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Abstract

Background The key pathophysiological changes in androgenetic alopecia (AGA)
Wenyu Wu. are limited to hair follicles (HFs) in frontal and vertex regions, sparing the occip-
Email: wuwenyu@huashan.org.cn ital region.
Objectives To identify biological differences among HF subpopulations.
12 July 2022 Methods Paired vertex and occipital HFs from 10 male donors with AGA were col-

lected for RNA sequencing assay. Furthermore, HF and cell experiments were
Q.L, Y.T., Y.H. and Ji'an Wang con- conducted on the identified key genes to reveal their roles in AGA.
tributed equally. Results Transcriptome proﬁles revealed that 506 mRNAs, 55 microRNAs and 127

long noncoding RNAs were differentially expressed in the AGA vertex HFs. Path-
*Plain language summary available online way analysis of mRNAs and microRNAs revealed involvement of the hypoxia-
inducible factor (HIF)-1, Wnt/B-catenin, and focal adhesion pathways. Differen-
tial expression of HIF-1 prolyl hydroxylase enzymes (EGLN1, EGLN3) and Wnt/f-
catenin pathway inhibitors (SERPINF1, SFRP2) was experimentally validated. In vitro
studies revealed that reduction of EGLN1, EGLN3, SERPINF1 and SFRP2 stimulated
proliferation of dermal papilla cells. Ex vivo HF studies showed that downregula-
tion of EGLN1, EGLN3 and SERPINFI promoted HF growth, postponed HF catagen

transition, and prolonged the anagen stage, suggesting that these genes may be

DOI 10.1111/bjd.21783

potentially utilized as therapeutic targets for AGA.

Conclusions We characterized key transcriptome changes in male AGA HFs, and
found that HIF-1 pathway-related genes (EGLN1, EGLN3) and Wnt pathway inhi-
bitors (SERPINFI, SFRP2) may play important roles in AGA.

What is already known about this topic?

e Multiple differentially expressed genes and signalling pathways have been found
between hair follicles (HFs) in the balding area (frontal and vertex regions) and
nonbalding area (occipital region) of individuals with androgenetic alopecia
(AGA).

e A whole-transcriptome atlas of the vertex and occipital region is lacking.
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analyses.

What does this study add?

e We identified a number of differentially expressed genes and pathways between
balding vertex and nonbalding occipital AGA HFs by using whole-transcriptome

e We identified pathways not previously reported in AGA, such as the hypoxia-
inducible factor (HIF)-1 signalling pathway.

e We verified that HIF-1 pathway-related genes (EGLNI1, EGLN3) and Wnt pathway
inhibitors (PEDF, SFRP2) played important roles in dermal papilla cell activity, hair
growth and the hair cycle.

What is the translational message?

e The EGLN1, EGLN3, SERPINFI and SFRP2 genes may be potentially utilized as thera-
peutic targets for AGA.

Androgen alopecia (AGA), or male pattern hair loss, is the
most common type of progressive hair loss.' It often becomes
a psychological burden and affects the normal social life of
affected individuals.? Currently, minoxidil and finasteride are
the only two drugs that have obtained approval from the US
Food and Drug Administration (FDA) for AGA treatment. In
addition to a scarcity of pharmacological approaches, alopecia
can also be treated with various hair loss strategies, including
hair transplants and germinal caps.

In normal adults, hair follicles (HFs) undergo a lifelong
cyclical transformation, progressing through stages of rapid
growth (anagen), regression (catagen) and relative quiescence
(telogen).’ However, in AGA, due to the effect of the testos-
terone metabolite dihydrotestosterone on susceptible HFs, the
anagen phase of HFs is gradually reduced while the telogen
phase is prolonged.*” This change results in HF miniaturiza-
tion,® leading to a transformation from terminal to vellus-like
hair in individuals with AGA. As the acknowledged target,
dermal papillae (DPs) are the main sites of androgen activity
in HFs.”® The miniaturization seen in the patterned hair loss
may be the direct result of the reduction in the number of
dermal papilla cells (DPCs) and, hence, in the size of the DPs.

