Quantity of ORS cells cultured alone in the absence or presence of DHT (10 µM). Western blotting analysis of NCAM, β–catenin, and cleaved
caspase-3 in the 2D- (D) and 3D-cultured (H) DPCs at 0 nM (control), 1 nM, 100 nM, and 10 µM DHT (D). Relative expression of NCAM, β–catenin (F), and cleaved
caspase-3 in 2D (E–G) and 3D (I–K) DPCs. (L) Western blotting analysis of Ki67 and cleaved caspase-3 in 2D- and 3D-co-cultured ORS cells at 0 nM (control),
1 nM, 100 nM, and 10 µM DHT. Relative expression of Ki67 and cleaved caspase-3 in 2D (M,N) and 3D (O,P) ORS cells. The results were obtained using three
replicates and presented as mean ± SD. ns, not significant; *p < 0.05; **p < 0.01; ***p < 0.001; and ****p < 0.0001 compared with the respective controls by
one-way ANOVA and Student’s t-test. DHT, dihydrotestosterone; DPC, dermal papilla cell; NCAM, neural cell adhesion molecule; ORS, outer root sheath.

was conducted on the transcripts (19,727 identified genes)
from the two comparison groups (Figures 6A,C). A total of
3,331 DEGs were identified (1,891 in control-2D vs. DHT-2D

and 1,440 in control-3D vs. DHT-3D), among which 1,175
were upregulated and 776 were downregulated in control-
2D vs. DHT-2D samples, while 845 were upregulated and
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FIGURE 4 | Correlation analysis between samples. (A) Logarithm-transformed counts from RNA-seq dataset of control-2D, DHT-2D, control-3D, and DHT-3D used
for Pearson’s correlation analysis. R2 values from Pearson’s correlation analysis were plotted inside the grids of the heatmap. (B) PCA analysis. Percentages in PCA
axis indicate the proportional variance explained by each PC. Control-2D samples are labeled pink, DHT-2D samples are labeled green, control-3D samples are
labeled purple, and DHT-3D samples are labeled yellow, representative of conditions located in the upper right part of plot. (C) Violin plot visualizing data density at
any location of all genes in each sample, indicating gene abundance expression. White dots represent the median, the black rectangle represents the lower quartile
(Q1) range to the upper quartile (Q3), and black lines running through the violin chart represent the confidence interval. The outer shape of the black rectangle is the
kernel density estimation, the length of the longitudinal axis of the figure represents the degree of gene dispersion, and the length of the horizontal axis represents the
amount of gene expression distribution in a certain ordinate position. DHT, dihydrotestosterone; PCA, principal component analysis.

595 were downregulated in control-3D vs. DHT-3D samples
(Figure 6E). To verify that the model can accurately reflect
the effect of DPCs on ORS under androgen stimulation, an
unsupervised hierarchical clustering was conducted using six
genes (IGF-1, DKK1, IL-6, TGF-β1, PTGDS, and CXXC5)
(Figures 6B,D). A hierarchical heatmap indicated that IGF-
1 expression was downregulated in both the 2D and 3D
models by DHT, while the expression levels of DKK1, IL-6,

TGF-β1, PGD2, and CXXC5 were upregulated in both models
by DHT.

Gene Ontology functional annotation and KEGG pathway
analysis of the DEGs in the control-2D vs. DHT-2D and
control-3D vs. DHT-3D (1,891 and 1,440 genes) groups were
performed using the DAVID online tool. KEGG analysis revealed
that alterations in metabolism were significantly altered during
steroid biosynthesis in DEGs identified in the comparison
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FIGURE 5 | Identification and comparison of 2D and 3D co-culture models in the absence of dihydrotestosterone. (A) Quantity of DEGs in control-2D vs. control-3D
groups, displayed as a bar chart. Blue represents upregulation and green represents downregulation. (B) KEGG analysis of DEGs between control-2D and
control-3D. The size of the bubble represents gene number, color depth represents the p-value, and the rich ratio represents the gene number/total gene number on
the y-axis. (C) DEGs (22) in the control-2D and control-3D related to the ECM–receptor interaction are depicted as a heatmap. Red indicates upregulation and blue
indicates downregulation. (D) Expression of β–catenin and NCAM of control-2D and control-3D depicted as a heatmap. Red indicates upregulation and blue
indicates downregulation. (E) Western blotting analysis of expression of NCAM and β–catenin and the relative expression of NCAM (F) and β–catenin (G) in
control-2D and control-3D DPCs. DEGs, differentially expressed genes; DPC, dermal papilla cell; ECM, extracellular matrix; NCAM, neural cell adhesion molecule.
*p < 0.05; **p < 0.01.

groups. Meanwhile, in the 2D group, DEGs enriched in
environmental information processing were primarily activated
in the ECM–receptor interaction, Ras signaling pathway,
PI3K-Akt signaling pathway, Wnt signaling pathway, and cell
adhesion molecules (Figure 7A). The MAPK signaling pathway,
TNF signaling pathway, ECM–receptor interaction, cytokine–
cytokine receptor interaction, Rap1 signaling pathway, and
PI3K–Akt signaling pathway were enriched in the 3D group
(Figure 8A). Changes in the cellular processes of DEGs in
the two comparison groups were related to focal adhesion in
both groups. Additionally, DEGs in the 2D group were related
to cell cycle, p53 signaling pathway, and oocyte meiosis. The
KEGG network (Supplementary Figure 1) showed 10 nodes
and 14 edges (black lines) in 3D groups, and the possible
core pathways were the MAPK signaling pathway (six edges)
and PI3K–Akt signaling pathway (five edges). However, fewer
interactions between enriched pathways were established in the
2D network, with only four nodes and one edge. Based on the
node size, the pathways enriched in the 2D model contained
fewer genes than that in the 3D model. GO analysis revealed
that DEGs in the 2D group were mainly enriched in condensed
chromosomes, centromeric regions, ECMs, extracellular spaces
in cell components (CC) and ECM organization, mitotic nuclear
division, and extracellular structure organization in biological
processes (BP) (Figure 7B). In the 3D group, changes in CC of

DEGs were mainly enriched in the ECM, and changes in BP of
DEGs were significantly enriched in ECM organization, nuclear
division, extracellular structure organization, and organelle
fission (Figure 8B).

Gene Set Enrichment Analysis of the
Gene Expression Files in
Dihydrotestosterone-3D vs. Control-3D
and Dihydrotestosterone-2D vs.
Control-2D
As KEGG and GO analyses are mainly dependent on DEGs
and ignore genes that do not meet the threshold, we performed
GSEA to examine the functional analysis of all of the genes
identified in this study. Based on the results of GSEA, two
new significant gene sets were identified in the 2D and 3D
groups, which were not identified by KEGG and GO analyses.
Overall, G2M checkpoint and E2F targets and mTORC1 signaling
and inflammatory response were significantly enriched in the
2D and 3D groups, respectively. GSEA was employed to
identify the enriched gene sets between the control-3D and
DHT-3D, including two datasets. G2M checkpoints [normalized
enrichment score (NES)=−2.7017, p= 0, FDR= 0], E2F targets
(NES = −2.7155, p = 0, FDR = 0) (Figures 9A,C,D), mTORC1
signaling (NES = 2.0349, p = 0, FDR = 0), and inflammatory
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FIGURE 6 | Identification of differentially expressed genes in control-2D vs. dihydrotestosterone-2D and control-3D vs. dihydrotestosterone-3D, and the expression
of proven genes. Volcano plot used to determine the DEGs in control-2D vs. DHT-2D (A) and control-3D vs. DHT-3D (C) using the following criteria: p < 0.05 and
log2| FC| > 1. Heatmap depicting the expression of six genes in control-2D vs. DHT-2D (B) and control-3D vs. DHT-3D (D). Red indicates upregulation and blue
indicates downregulation. (E) Quantity of DEGs in control-2D vs. DHT-2D and control-3D vs. DHT-3D. Blue represents upregulation and green represents
downregulation. DEGs, differentially expressed genes; DHT, dihydrotestosterone.

responses (NES= 1.8069, p= 0, FDR= 0.0003) were enriched in
the 3D group (Figures 9B,E,F).