In male AGA, hair loss typically involves the temporal and
vertex region, generally sparing the occipital region.” Several
gene expression profiling studies have identified differences in
the expression levels of genes and signalling pathways
between HFs in the balding area (i.e. frontal and vertex
regions) and nonbalding area (i.e. occipital region) of individ-
uals with AGA,'%!! including androgen metabolism, the

12-18
However, these

Wnt/B-catenin pathway, and redox state.
studies only detected the mRNA alterations while the changes
of other noncoding RNAs were neglected. Moreover, previous
transcriptome studies mainly focused on plucked HFs, result-
ing in damage of key cell types in AGA, including DPCs and
the bulge region cells."’

To further explore the pathogenesis of AGA, we performed
a whole-transcriptome analysis to identify the differentially
expressed mRNAs, microRNAs (miRNAs) and long noncoding

© 2022 The Authors. British Journal of Dermatology

RNAs (IncRNAs) in HF subpopulations. The HFs in balding vs.
nonbalding scalp were obtained by follicular unit extraction so
they would consist of more key cell types from the same
male patients with AGA in our study. Furthermore, we con-
ducted follow-up in vitro and ex vivo experiments to verify and
reveal the roles of identified genes and pathways in AGA
pathogenesis.

Materials and methods

Human hair follicle organ dissection

All male participants with AGA signed informed consent and
were notified about the study before participation. The study
was approved by Huashan Hospital of Fudan University (eth-
ical approval number 2019M-008). The clinical information
of the study participants is shown in Table S1 (see Support-
ing Information). Samples from patients 1-10 were used for
RNA sequencing and those from patients 1-20 were used
for the follow-up functional studies. Anagen HFs in the
vertex and occipital areas from male patients with AGA
undergoing hair transplants were collected by follicular unit
extraction, and haematoxylin and eosin staining was per-
formed to confirm the hair cycle stage (Figure S1; see Sup-
porting Information). Anagen follicles were used in this
study and were used in RNA sequencing analysis and ex vivo
HF studies.

RNA sequencing and bioinformatic analysis

The parameters, reagents and methods for sequencing and

bioinformatic analysis can be found in Appendix S1 (see Sup-

porting Information).**2®

Human hair follicle culture and treatment

The isolated human HFs were cultured in Williams E medium
(Gibco BRL, Grand Island, NY, USA). HFs that grew to lengths
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of 0-3-0-5 mm and macroscopically remained in anagen VI
after 24 h were selected for further experiments.” For trans-
fection experiments, HFs were transfected with 0-04 nmol Lt
EGLN1, EGLN3, SFRP2 or SERPINFI (formerly PEDF) small inter-
fering (si)RNA mixed with 2 pmol L™' Lipofectamine RNAi-
MAX transfection reagent (Thermo Fisher Scientific, Waltham,
MA, USA). The transfection effect was evaluated at 2 days
post-transfection by immunofluorescence. For recombinant
protein stimulation experiments, HFs were incubated with
100 ng mL~' recombinant pigment epithelium-derived factor
(PEDF) protein (HY-P7054; MedChemExpress, Monmouth
Junction, NJ, USA) or 1 pg mL~! recombinant secreted
Frizzled-related protein 2 (SFRP2) protein (6838-FR-025;
R&D Systems Inc., Minneapolis, MN, USA). The length of the
hair shaft and the hair cycle were measured every 2 days.

Immunofluorescence staining

HF samples were embedded in paraffin. Next, histological sec-
tions were incubated overnight at 4 °C with primary antibod-
ies for either EGLN1 (1 :300, sc-271835; Santa Cruz
Biotechnology, Santa Cruz, CA, USA), EGLN3 (1 : 250,
ab184714; Abcam, Cambridge, UK), PEDF (1 : 500,
ab180711; Abcam) or SFPR2 (1 : 500, ab92667; Abcam).
The sections were then incubated with the corresponding sec-
ondary antibody for 1 h at room temperature. After removing
the secondary antibody, the nucleus was counterstained with
4-amino-6-diamino-2-phenylindole (DAPI; Beyotime Biotech,
Nanjing, China). The stained sections were observed under a
microscope (Olympus, Tokyo, Japan), and representative

images were captured.

Real-time polymerase chain reaction

DPCs were isolated from HF bulbs and cultured in Dulbecco’s
modified Fagle’s medium as previously reported.*® Total RNA
was extracted and reverse transcribed from HFs or DPCs using
TRIzol (Invitrogen, Carlsbad, CA, USA) and the High Capacity
cDNA Reverse Transcription Kit (Applied Biosystems, Foster
City, CA, USA). Real-time polymerase chain reaction (PCR)
was performed with SYBR Premix Ex Taq (Takara Bio, Shiga,
Japan) and analysed with an ABI Prism 7900 Detector System
(Applied Biosystems). The housekeeping gene GAPDH was
used as the endogenous control.

Real-time cellular analysis assay

Real-time cellular analysis (Agilent, Santa Clara, CA, USA) was
applied to monitor cell viability according to the manufac-
turer’s instructions. An xCELLigence system (Roche Applied
Science, Penzberg, Germany) was used to record the cell
growth curves automatically. Cell index was used to observe
cell state (e.g. cell attachment, cell number). Cells at a density
of 9000 cells per well were seeded in a 16-well microplate.
After incubation for 6 h, the medium was refreshed with new
treatment medium.
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Western blot

Cell lysates were subjected to sodium dodecyl sulfate polyacry-
lamide gel electrophoresis and proteins were transferred onto
polyvinylidene fluoride (PVDF) membranes. According to the
standard protocol, the PVDF membranes were blocked in Tris-
buffered saline with Tween (TBST, pH 7-4) and 5% bovine
serum albumin for 2 h and incubated with their respective
primary antibodies for 8 h at 4 °C, followed by the secondary
antibody for 2 h at room temperature. After washing with
TBST three times, the proteins were visualized using the ECL
chemiluminescence system (Santa Cruz Biotechnology). Ima-
geQuant TL software (Cytiva, Marlborough, MA, USA) was
used to quantify the intensity of bands.

Deferoxamine treatment

Deferoxamine was purchased from Sigma-Aldrich (St Louis,
MO, USA). The working concentration for treatment of DPCs
was 300 ng mL™'. RNA and protein were extracted from DPCs
after 24-h and 48-h incubation periods with or without defer-
oxamine, respectively.

Statistical analysis

All data were analysed using R (v3.6.0; R Foundation, Vienna,
Austria). The paired-sample t-test and unpaired-sample t-test
were used for paired samples and unpaired samples, respec-
tively. P-values < 0-05 following false discovery rate adjust-
ment for multiple testing correction were considered to be
statistically significant.

Results

Whole-transcriptome signatures of hair follicles from
individuals with androgenetic alopecia

To explore the pathogenesis of AGA, we performed RNA
sequencing of protein-coding genes, IncRNAs and miRNAs in
paired HFs of the frontal vertex and occipital scalp from 10
male patients with AGA (Figure S1). The whole-genome tran-
scriptomic profiles of these two groups were pooled together
and presented as a circle plot based on their P-values and the
chromosome location of each gene (Figure la). Differential
expression analysis identified 506 mRNAs, 127 IncRNAs and
55 miRNAs that were differentially expressed. Hierarchical
clustering indicated that most mRNAs and miRNAs were
upregulated in the vertex group compared with the occipital
group (Figure 1b, c), whereas IncRNAs were mainly down-
regulated (Figure S2a; see Supporting Information). For the
differentially expressed mRNAs, 308 genes were upregulated,
and 198 downregulated genes were identified in the vertex
group (Figure 1d). In miRNAs, we identified 35 upregulated
miRNAs and 20 downregulated miRNAs (Figure le). We also
detected 53 wupregulated IncRNAs and 74 downregulated
IncRNAs (Figure S2b).