Identification of Overlapping
Differentially Expressed Genes Between
Dihydrotestosterone-3D vs. Control-3D
and Dihydrotestosterone-2D vs.
Control-2D
After DEGs in the two comparison groups (1,891 in DHT-2D
vs. control-2D and 1,440 in DHT-3D vs. control-3D) were
identified, a Venn diagram (Figure 10A) was constructed
to identify overlapping DEGs between the two comparison
groups. Overall, 501 DEGs were common to both groups.

Next, the DEGs were subjected to unsupervised hierarchical
clustering and illustrated using an expression heatmap
(Figure 10B).

Kyoto Encyclopedia of Genes and
Genomes and Gene Ontology
Enrichment Analysis of Overlapping
Genes
Kyoto Encyclopedia of Genes and Genomes pathway analysis
(Figure 10H) revealed that the overlapping DEGs were mainly
enriched in focal adhesion, transcriptional misregulation in
cancers, ECM–receptor interaction, and metabolic pathways. GO
analysis (Figure 10I) showed that the DEGs were significantly
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FIGURE 7 | Kyoto Encyclopedia of Genes and Genomes and GO analysis of differentially expressed genes in 2D cultured dermal papilla cells. (A) Blue and red
circles indicate metabolism and human diseases, respectively. The green circle indicates environmental information processing, whereas the brown circle represents
organismal systems. The purple and yellow circles indicate cellular processes and genetic information processing, respectively. The size of the bubble represents the
rich factor (gene number/total gene number), the y-axis represents –log10(Q-value), and the x-axis represents the normalized number of upregulated genes minus
downregulated genes. (B) GO analysis of DEGs in 2D. Yellow represents biological process, whereas green represents cellular components. From the exterior to
interior; the first lap indicates the top 20 GO terms and the coordinate ruler with the number of genes is presented outside the lap; the second lap indicates the total
number of genes in the GO term and –log10(Q-value), wherein the greater number of genes, the longer the strip, and the larger the –log10(Q-value), the darker the
color shade; the third lap represents the upregulation/downregulation gene ratio, wherein dark purple represents the upregulated gene proportion, light purple
represents the downregulated gene proportion, and the specific value is shown below; and the fourth lap represents the rich factor of each term (number of
genes/total number of genes), and each small cell of the background auxiliary line represents 0.1. The chart on the right shows the gene symbols corresponding to
the top 20 GO IDs. DEGs, differentially expressed genes.
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FIGURE 8 | Kyoto Encyclopedia of Genes and Genomes and GO analysis of differentially expressed genes in 3D cultured dermal papilla cells. (A) Blue and red
circles indicate metabolism and human diseases, respectively. The green circle indicates environmental information processing, whereas the brown circle represents
organismal systems. The purple and yellow circles indicate cellular processes and genetic information processing, respectively. The size of the bubble represents the
rich factor (gene number/total gene number), the y-axis represents –log10(Q-value), and the x-axis represents the normalized number of upregulated genes minus
downregulated genes. (B) GO analysis of DEGs in 3D. Yellow: biological process, green: cellular component. From exterior to interior: first layer indicates the top 20
GO terms with the coordinate ruler indicating the number of genes presented external to the circle. Second layer (red): total number of genes in the GO term and
–log10(Q-value), wherein a higher number of genes corresponds to a longer section, larger –log10(Q-value), and darker shade of red. Third layer:
upregulation/downregulation gene ratio bar chart, wherein dark purple represents the upregulated gene proportion, light purple represents the downregulated gene
proportion, and the specific value is shown below. Fourth layer: enrichment factor for each term (number of genes/total number of genes), with each small cell of the
background auxiliary line representing 0.1. The chart on the right shows the gene symbols corresponding to the top 20 GO IDs. DEGs, differentially expressed genes.
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FIGURE 9 | Gene Set Enrichment Analysis of all genes. The overall results of GSEA for 2D and 3D groups are depicted in (A,B), respectively. Each plot shows the
running ESs (y-axes) and the position of the members of each gene set in the ranked list of genes between control-3D and DHT-3D or control-2D and DHT-3D
(x-axes). Each vertical bar corresponds to one gene under the gene set, and the peak represents the ES of this gene set. GSEA results of four gene sets by
xGSEAdotplot function: E2F targets (C) and G2M checkpoint (D) in 2D, and mTORC1 signaling (E) and inflammatory response (F) in 3D. The title of the plot has two
rows, wherein the first row is the name of the dataset, and the second row represents the ES information. The peak (red vertical bar) divides the curve into two sides;
the right side is called the leading edge and the genes on the surface are called leading targets (candidate genes). The x-axis represents target ranks and the y-axis
represents ES. DHT, dihydrotestosterone; ES, enrichment score; GSEA, Gene Set Enrichment Analysis.

enriched in molecular function, including receptor binding and
growth factor receptor binding.

Construction of a Protein–Protein
Interaction Network and Module Analysis
A PPI network of the DEGs was constructed using Cytoscape,
and the most significant module, with 45 nodes and 540

edges, was obtained (Figure 10D) using the MCODE
application. Then, GO and KEGG analyses of the DEGs,
which included functional classification and enrichment
analyses, were performed using the DAVID online tool. The
results showed that the chemokine signaling pathway was
significantly enriched by nine DEGs, including CXCL8, CXCL5,
CX3CL1, CCL5, CCL28, CCL20, ADCY7, ADCY5, and ADCY4
(Figures 11A,B).
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FIGURE 10 | Identification of the most significant module and hub genes of overlapping genes. (A) Venn diagram illustrating the number of overlapping DEGs
between the two comparison groups (2D vs. 3D); 501 DEGs were common to both groups. (B) Unsupervised hierarchical clustering of the 501 overlapped genes,
computed by Euclidean distance clustering and illustrated using a heatmap with normalized raw z-scores. (C) PPI network of hub genes, with 10 nodes and 39
edges. The color depth of the nodes represents the degree level; the deeper the color, the higher the degree. (D) The most significant module was obtained from the
PPI network with 45 nodes and 540 edges. The more the genes were downregulated, the darker the blue; the more the genes were upregulated, the darker the red.
Top 10 genes in the network were ranked based on degree (E), betweenness (F), and closeness (G), and depicted using Polar histograms. Different colors represent
different genes, and the larger the area of the fan, the larger the data, and vice versa. (H) KEGG analysis of overlapping genes. The size of the bubble represents
gene number, the color depth represents the Q-value, and the rich ratio represents the gene number/total gene number on the y-axis. (I) GO analysis of overlapping
genes: the size of the bubble represents the gene number, the color depth represents the p-value, and the rich ratio indicates the gene number/total gene number
on the y-axis. DEGs, differentially expressed genes; PPI, protein–protein interactions.