© 2022 The Authors. British Journal of Dermatology
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Figure 1 The whole-genome transcriptional signature of human hair follicles of patients with androgenetic alopecia (AGA). (a) Circle plot show-
ing the results of the integration of transcriptomic data on hair follicle mRNA (red, outer circle), long noncoding RNA (blue, middle circle) and
microRNA (yellow, inner circle) with their P-values from the DESeq2 results. (b, c) Differential expression analyses of (b) mRNAs and (c¢) micro-
RNAs are shown in the volcano plots. Each dot represents either an expressed mRNA gene or mature microRNA. The red dots represent overex-
pression in the vertex group and the blue dots indicate downregulation after screening with false discovery rate correction for multiple testing
(FDR < 0-05) and log, fold change (< —0-5 or > 0-5). (d, e) Hierarchical clustering analysis of differentially expressed (d) mRNAs and (e)
microRNAs of 10 patients with AGA. Each column shows the gene expression value of one sample, and each row represents one gene in the
model. Orange and blue indicate high and low z-scored levels, respectively, while red and green on the legend bar represent hair follicles from
the vertex and occipital scalp, respectively.
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These results showed significantly differential expression
patterns between vertex and occipital HFs in AGA. The details
of the differentially expressed genes, miRNAs and IncRNAs are
listed in Tables S2—4 (see Supporting Information). In addi-
tion, we identified the correlation pairs of differentially
expressed RNAs through correlation analysis and constructed
regulatory networks using these
IncRNA-mRNA coexpression networks and miRNA-mRNA
and miRNA-IncRNA regulatory networks were constructed

correlation pairs. The

based on their coefficients using Cytoscape™® (Figure S3a—c;
see Supporting Information). Moreover, a competitive endoge-
nous RNA network was constructed to identify the key regula-
tors using miRNA-mRNA and miRNA-IncRNA pairs
(Figure S3d). The results of the coexpression analysis are pre-
sented in Tables S5—7 (see Supporting Information).

Pathway enrichment analysis: hypoxia-inducible factor-1
and Wnt signalling pathways

We further performed KEGG pathway enrichment analysis to iden-
tify the altered signalling pathways in AGA. We found that the
upregulated mRNAs in AGA vertex HFs were significantly enriched
in the HIF-1 signalling pathway (adjusted P = 9-8 X 1077). The
downregulated mRNAs were mainly enriched in the Wnt sig-
nalling pathway (adjusted P = 7-9 x 10™°) and Hippo signalling
pathway (adjusted P = 8-1 X 107°) (Figure 2a). The expression
of key HIF-1 signalling genes (EGLN1, EGLN3, SERPINE1, HMOXI,
TIMP1, and IL6R) and Wnt signalling-related genes (SERPINFI,
SFRP2, DKK1, LGR4, LGRS, WNT3A, WNTSA and WNT16) is shown
in Figure 2(b—d). Furthermore, Gene Ontology enrichment analy-
sis revealed that adaptive immune response, moulting cycle, hair
cycle, extracellular matrix, cytokine receptor activity, DNA-
binding transcription activator activity, and hormone activity path-
ways were dysfunctional in balding HFs (Tables S8—10; see Sup-
porting Information).

We also performed miRNA pathway enrichment analysis
using miRPathDB.?*">*> We found that the HIF-1 and Wnt sig-
nalling pathways (data not shown) were significantly enriched
with differentially expressed miRNAs using KEGG and WIKI
pathway analysis, respectively (Figure 2e). In particular, the
target genes of miR-451a, miR-98-5p and miR-196b-5p were
significantly enriched in the HIF-1 signalling pathway (Fig-
ure 2f). In addition, the focal adhesion, cell cycle, DNA dam-
age response and transforming growth factor-f signalling
pathways were highly involved. These miRNA-enriched path-
ways were coordinated with mRNA-enriched pathways, which
emphasizes the importance of the pathways that we identified.
Therefore, the HIF-1 and Wnt signalling pathways were
selected for further functional studies.

Expression validation of differentially expressed genes
involved in the hypoxia-inducible factor-1 and Wnt sig-
nalling pathways

To validate the expression levels of differentially expressed
genes, a total of 20 AGA samples, including 10 independent
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pairs of HFs, and the initial 10 pairs of HFs for RNA sequenc-
ing were collected (Table S1). Haematoxylin and eosin stain-
ing showed that the obtained HFs were anagen HFs, and
revealed a concomitant decrease in the maximum bulb diame-
ter of vertex HFs compared with occipital HFs (Figure 3a).
Real-time PCR was performed to assess the expression of HIF-
1 pathway-related genes (EGLN1, EGLN3 and HMOX1) and Wnt
signalling pathway-related genes (SERPINFI, SFRP2 and LGRS).
The results showed that the mRNA levels of EGLN1, EGLN3,
SERPINF1 and SFRP2 were significantly higher in vertex HFs
compared with occipital HFs (Figure 3b; and Figure S4a; see
Supporting Information).