Selection and Analysis of Hub Genes
The top 10 genes with degrees ≥10 were identified as hub genes.
The PPI network of the 10 hub genes (IL-6, EGF, CXCL-8,
MMP9, NOTCH1, IL-1β, BDNF, BMP4, KIT, and SPP1) along

with 10 nodes and 39 edges were identified using the Cytoscape
CytoHubba application (Figure 10C). Moreover, we applied two
algorithms (“betweenness” and “closeness”) to further verify the
importance of the 10 hub genes. The results showed that the node
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FIGURE 11 | Kyoto Encyclopedia of Genes and Genomes analysis of the maximum related module and 10 hub genes. KEGG analysis of genes from the most
significant module (A) and 10 hub genes (C). Each column represents a pathway, and the height of the column represents the number of genes that pathway
contains. Legends indicate –log10(p-value). The higher the value, the bluer the color, and the smaller the value, the redder the color. Rader plot of enriched genes in
the chemokine signaling pathway from the most significant module (B) and four hub genes of IL-17 signaling pathway (D) in control-3D vs. DHT-3D. The shadow
part is the line chart of the expression abundance [log10(RPKM)] of each gene in the two groups (dark green is control-3D and light green is DHT-3D). The values
outside the shadow are the expression abundance (RPKM) of each group. The outermost value represents log2(FC); the circle size represents the multiple of the
difference of a single gene between the two groups, the bigger the circle, the greater the value. The color indicates upregulated and downregulated genes: orange
indicates upregulation [log2(FC) > 0] and blue indicates downregulation [log2(FC) < 0], and the corresponding number is log2(FC). DHT, dihydrotestosterone; FC,
fold change; RPKM, reads per kilo base per million mapped reads.

scores were basically consistent, and nine genes were identified
by the three algorithms except SPP1, suggesting that the hub
genes were indeed important (Figures 10E–G). KEGG analysis
of these 10 hub genes revealed that four of them (MMP9, CXCL-
8, IL-1β, and IL-6) were enriched in the IL-17 signaling pathway
(Figures 11C,D). To analyze the function and interaction of these
genes, GO_FULL analysis was used to calculate overrepresented
GO terms in the network and displayed them as a network of

significant GO terms using the Cytoscape BiNGO application.
The biological process and molecular function analysis of the
hub genes is shown in Supplementary Figure 2. According
to BiNGO analysis, the top 10 GO terms the hub genes
were involved in were primarily related to cell chemotaxis
and regulation of chemokine biosynthetic, indicating that DHT
may induce DPCs to secrete related chemokines and produce
cell chemotaxis.
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Expression Profiles of the Hub Genes
and Quantitative Real-Time Reverse
Transcription Polymerase Chain
Reaction Verification
Control-2D, DHT-2D, control-3D, and DHT-3D fragments per
kilobase million values of the hub genes are depicted in
Figures 12A–J, revealing the changing trends of the hub genes
among the four groups. The expression of IL6 and CXCL8
increased with an increase in DHT concentration in both the
2D and 3D groups, while the expression levels of EGF, MMP9,
IL1B, KIT, SPP1, BMP4, and NOTCH1 exhibited the opposite
trend. The mRNA expression levels of the 10 hub genes were
examined using qRT-PCR, and this confirmed the results of
RNA-seq (Figures 12K,L).

Interactions of Transcription
Factor-Gene and MicroRNA With Hub
Genes
Transcription factor-gene interactions were collected using
NetworkAnalyst. The TF-genes and miRNA for the hub genes
were identified. The interaction of TF regulators and miRNAs
with hub genes was visualized in Figures 13A,B.

Transcription Factor–MicroRNA
Coregulatory Network
A TF–miRNA coregulatory network was generated using
NetworkAnalyst. The analysis of the TF–miRNA coregulatory
network delivered miRNAs and TFs interaction with the hub
genes. This interaction may explain the regulation of expression
of overlapping genes. The network created for the TF–miRNA
coregulatory network comprises of 226 nodes and 364 edges;
There were 148 miRNAs and 107 TF-genes that interacted with
the hub genes. Supplementary Figure 3 displays the TF–miRNA
coregulatory network.

DISCUSSION

Some studies have reported that the full dermal papilla
transcriptional signature can be partially restored by the growth
of papilla cells in 3D spheroid cultures (Higgins et al., 2013;
Lin G. et al., 2020). Thus, 3D DPC cultures represent useful
models of dermal papillae. In the present study, we compared the
effectiveness of 2D- and 3D-cultured DPCs in identifying new key
genes and pathways associated with AGA under DHT treatment
using high-throughput RNA-seq technology.

Androgen receptors are localized in the dermal papillae of
hair follicles, making the dermal papillae the target of androgen
action. Significantly more ARs exist in the DPCs of balding
scalp hair follicles than in those derived from non-balding
follicles (Hibberts et al., 1998). AR methylation, which results
in decreased AR expression, may prevent the miniaturization of
hair follicles and hair loss (Cobb et al., 2011). Therefore, DPCs
in culture models should be rich in ARs to further simulate
androgen-induced hair loss in vivo. Accordingly, we selected

DPCs with the highest AR expression (P2) for the 2D and 3D co-
culture experiment. The transport of ARs from the cytoplasm to
the nucleus also indicated activation of the androgen metabolic
pathway, which interacts with pathways related to hair follicle
growth, such as the Wnt/β-catenin pathway (Chesire and Isaacs,
2002; Kitagawa et al., 2009).

Herein, we used cell models for the co-culture experiment
instead of animal models and AGA hair follicles because human
hair DPCs were the focus of the study. Over the past 30 years,
DPCs have been clearly shown to play indispensable roles in the
induction and maintenance of epithelial cell growth (Reynolds
et al., 1991), as well as in the release of growth factors that
act in a paracrine manner on other follicle cells (Paus and
Cotsarelis, 1999). Another reason is that animal and human hair
follicles consist of several types of cells, such as dermal fibroblasts,
epidermal keratinocytes, hair matrix cells, inner root sheath cells,
and ORS cells (Shimomura and Christiano, 2010), which may
affect the cell of interest. Moreover, there are some limitations
associated with animal models, such as species differences and
poor ability to predict the actual human response. Additionally,
once the organs or tissues of interest are isolated, it becomes
impossible for them to be stimulated by androgen, making it
difficult to explore the paracrine effect of a single cell type (DPC)
on hair follicle epidermal cell growth under androgen treatment.
In previous studies, researchers tended to choose a group of
factors and a signal pathway, often leading to incomplete results.
Therefore, we used specific cell models to identify genes related
to AGA under DHT treatment.

In our models, DPCs from balding men were treated with
different concentrations of DHT and ORS cell proliferation was
used to represent hair follicle growth in vivo, with an increase in
ORS number indicating hair follicle growth. A concentration of
only 10 µM DHT significantly inhibited the proliferation of both
2D- and 3D-cultured DPCs. The ORS cell number in the control-
3D group was significantly higher than that in the control-2D
group; however, DHT treatment significantly decreased the ORS
cell number in both models. Moreover, DHT treatment did not
affect the proliferation of epidermal cells without DPCs. This
confirmed that 3D-cultured DPCs induce the proliferation of
epidermal cells and that the effect of DHT on the hair follicle
epidermis is mediated by DPCs indirectly, which is consistent
with the findings of previous in vivo studies (Pan et al., 1999;
Kwack et al., 2008). Additionally, the significant decrease and
increase in Ki67 and cleaved caspase-3 expression in ORS cells
in both models indicates a decrease in ORS cell proliferation,
which may be mediated by DPC-secreted proteins under DHT
treatment. Overall, the data indicate that our co-culture system
mimicked androgen-induced alopecia to some extent.

In this study, we pioneered the use of ultra-low attachment
96-well plates to convert scattered 2D structured DPCs into 3D
structured multicellular spheres with a diameter of 200 µm,
similar to the structure and size of dermal papillae of hair
follicles in vivo. Generally, 2D cells do not have the same
architecture as cells in vivo that are arranged in 3D structures
unattached to planar surfaces (Haykal et al., 2020), and cells in
monolayer culture proliferate at an unusually faster rate than
cells in vivo (Langhans, 2018). Indeed, we confirmed a higher
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FIGURE 12 | Expression of hub genes and qRT-PCR verification. (A–J) Expression of 10 hub genes in four groups. y-axis item is FPKM. Relative mRNA expression
levels of two upregulated and eight downregulated hub genes in the 2D (K) and 3D (L) groups. ns, not significant *p < 0.05; **p < 0.01; ***p < 0.001 when
compared with the respective controls by one-way ANOVA and Student’s t-test. FPKM, fragments per kilo base per million mapped reads.

proliferation rate of DPCs in the 2D model than in the 3D
model. Moreover, 2D cells differ in gene and protein expression
and dynamic processes, such as cell migration and division
compared with that of vivo models (Ben-David et al., 2017); this
is because the connection between cells and the ECM are not
recapitulated in 2D culture models. Herein, RNA-seq of DPCs
used to identify previously unknown transcripts (Mortazavi
et al., 2008) demonstrated that DEGs between the models were
mainly enriched in ECM–receptor interaction and that genes

related to ECM–receptor interaction were upregulated due to cell
aggregation. This indicates that compared to the ECM in the
2D model, the ECM in the 3D model was more similar to the
dermal papillae of hair follicles. Additionally, 3D-cultured DPCs
possessed high hair follicle regeneration ability (upregulated
β−catenin and NCAM genes), similar to that of primary DPCs
in vivo (Lin G. et al., 2020), indicating that the 3D model is more
representative of the hair follicle microenvironment (Lin B. et al.,
2020). β−Catenin and NCAM are dermal papillae biomarkers
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FIGURE 13 | Network for transcription factor-gene and miRNA interaction with hub genes. (A) Network for TF-gene interaction with hub genes. The white node
represents the TF-genes and other nodes represent hub genes. The network consists of 116 nodes and 126 edges. (B) Network for miRNA interaction with hub
genes. The blue nodes represent the miRNA genes, and other nodes represent hub genes. The network consists of 151 nodes and 176 edges. TF, transcription
factor.

(Müller-Röver et al., 1998; Enshell-Seijffers et al., 2010), and
β−catenin promotes hair follicle regeneration and the expression
of dermal papillae-specific ECM in vivo (Maretto et al., 2003).
Therefore, the advantages of the 3D model over the 2D model
indicates that there may be differences in the DPC response to
androgen. Most previous studies examined the pathogenesis of
AGA using 2D co-culture models; however, as 2D models are
not a proper representation of in vivo conditions, important key
genes may not have been identified.

The KEGG network diagram demonstrated that the 3D model
had more nodes (pathways), genes, and complex relationships
than the 2D model, suggesting that the 3D model provides a
more accurate representation of in vivo conditions. DEGs in 3D-
cultured DPCs were primarily enriched in the MAPK signaling
pathway, TNF signaling pathway, ECM–receptor interaction,
cytokine–cytokine receptor interaction, Rap1 signaling pathway,
PI3K–Akt, and extracellular matrix organization in our study.
From these results, the most widely studied pathway related to
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AGA is the Wnt signaling pathway, which involves functional
crosstalk between AR and Wnt signaling pathways in target
tissues (Van Mater et al., 2003; Lo Celso et al., 2004; Kitagawa
et al., 2009). Hair follicle regeneration is reportedly related to
upregulation of the Akt pathway, which is induced by HFSC
proliferation (Kim et al., 2019) and downregulation of the
p53 pathway (Qu et al., 2021). Activated platelet-rich plasma
supernatant also increases the quantity of DPCs by activating
the MAPK and Akt signaling pathways (Xiao et al., 2019).
Meanwhile, a significant link exists between TNF-α antagonist
exposure and the development of alopecia (Béné et al., 2014) and
EGFR–RAS–RAF signaling in epidermal stem cells is inextricably
linked to the beginning and end of the hair cycle (Doma
et al., 2013). Moreover, DPC proliferation is promoted by VEGF
through the VEGFR-2/ERK pathway (Qu et al., 2021). Therefore,
the pathways observed to be enriched in the current study may
be related to the effect of DPCs on epidermal composition
under DHT treatment.

Gene Set Enrichment Analysis identified two gene sets in the
3D (mTORC1 signaling and inflammatory response) and 2D
(E2F targets and G2M checkpoint) models. mTOR was previously
reported to activate HFSCs (Castilho et al., 2009) and DHT to
activate mTOR, which inhibits DPC proliferation (Kang et al.,
2015). mTORC1 signaling also inhibits BMP signaling, which
may be the main mechanism facilitating HFSC activation (Deng
et al., 2015). Chai et al. (2019) discovered that autophagy through
inhibition of mTOR signaling is sufficient for activating telogen,
initiating a new anagen phase of hair growth. In the past,
microinflammation of hair follicles has been recognized to play
an active role in the progression of AGA (Mahé et al., 2000).
Similarly, hair follicle microinflammation appeared necessary to
AGA, and collagen gradually accumulated in the perifollicular
sheath, leading to fibrosis or complete destruction of hair follicles
(El-Domyati et al., 2009). E2F, a TF encoding cell cycle genes, is
primarily involved in DNA replication and cell cycle progression
(Bracken et al., 2004), whereas G2M represents genes involved
in the G2/M checkpoint of the cell cycle. DHT reduces cyclin
D1, CDK2, and p27kip1 levels in immortalized DPCs, arresting
the cell cycle from the G1 phase to the S phase (Kang et al.,
2015). However, these previous findings showed that the above-
mentioned pathways are mainly associated with hair growth
and hair cycle regulation, with limited studies on their role in
androgen-induced alopecia.

Protein–protein interaction analysis of the overlapping genes
showed that the chemokine signaling pathway was significantly
enriched under DHT treatment. However, few reports have
suggested that chemokines are associated with DPCs under
DHT treatment and can cause androgen-induced alopecia.
A chemokine is a small chemotactic cytokine and is known for
inducing leukocyte migration to target tissue in the inflammatory
response. However, chemokines also play important roles
in the development and homeostasis of hematopoietic and
immune cells (Rossi and Zlotnik, 2000). Lefebvre et al.
(2012) proposed an interaction between chemokines and skin
appendage morphogenesis and reported that the number of
primary hair follicles was reduced in CXCR3-deficient mice.
Heath and Mueller (2012) reported that some chemokines that

affect the recruitment of Langerhans cells to the epidermis are
expressed in specific areas of hair follicles. Based on our results,
we speculated that chemokine expression in DPCs is site-specific.
The expression of chemokines under DHT treatment resulted in
changes in cell migration, cell survival, and adhesion.

The identified top 10 hub genes showed a significant increase
in IL6 and CXCL8 expression in the absence of DHT, and a
significant decrease in EGF, MMP9, NOTCH1, IL-1β, BDNF,
BMP4, KIT, and SPP1 expression in the presence of DHT.
However, the specific effect of chemokines needs to be further
studied. Epidermal growth factor (EGF) has been identified in
follicular differentiation (du Cros, 1993) and promotion of the
transition of the hair cycle from telogen to anagen, as well as
growth of the hair shaft (Zhao et al., 2020). Rendl et al. (2008)
found that when DPCs are cultured in a medium containing
BMP4 in vitro, there is a significant increase in hair follicle
formation, hair growth, and alkaline phosphatase expression.
Notch1 deletion inhibits the maturation of hair follicles from
the late embryonic stage (Blanpain et al., 2006; Moriyama et al.,
2008); one of the ways β-catenin regulates its effects on the hair
follicle cycle and maintenance is through the Notch pathway
(Vauclair et al., 2005; Estrach et al., 2006). A recent study showed
that skin bacteria promote the complete regeneration of skin and
hair follicles in wounds through the IL-1β pathway (Wang et al.,
2021). However, most of these factors have not been revealed
in the pathogenesis of AGA and the other five genes have not
yet been studied.