Moreover, immunofluorescence staining showed increased
mean (SD) protein expression of EGLN1 [1-04 (0-24) vs. 1-55
(0-35)], EGLN3 [1-02 (0-06) vs. 2-65 (0-38)], SERPINFI [1-15
(0-25) vs. 1-75 (0-18)] and SFRP2 [1-16 (0-21) vs. 254
(0-53)] in vertex HFs (Figure 3c). These proteins were ubiq-
uitously expressed in almost every cell type, and EGLN1 was
mainly expressed in hair matrix cells (Figure 3c). Collectively,
we discovered that HIF-1 and Wnt signalling pathway-related
genes (EGLN1, EGLN3, SERPINFI and SFRP2) were upregulated
in AGA vertex HFs and might play important roles in AGA.

The effects of hypoxia-inducible factor-1 pathway-related
EGLNz1 and EGLN3 on dermal papilla cells and hair
follicles

DPC proliferation activity, HF growth and the hair cycle play
important roles in the process of HF miniaturization and AGA.
To assess the effects of HIF-1 pathway-related genes (EGLNI
and EGLN3) in AGA, we treated DPCs and cultured HFs with
EGLNI or EGLN3 siRNA. Real-time PCR analysis confirmed the
decreased expression of EGLNI or EGLN3 after corresponding
siRNA transfection into cultured DPCs (Figure 4a). Cell prolif-
eration activity was examined by the xCELLigence system as
l’eported,31 and we found that downregulation of EGLNI or
EGLN3 resulted in a significant increase in DPC proliferation
(Figure 4b). Furthermore, the decreased expression of EGLNI
and EGLN3 in treated HFs was confirmed by immunofluores-
cence (Figure 4c). As shown in Figure 4d, EGLNI or EGLN3
knockdown increased the length of hair shafts compared with
the negative control. Moreover, a greater percentage of anagen
HFs and a lower percentage of catagen HFs remained in the
EGLNI or EGLN3 siRNA-treated group compared with the nega-
tive control group after 6 days of culture (Figure 4e). The
results revealed that EGLN1 or EGLN3 downregulation pro-
moted DPC proliferation and HF growth, prolonged the ana-
gen stage, and postponed HF catagen transition, suggesting
the important role of EGLN1 and EGLN3 in AGA.

The effects of Wnt pathway-related SFRP2 and SERPINF1
on dermal papilla cells and hair follicles

The Wnt signalling pathway plays a key role in AGA, but the
effect of SFRP2 or SERPINF1 has not been studied in AGA. Here,
we show that SFRP2 or SERPINF1 siRNA treatment reduced the

© 2022 The Authors. British Journal of Dermatology
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Figure 2 Enrichment of the hypoxia-inducible factor (HIF)-1 and Wnt signalling pathways. (a) KEGG pathway enrichment analysis of differentially
expressed (DE) mRNAs. The red and blue bars indicate enriched pathways using the upregulated and downregulated genes in the vertex group,
respectively. (b—d) Expression levels of HIF-1 signalling-related genes, Wnt signalling inhibitor genes and Wnt signalling pathway genes, respec-
tively. The y-axis represents the row counts of each gene calculated by kallisto and tximport software. P-values were derived by DESeq2 following
false discovery rate correction for multiple testing. Data are shown as the mean and SEM (n = 10) of each group. ***P < 0-001; **P < 0-01;
*P < 0-05; ns, not significant. (e) KEGG pathways enriched by each DE microRNA. The hypergeometric test was used to identify the enriched
pathways by using the targeted genes of each DE microRNA. The legend bar represents the —log,,(P-value) of the enriched pathway for each DE
microRNA. (f) Dot plot showing that the HIF-1 signalling pathway is significantly enriched by eight DE microRNAs. The dot size represents the
number of microRNA target genes belonging to the HIF-1 signalling pathway. The x-axis (expected hits) represents the expected number of micro-
RNA target genes belonging to the HIF-1 signalling pathway by chance.
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Figure 3 Validation of the expression of differentially expressed genes involved in the hypoxia-inducible factor (HIF)-1 and Wnt signalling path-

ways. (a) Haematoxylin and eosin staining showed that the hair follicles (HFs) were anagen HFs and the bulb diameter was decreased in vertex