A TF-gene and miRNA interaction network was obtained
with the hub genes. TF-genes are involved in the regulation
of gene expression through TF binding with targeted genes
and miRNAs; they can also regulate gene expression through
mRNA degradation (Wang et al., 2018). From the network,
NOTCH1 showed a high interaction rate with other TF-genes
and miRNAs. The degree value of NOTCH1 was 37 in the
TF-gene interaction network and 44 in the miRNA interaction
network. Among all TF-genes and miRNAs, NFKB1 had the
highest degree value of 7. EZH2, MAZ, has-miR-204-5p, and
has-miR-146a-5p exhibited significant interaction with degree
values of 5, 4, 5, and 4, respectively, in the TF-gene and miRNA
interactions network. EZH2 accelerates differentiation of HFSCs
and hair growth by downregulating miR-22 (Cai et al., 2020).
miR-200 family members play a vital role in the regulation of
cell adhesion and proliferation in hair morphogenesis (Hoefert
et al., 2018). Given that regulatory biomolecules are potential
biomarkers in numerous complex diseases, further studies are
needed to examine the roles of the hub genes and chemokines on
morphological changes of DPCs and animal hair follicles in vitro
and in vivo.

The two culture models employed in this study were sufficient
to identify the effects of DHT-treated DPCs on hair follicle
keratinocytes to a limited extent. We identified 501 overlapping
DEGs, 10 hub genes, chemokines, and related signaling pathways
in DPCs cultured using the 2D and 3D models. The identified
DEGs were involved in AGA in DPCs and may be potential
biomarkers for hair growth. The hub genes may also be potential
biomarkers for the diagnosis and treatment of androgen-induced
alopecia. Additionally, our findings suggest that chemokines
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and the IL-17 pathway may be related to AGA; however, this
requires further investigation. Moreover, upregulation of EGF,
MMP9, NOTCH1, IL-1β, BDNF, BMP4, KIT, and SPP1, and
downregulation of IL6 and CXCL8 may lead to the growth
and maintenance of hair follicles. Overall, the findings provide
the first global transcriptome of DPCs in 2D and 3D co-
cultured models under DHT treatment and highlight the 3D
model as a useful tool for elucidating hair follicle induction and
hair growth.

DATA AVAILABILITY STATEMENT

The data presented in the study are deposited in the GEO
repository, accession number GSE178374.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by the Medical Ethical Committee of the Southern
Medical University. The patients/participants provided their
written informed consent to participate in this study.

AUTHOR CONTRIBUTIONS

YZ, JH, DF, ZL, and HW performed all of the experiments and
prepared the figures and schemes. JW, QQ, KL, and ZF provided
statistical assistance. YZ wrote the first draft of this manuscript.

JH and YM revised the manuscript for important intellectual
content. ZH and JH contributed to the conception and design
of the study. All authors contributed to manuscript revision, and
read and approved the submitted version.

FUNDING

This study was funded by the National Natural Science
Foundation of China (Grant Nos. 81701929, 81772104, and
81971889).

ACKNOWLEDGMENTS

We thank Guangdong Provincial Key Laboratory of Construction
and Detection in Tissue Engineering, and the Translational Cell
Biology Laboratory, Shenzhen Kurh-Life Technology Co., Ltd.,
for providing experimental instruments, and the Department
of Plastic and Esthetic Surgery, Nanfang Hospital of Southern
Medical University, Guangzhou, for providing the hair follicles.
We would also like to thank Editage (www.editage.cn) for English
language editing.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fcell.2021.
724310/full#supplementary-material

REFERENCES
Abaci, H. E., Coffman, A., Doucet, Y., Chen, J., Jacków, J., Wang, E., et al. (2018).

Tissue engineering of human hair follicles using a biomimetic developmental
approach. Nat. Commun. 9:5301. doi: 10.1038/s41467-018-07579-y

Andl, T., Reddy, S. T., Gaddapara, T., and Millar, S. E. (2002). WNT signals are
required for the initiation of hair follicle development. Dev. Cell 2, 643–653.
doi: 10.1016/s1534-5807(02)00167-3

Ben-David, U., Ha, G., Tseng, Y. Y., Greenwald, N. F., Oh, C., Shih, J., et al.
(2017). Patient-derived xenografts undergo mouse-specific tumor evolution.
Nat. Genet. 49, 1567–1575. doi: 10.1038/ng.3967

Béné, J., Moulis, G., Auffret, M., Lefevre, G., Coquerelle, P., Coupe, P., et al. (2014).
Alopecia induced by tumour necrosis factor-alpha antagonists: description of
52 cases and disproportionality analysis in a nationwide pharmacovigilance
database. Rheumatology 53, 1465–1469. doi: 10.1093/rheumatology/
keu145

Blanpain, C., Lowry, W. E., Pasolli, H. A., and Fuchs, E. (2006). Canonical notch
signaling functions as a commitment switch in the epidermal lineage. Genes
Dev. 20, 3022–3035. doi: 10.1101/gad.1477606

Bracken, A. P., Ciro, M., Cocito, A., and Helin, K. (2004). E2F target genes:
unraveling the biology. Trends Biochem. Sci. 29, 409–417. doi: 10.1016/j.tibs.
2004.06.006

Cai, B., Li, M., Zheng, Y., Yin, Y., Jin, F., Li, X., et al. (2020). EZH2-mediated
inhibition of microRNA-22 promotes differentiation of hair follicle stem cells
by elevating STK40 expression. Aging 12, 12726–12739. doi: 10.18632/aging.
103165

Castilho, R. M., Squarize, C. H., Chodosh, L. A., Williams, B. O., and Gutkind,
J. S. (2009). mTOR mediates Wnt-induced epidermal stem cell exhaustion and
aging. Cell Stem Cell 5, 279–289. doi: 10.1016/j.stem.2009.06.017

Chai, M., Jiang, M., Vergnes, L., Fu, X., de Barros, S. C., Doan, N. B., et al. (2019).
Stimulation of hair growth by small molecules that activate autophagy. Cell Rep.
27, 3413–3421.e3. doi: 10.1016/j.celrep.2019.05.070

Chesire, D. R., and Isaacs, W. B. (2002). Ligand-dependent inhibition of beta-
catenin/TCF signaling by androgen receptor. Oncogene 21, 8453–8469. doi:
10.1038/sj.onc.1206049

Cobb, J. E., Wong, N. C., Yip, L. W., Martinick, J., Bosnich, R., Sinclair, R. D., et al.
(2011). Evidence of increased DNA methylation of the androgen receptor gene
in occipital hair follicles from men with androgenetic alopecia. Br. J. Dermatol.
165, 210–213. doi: 10.1111/j.1365-2133.2011.10335.x

Dallob, A. L., Sadick, N. S., Unger, W., Lipert, S., Geissler, L. A., Gregoire, S. L.,
et al. (1994). The effect of finasteride, a 5 alpha-reductase inhibitor, on scalp
skin testosterone and dihydrotestosterone concentrations in patients with male
pattern baldness. J. Clin. Endocrinol. Metab. 79, 703–706. doi: 10.1210/jcem.79.
3.8077349

Deng, Z., Lei, X., Zhang, X., Zhang, H., Liu, S., Chen, Q., et al. (2015). mTOR
signaling promotes stem cell activation via counterbalancing BMP-mediated
suppression during hair regeneration. J. Mol. Cell Biol. 7, 62–72. doi: 10.1093/
jmcb/mjv005

Dhouailly, D. (1973). Dermo-epidermal interactions between birds and mammals:
differentiation of cutaneous appendages. J. Embryol. Exp. Morphol. 30,
587–603.

Doma, E., Rupp, C., and Baccarini, M. (2013). EGFR-ras-raf signaling in epidermal
stem cells: roles in hair follicle development, regeneration, tissue remodeling
and epidermal cancers. Int. J. Mol. Sci. 14, 19361–19384. doi: 10.3390/
ijms141019361

du Cros, D. L. (1993). Fibroblast growth factor and epidermal growth factor in hair
development. J. Invest. Dermatol. 101(Suppl. 1), 106s–113s. doi: 10.1111/1523-
1747.ep12363020

Frontiers in Cell and Developmental Biology | www.frontiersin.org 20 September 2021 | Volume 9 | Article 724310

http://www.editage.cn
https://www.frontiersin.org/articles/10.3389/fcell.2021.724310/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fcell.2021.724310/full#supplementary-material
https://doi.org/10.1038/s41467-018-07579-y
https://doi.org/10.1016/s1534-5807(02)00167-3
https://doi.org/10.1038/ng.3967
https://doi.org/10.1093/rheumatology/keu145
https://doi.org/10.1093/rheumatology/keu145
https://doi.org/10.1101/gad.1477606
https://doi.org/10.1016/j.tibs.2004.06.006
https://doi.org/10.1016/j.tibs.2004.06.006
https://doi.org/10.18632/aging.103165
https://doi.org/10.18632/aging.103165
https://doi.org/10.1016/j.stem.2009.06.017
https://doi.org/10.1016/j.celrep.2019.05.070
https://doi.org/10.1038/sj.onc.1206049
https://doi.org/10.1038/sj.onc.1206049
https://doi.org/10.1111/j.1365-2133.2011.10335.x
https://doi.org/10.1210/jcem.79.3.8077349
https://doi.org/10.1210/jcem.79.3.8077349
https://doi.org/10.1093/jmcb/mjv005
https://doi.org/10.1093/jmcb/mjv005
https://doi.org/10.3390/ijms141019361
https://doi.org/10.3390/ijms141019361
https://doi.org/10.1111/1523-1747.ep12363020
https://doi.org/10.1111/1523-1747.ep12363020
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-09-724310 September 13, 2021 Time: 12:48 # 21

Zhang et al. Inhibitory Effect of DHT-Inducible DP Cells

El-Domyati, M., Attia, S., Saleh, F., and Abdel-Wahab, H. (2009). Androgenetic
alopecia in males: a histopathological and ultrastructural study. J. Cosmet.
Dermatol. 8, 83–91. doi: 10.1111/j.1473-2165.2009.00439.x

Enshell-Seijffers, D., Lindon, C., Kashiwagi, M., and Morgan, B. A. (2010). beta-
catenin activity in the dermal papilla regulates morphogenesis and regeneration
of hair. Dev. Cell 18, 633–642. doi: 10.1016/j.devcel.2010.01.016

Estrach, S., Ambler, C. A., Lo Celso, C., Hozumi, K., and Watt, F. M. (2006). Jagged
1 is a beta-catenin target gene required for ectopic hair follicle formation in
adult epidermis. Development 133, 4427–4438. doi: 10.1242/dev.02644

Haykal, M. M., Nahmias, C., Varon, C., and Martin, O. C. B. (2020). Organotypic
modeling of the tumor landscape. Front. Cell Dev. Biol. 8:606039. doi: 10.3389/
fcell.2020.606039

Heath, W. R., and Mueller, S. N. (2012). Hair follicles: gatekeepers to the epidermis.
Nat. Immunol. 13, 715–717. doi: 10.1038/ni.2374

Hibberts, N. A., Howell, A. E., and Randall, V. A. (1998). Balding hair follicle
dermal papilla cells contain higher levels of androgen receptors than those from
non-balding scalp. J. Endocrinol. 156, 59–65. doi: 10.1677/joe.0.1560059

Higgins, C. A., Chen, J. C., Cerise, J. E., Jahoda, C. A., and Christiano, A. M. (2013).
Microenvironmental reprogramming by three-dimensional culture enables
dermal papilla cells to induce de novo human hair-follicle growth. Proc. Natl.
Acad. Sci. U.S.A. 110, 19679–19688. doi: 10.1073/pnas.1309970110

Hoefert, J. E., Bjerke, G. A., Wang, D., and Yi, R. (2018). The microRNA-200 family
coordinately regulates cell adhesion and proliferation in hair morphogenesis.
J. Cell Biol. 217, 2185–2204. doi: 10.1083/jcb.201708173

Huang, D. W., Sherman, B. T., Tan, Q., Collins, J. R., Alvord, W. G., Roayaei, J.,
et al. (2007). The DAVID Gene Functional Classification Tool: a novel biological
module-centric algorithm to functionally analyze large gene lists. Genome Biol.
8:R183. doi: 10.1186/gb-2007-8-9-r183

Inui, S., Fukuzato, Y., Nakajima, T., Yoshikawa, K., and Itami, S. (2002). Androgen-
inducible TGF-beta1 from balding dermal papilla cells inhibits epithelial cell
growth: a clue to understand paradoxical effects of androgen on human hair
growth. Faseb J. 16, 1967–1969. doi: 10.1096/fj.02-0043fje

Itami, S., Kurata, S., Sonoda, T., and Takayasu, S. (1995). Interaction between
dermal papilla cells and follicular epithelial cells in vitro: effect of androgen.
Br. J. Dermatol. 132, 527–532.

Jahoda, C. A. (1998). Cellular and developmental aspects of androgenetic alopecia.
Exp. Dermatol. 7, 235–248.

Kang, J. I., Kim, S. C., Kim, M. K., Boo, H. J., Kim, E. J., Im, G. J., et al. (2015). Effects
of dihydrotestosterone on rat dermal papilla cells in vitro. Eur. J. Pharmacol.
757, 74–83. doi: 10.1016/j.ejphar.2015.03.055

Kim, J. Y., Ohn, J., Yoon, J. S., Kang, B. M., Park, M., Kim, S., et al. (2019). Priming
mobilization of hair follicle stem cells triggers permanent loss of regeneration
after alkylating chemotherapy. Nat. Commun. 10:3694. doi: 10.1038/s41467-
019-11665-0

Kitagawa, T., Matsuda, K., Inui, S., Takenaka, H., Katoh, N., Itami, S., et al. (2009).
Keratinocyte growth inhibition through the modification of Wnt signaling
by androgen in balding dermal papilla cells. J. Clin. Endocrinol. Metab. 94,
1288–1294. doi: 10.1210/jc.2008-1053

Kwack, M. H., Ahn, J. S., Kim, M. K., Kim, J. C., and Sung, Y. K. (2012).
Dihydrotestosterone-inducible IL-6 inhibits elongation of human hair shafts by
suppressing matrix cell proliferation and promotes regression of hair follicles in
mice. J. Invest. Dermatol. 132, 43–49. doi: 10.1038/jid.2011.274

Kwack, M. H., Sung, Y. K., Chung, E. J., Im, S. U., Ahn, J. S., Kim, M. K.,
et al. (2008). Dihydrotestosterone-inducible dickkopf 1 from balding dermal
papilla cells causes apoptosis in follicular keratinocytes. J. Invest. Dermatol. 128,
262–269. doi: 10.1038/sj.jid.5700999

Langhans, S. A. (2018). Three-dimensional in vitro cell culture models in drug
discovery and drug repositioning. Front. Pharmacol. 9:6. doi: 10.3389/fphar.
2018.00006

Lefebvre, S., Fliniaux, I., Schneider, P., and Mikkola, M. L. (2012). Identification
of ectodysplasin target genes reveals the involvement of chemokines in
hair development. J. Invest. Dermatol. 132, 1094–1102. doi: 10.1038/jid.20
11.453