HFs compared with occipital HFs. (b) The expression of HIF-1 pathway-related genes (EGLN1, EGLN3 and HMOX1) and Wnt signalling pathway-
related genes (PEDF/SERPINF1, SFRP2 and LGRS) was examined in vertex HFs compared with occipital HFs. The mRNA expression of EGLN1, EGLN3,
PEDF/SERPINF1 and SFRP2 was significantly higher in the vertex HFs compared by paired-sample t-tests. (c) Immunofluorescence staining showed

increased protein expression of EGLN1, EGLN3, PEDF or SFRP2 in vertex HFs compared by paired-sample t-tests. **P < 0-01, *P < 0-05.

transcriptomic levels of targeted genes (Figure 5a) and signifi-
cantly promoted DPC proliferation (Figure 5b). Consistently,
addition of recombinant SFRP2 or SERPINF1 protein inhibited
DPC proliferation (Figure 5c). In HFs, SFRP2 or SERPINFI
siRNA transfection decreased target protein expression as
revealed by immunofluorescence (Figure 5d). In addition, SER-
PINF1 downregulation promoted HF growth, while the SER-
PINFI recombinant protein significantly inhibited HF growth
(Figure 5e). However, SFRP2 siRNA or recombinant protein
treatment showed no effect on HF growth (Figure 5f). Com-
pared with the negative control group, SERPINFI downregula-
tion resulted in a greater percentage of anagen HFs remaining
and a lower percentage of catagen HFs, and SERPINFI

British Journal of Dermatology (2022) 187, pp936—947

recombinant protein facilitated catagen transition and short-
ened the anagen stage (Figure 5g, h). Although SFRP2 is an
inhibitor of the Wnt pathway, SFRP2 did not significantly
affect the HF hair cycle (Figure 5g, i). These findings suggest
that as SERPINF1 is an inhibitor of the Wnt pathway, its upreg-
ulation plays a role in HF pathological changes and the devel-
opment of AGA.

Discussion

Dissecting the transcriptomic alterations between AGA-affected
and AGA-unaffected HFs may significantly improve our under-
standing of AGA pathogenesis. Hochfeld et al. detected the

© 2022 The Authors. British Journal of Dermatology
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Figure 4 Effects of EGLNI and EGLN3 on dermal papilla cells (DPCs) and hair follicles (HFs). (a) mRNA expression levels of EGLN] and EGLN3

were significantly downregulated after corresponding small interfering (si)RNA transfection in cultured DPCs. (b) xCELLigence system detection

showed that siEGLN1 or siEGLN3 treatment significantly increased the proliferation of DPCs compared with the negative control (NC) group DPCs.

(¢) Immunofluorescence staining assay identified decreased protein levels of EGLN1 and EGLN3 after siEGLNI or siEGLN3 treatment of HFs. (d)

EGLN1 or EGLN3 knockdown increased the length of hair shafts compared with the NC after 2 days of culture. (e) Macroscopic images of cultured

hair follicles were obtained every other day. The hair cycle stage was macroscopically determined on day 6, and a greater percentage of anagen

HFs and a lower percentage of catagen HFs remained in the EGLN1 or EGLN3 siRNA-treated group compared with the NC group. Data are

expressed as the mean (SD) of each group. P-values were calculated using unpaired-sample t-tests. ***p < 0-001, **P < 0-01, *P < 0-05.