Leirós, G. J., Ceruti, J. M., Castellanos, M. L., Kusinsky, A. G., and Balañá,
M. E. (2017). Androgens modify Wnt agonists/antagonists expression balance
in dermal papilla cells preventing hair follicle stem cell differentiation in
androgenetic alopecia. Mol. Cell. Endocrinol. 439, 26–34. doi: 10.1016/j.mce.
2016.10.018

Lin, B., Lin, G., Zhu, J., Yin, G., Huang, D., and Yan, Y. Y. (2020). LncRNA-PCAT1
maintains characteristics of dermal papilla cells and promotes hair follicle
regeneration by regulating miR-329/Wnt10b axis. Exp. Cell Res. 394:112031.
doi: 10.1016/j.yexcr.2020.112031

Lin, B., Miao, Y., Wang, J., Fan, Z., Du, L., Su, Y., et al. (2016). Surface Tension
guided hanging-drop: producing controllable 3D spheroid of high-passaged
human dermal papilla cells and forming inductive microtissues for hair-follicle
regeneration. ACS Appl. Mater. Interfaces 8, 5906–5916. doi: 10.1021/acsami.
6b00202

Lin, G., Yin, G., Ye, J., Pan, X., Zhu, J., and Lin, B. (2020). RNA sequence analysis
of dermal papilla cells’ regeneration in 3D culture. J. Cell. Mol. Med. 24,
13421–13430. doi: 10.1111/jcmm.15965

Lo Celso, C., Prowse, D. M., and Watt, F. M. (2004). Transient activation of beta-
catenin signalling in adult mouse epidermis is sufficient to induce new hair
follicles but continuous activation is required to maintain hair follicle tumours.
Development 131, 1787–1799. doi: 10.1242/dev.01052

Love, M. I., Huber, W., and Anders, S. (2014). Moderated estimation of fold
change and dispersion for RNA-seq data with DESeq2. Genome Biol. 15:550.
doi: 10.1186/s13059-014-0550-8

Mahé, Y. F., Michelet, J. F., Billoni, N., Jarrousse, F., Buan, B., Commo, S., et al.
(2000). Androgenetic alopecia and microinflammation. Int. J. Dermatol. 39,
576–584. doi: 10.1046/j.1365-4362.2000.00612.x

Maretto, S., Cordenonsi, M., Dupont, S., Braghetta, P., Broccoli, V., Hassan, A. B.,
et al. (2003). Mapping Wnt/beta-catenin signaling during mouse development
and in colorectal tumors. Proc. Natl. Acad. Sci. U.S.A. 100, 3299–3304. doi:
10.1073/pnas.0434590100

McElwee, K. J., and Shapiro, J. S. (2012). Promising therapies for treating and/or
preventing androgenic alopecia. Skin Therapy Lett. 17, 1–4.

Moriyama, M., Durham, A. D., Moriyama, H., Hasegawa, K., Nishikawa, S.,
Radtke, F., et al. (2008). Multiple roles of Notch signaling in the regulation
of epidermal development. Dev. Cell 14, 594–604. doi: 10.1016/j.devcel.2008.
01.017

Mortazavi, A., Williams, B. A., McCue, K., Schaeffer, L., and Wold, B. (2008).
Mapping and quantifying mammalian transcriptomes by RNA-Seq. Nat.
Methods 5, 621–628. doi: 10.1038/nmeth.1226

Müller-Röver, S., Peters, E. J., Botchkarev, V. A., Panteleyev, A., and Paus, R. (1998).
Distinct patterns of NCAM expression are associated with defined stages of
murine hair follicle morphogenesis and regression. J. Histochem. Cytochem. 46,
1401–1410. doi: 10.1177/002215549804601209

Nagalakshmi, U., Wang, Z., Waern, K., Shou, C., Raha, D., Gerstein, M., et al.
(2008). The transcriptional landscape of the yeast genome defined by RNA
sequencing. Science 320, 1344–1349. doi: 10.1126/science.1158441

Ohyama, M., Kobayashi, T., Sasaki, T., Shimizu, A., and Amagai, M. (2012).
Restoration of the intrinsic properties of human dermal papilla in vitro. J. Cell
Sci. 125(Pt 17), 4114–4125. doi: 10.1242/jcs.105700

Osada, A., Iwabuchi, T., Kishimoto, J., Hamazaki, T. S., and Okochi, H.
(2007). Long-term culture of mouse vibrissal dermal papilla cells and de
novo hair follicle induction. Tissue Eng. 13, 975–982. doi: 10.1089/ten.2006.
0304

Pan, H. J., Uno, H., Inui, S., Fulmer, N. O., and Chang, C. (1999). Roles of
testosterone in the growth of keratinocytes through bald frontal dermal papilla
cells. Endocrine 11, 321–327. doi: 10.1385/endo:11:3:321

Paus, R., and Cotsarelis, G. (1999). The biology of hair follicles. N. Engl. J. Med.
341, 491–497. doi: 10.1056/nejm199908123410706

Qu, Q., Zhou, Y., Shi, P., Du, L., Fan, Z., Wang, J., et al. (2021). Platelet-rich plasma
for androgenic alopecia: a randomized, placebo-controlled, double-blind study
and combined mice model experiment. J. Cosmet. Dermatol. doi: 10.1111/jocd.
14089 [Epub ahead of print].

Randall, V. A., Hibberts, N. A., Thornton, M. J., Merrick, A. E., Hamada,
K., Kato, S., et al. (2001). Do androgens influence hair growth by altering
the paracrine factors secreted by dermal papilla cells? Eur. J. Dermatol. 11,
315–320.

Rendl, M., Polak, L., and Fuchs, E. (2008). BMP signaling in dermal papilla cells
is required for their hair follicle-inductive properties. Genes Dev. 22, 543–557.
doi: 10.1101/gad.1614408

Reynolds, A. J., Oliver, R. F., and Jahoda, C. A. (1991). Dermal cell populations
show variable competence in epidermal cell support: stimulatory effects of hair
papilla cells. J. Cell Sci. 98(Pt 1), 75–83.

Frontiers in Cell and Developmental Biology | www.frontiersin.org 21 September 2021 | Volume 9 | Article 724310

https://doi.org/10.1111/j.1473-2165.2009.00439.x
https://doi.org/10.1016/j.devcel.2010.01.016
https://doi.org/10.1242/dev.02644
https://doi.org/10.3389/fcell.2020.606039
https://doi.org/10.3389/fcell.2020.606039
https://doi.org/10.1038/ni.2374
https://doi.org/10.1677/joe.0.1560059
https://doi.org/10.1073/pnas.1309970110
https://doi.org/10.1083/jcb.201708173
https://doi.org/10.1186/gb-2007-8-9-r183
https://doi.org/10.1096/fj.02-0043fje
https://doi.org/10.1016/j.ejphar.2015.03.055
https://doi.org/10.1038/s41467-019-11665-0
https://doi.org/10.1038/s41467-019-11665-0
https://doi.org/10.1210/jc.2008-1053
https://doi.org/10.1038/jid.2011.274
https://doi.org/10.1038/sj.jid.5700999
https://doi.org/10.3389/fphar.2018.00006
https://doi.org/10.3389/fphar.2018.00006
https://doi.org/10.1038/jid.2011.453
https://doi.org/10.1038/jid.2011.453
https://doi.org/10.1016/j.mce.2016.10.018
https://doi.org/10.1016/j.mce.2016.10.018
https://doi.org/10.1016/j.yexcr.2020.112031
https://doi.org/10.1021/acsami.6b00202
https://doi.org/10.1021/acsami.6b00202
https://doi.org/10.1111/jcmm.15965
https://doi.org/10.1242/dev.01052
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1046/j.1365-4362.2000.00612.x
https://doi.org/10.1073/pnas.0434590100
https://doi.org/10.1073/pnas.0434590100
https://doi.org/10.1016/j.devcel.2008.01.017
https://doi.org/10.1016/j.devcel.2008.01.017
https://doi.org/10.1038/nmeth.1226
https://doi.org/10.1177/002215549804601209
https://doi.org/10.1126/science.1158441
https://doi.org/10.1242/jcs.105700
https://doi.org/10.1089/ten.2006.0304
https://doi.org/10.1089/ten.2006.0304
https://doi.org/10.1385/endo:11:3:321
https://doi.org/10.1056/nejm199908123410706
https://doi.org/10.1111/jocd.14089
https://doi.org/10.1111/jocd.14089
https://doi.org/10.1101/gad.1614408
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-09-724310 September 13, 2021 Time: 12:48 # 22

Zhang et al. Inhibitory Effect of DHT-Inducible DP Cells

Rossi, D., and Zlotnik, A. (2000). The biology of chemokines and their receptors.
Annu. Rev. Immunol. 18, 217–242. doi: 10.1146/annurev.immunol.18.1.217

Shimomura, Y., and Christiano, A. M. (2010). Biology and genetics of hair.
Annu. Rev. Genomics Hum. Genet. 11, 109–132. doi: 10.1146/annurev-genom-
021610-131501

Szklarczyk, D., Morris, J. H., Cook, H., Kuhn, M., Wyder, S., Simonovic, M.,
et al. (2017). The STRING database in 2017: quality-controlled protein-protein
association networks, made broadly accessible. Nucleic Acids Res. 45, D362–
D368. doi: 10.1093/nar/gkw937

Tan, J. J. Y., Common, J. E., Wu, C., Ho, P. C. L., and Kang, L. (2019). Keratinocytes
maintain compartmentalization between dermal papilla and fibroblasts in 3D
heterotypic tri-cultures. Cell Prolif. 52:e12668. doi: 10.1111/cpr.12668

Thippabhotla, S., Zhong, C., and He, M. (2019). 3D cell culture stimulates the
secretion of in vivo like extracellular vesicles. Sci. Rep. 9:13012. doi: 10.1038/
s41598-019-49671-3

Van Mater, D., Kolligs, F. T., Dlugosz, A. A., and Fearon, E. R. (2003). Transient
activation of beta -catenin signaling in cutaneous keratinocytes is sufficient
to trigger the active growth phase of the hair cycle in mice. Genes Dev. 17,
1219–1224. doi: 10.1101/gad.1076103

Vauclair, S., Nicolas, M., Barrandon, Y., and Radtke, F. (2005). Notch1 is essential
for postnatal hair follicle development and homeostasis. Dev. Biol. 284, 184–
193. doi: 10.1016/j.ydbio.2005.05.018

Wang, G., Sweren, E., Liu, H., Wier, E., Alphonse, M. P., Chen, R., et al. (2021).
Bacteria induce skin regeneration via IL-1β signaling. Cell Host Microbe 29,
777–791. doi: 10.1016/j.chom.2021.03.003

Wang, L., Huang, W., Zhang, L., Chen, Q., and Zhao, H. (2018). Molecular
pathogenesis involved in human idiopathic pulmonary fibrosis based on an

integrated microRNA-mRNA interaction network. Mol. Med. Rep. 18, 4365–
4373. doi: 10.3892/mmr.2018.9456

Xiao, S., Wang, J., Chen, Q., Miao, Y., and Hu, Z. (2019). The mechanism
of activated platelet-rich plasma supernatant promotion of hair growth by
cultured dermal papilla cells. J. Cosmet. Dermatol. 18, 1711–1716. doi: 10.1111/
jocd.12919

Zhao, B., Li, J., Chen, Q., Yang, N., Bao, Z., Hu, S., et al. (2020). A treatment
combination of IGF and EGF promotes hair growth in the Angora rabbit. Genes
12:24. doi: 10.3390/genes12010024

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Zhang, Huang, Fu, Liu, Wang, Wang, Qu, Li, Fan, Hu and Miao.
This is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums
is permitted, provided the original author(s) and the copyright owner(s) are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.

Frontiers in Cell and Developmental Biology | www.frontiersin.org 22 September 2021 | Volume 9 | Article 724310

https://doi.org/10.1146/annurev.immunol.18.1.217
https://doi.org/10.1146/annurev-genom-021610-131501
https://doi.org/10.1146/annurev-genom-021610-131501
https://doi.org/10.1093/nar/gkw937
https://doi.org/10.1111/cpr.12668
https://doi.org/10.1038/s41598-019-49671-3
https://doi.org/10.1038/s41598-019-49671-3
https://doi.org/10.1101/gad.1076103
https://doi.org/10.1016/j.ydbio.2005.05.018
https://doi.org/10.1016/j.chom.2021.03.003
https://doi.org/10.3892/mmr.2018.9456
https://doi.org/10.1111/jocd.12919
https://doi.org/10.1111/jocd.12919
https://doi.org/10.3390/genes12010024
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

	Transcriptome Analysis Reveals an Inhibitory Effect of Dihydrotestosterone-Treated 2D- and 3D-Cultured Dermal Papilla Cells on Hair Follicle Growth
	Introduction
	Materials and Methods
	In vitro Dermal Papilla Cells Cultured in 2D
	In vitro Outer Root Sheath Cells Cultured in 2D
	In vitro Dermal Papilla Cells Cultured in 3D
	MTT Assay
	Co-culture of Dermal Papilla Cells and Outer Root Sheath Cells
	Western Blotting Analysis
	Immunofluorescence
	RNA Extraction, Library Construction, and Sequencing
	Correlation Analysis of Replicates
	Principal Component Analysis
	Identification of Differentially Expressed Genes
	Gene Ontology and Kyoto Encyclopedia of Genes and Genomes Enrichment Analysis
	Gene Set Enrichment Analysis
	Construction of a Protein–Protein Interaction Network and Analysis of Module
	Hierarchical Clustering
	Hub Genes Selection and Analysis
	Quantitative Real-Time Reverse Transcription Polymerase Chain Reaction
	Transcription Factor-Gene and MicroRNA Interactions With Hub Genes and Transcription Factor–MicroRNA Coregulatory Network
	Statistical Analysis

	Results
	Selection of Dermal Papilla Cells With Relatively High Expression of Androgen Receptor for Co-Culture Model
	Establishment of 2D and 3D Dermal Papilla Cell Co-Culture Models With Outer Root Sheath Cells for Androgen Alopecia
	Clear Separation of Transcriptional Signatures of Inter-Groups and High Reproducibility of Intra-Groups
	Advantages of Control-3D Over Control-2D in Simulating Dermal Papilla Cells in vivo
	Identification of Differentially Expressed Genes in Two Comparison Groups and Reliability of the Models
	Gene Set Enrichment Analysis of the Gene Expression Files in Dihydrotestosterone-3D vs. Control-3D and Dihydrotestosterone-2D vs. Control-2D
	Identification of Overlapping Differentially Expressed Genes Between Dihydrotestosterone-3D vs. Control-3D and Dihydrotestosterone-2D vs. Control-2D
	Kyoto Encyclopedia of Genes and Genomes and Gene Ontology Enrichment Analysis of Overlapping Genes
	Construction of a Protein–Protein Interaction Network and Module Analysis
	Selection and Analysis of Hub Genes

	Expression Profiles of the Hub Genes and Quantitative Real-Time Reverse Transcription Polymerase Chain Reaction Verification
	Interactions of Transcription Factor-Gene and MicroRNA With Hub Genes
	Transcription Factor–MicroRNA Coregulatory Network

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