transcriptomic changes between plucked HFs from the frontal
and occipital scalp regions of patients with AGA, suggesting
that the ephrin and Hippo signalling pathways may contribute
to the deregulation of HF growth and HF miniaturization."’
In addition, multiple miRNAs, including has-miR-106a, has-
miR-106b, has-miR-125b, has-miR-221 and has-miR-410,
were found to be upregulated in the balding DPCs.**** More-
over, hsa-miR-133b was dysregulated in the AGA scalp and
could affect the proliferation of DPCs via the Wnt/p-catenin
pathway.*>* Also, has-miR-324-3p was depleted in balding fol-
licular stem cells from patients with AGA and could affect the
differentiation programme of keratinocytes.*® However, few

studies have systemically identified the transcriptomic changes

© 2022 The Authors. British Journal of Dermatology

of AGA HFs at the whole-transcriptome level. In this study,
we have identified differentially expressed mRNA, miRNAs
and IncRNAs between the male AGA HFs of the occipital and
vertex regions, and highlighted the roles of the HIF-1 and
Wnt/B-catenin signalling pathways in AGA pathogenesis.

The HIF-1 signalling pathway plays a crucial role in regulat-
ing cellular homeostasis under hypoxia. HIF-1 transactivates
an array of gene-producing proteins capable of increasing oxy-
gen supply, including vascular endothelial growth factor
(VEGF), which promotes angiogenesis.>®*” The HIF subunit is
usually prolyl hydroxylated by EGLN (also called prolyl
hydroxylase domain, PHD) family members under normoxic
conditions, causing its rapid degradation. Previous studies

British Journal of Dermatology (2022) 187, pp936—947
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Figure 5 Effects of PEDF/SERPINFI and SFRP2 on dermal papilla cells (DPCs) and hair follicles (HFs). (a) The mRNA expression levels of PEDF/
SERPINF1 and SFRP2 were significantly downregulated after corresponding small interfering (si)RNA transfection in cultured DPCs. (b) xCELLigence
system detection showed that siPEDF/SERPINF1 or siSFRP2 treatment significantly increased the proliferation of DPCs compared with the negative
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have reported that hair loss, including AGA, is strongly associ- and DPCs.*” A combination of pyridine-2,4-dicarboxylic acid

ated with a reduced vascularization of HFs.>® Minoxidil, an diethyl ester and resveratrol, which stabilizes HIF-lot and

FDA-approved drug for AGA treatment, may activate the HIF- reduces oxygen peroxide-induced oxidative stress, improved

1-VEGF pathway, and PHD may be the molecular target for hair density in females donors.*” Moreover, our study also

minoxidil-mediated VEGF induction via HIF-1 in keratinocytes found that downregulation of EGLN1 or EGLN3 could stimulate
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DPC proliferation and promote HF growth. Therefore, we sug-
gest that EGLNI or EGLN3 may regulate DPC and HF growth
through the HIF-1-VEGF pathway.

To further verify this assumption, we first confirmed the
decreased expression and protein levels of HIF-1o and VEGFA
in the vertex HFs of patients with AGA (Figure S4b, c), and
found they could be restored after siEGLN1 or siEGLN3 treat-
ment (Figure S4d). In accordance, expression and protein
levels of HIF-loe and VEGFA could be upregulated after
siEGLN1 or siEGLN3 treatment in DP cells (Figure S5a—d; see
Supporting Information). Furthermore, DP cells treated with
deferoxamine (an iron chelator) could also upregulate tran-
scriptomic and protein levels of HIF-1a and VEGFA, resulting
in a higher proliferation of DP cells (Figure S5e—g). Taking
the results together, we suggest that EGLNI and EGLN3 may
regulate HF DPs and HFs through the HIF-1-VEGF signalling
pathway. However, a previous study found that loss of EGLN1
could activate the HIF-dependent hypoxic response, including
suggesting that EGLN1 and EGLN3
might regulate HF metabolism to participate in AGA patho-

anaerobic  glycolysis,*'

genesis. In addition, we only examined the role of EGLN1 and
EGLN3 in DP cells, and the effect of EGLN1 and EGLN3 on
HF epithelial cells remains elusive. Further investigations are
required to clarify the diverse effects of EGLN1 and EGLN3 on
different compartments of HFs.

Wnt/B-catenin signalling plays a pivotal role in HF mor-
phogenesis, development and regeneration during the hair
cycle.'” In accordance with previous studies, we found down-
regulation of the Wnt signalling pathway in the vertex HFs of
patients with AGA compared with occipital HFs. Targeting
Wnt signalling is more likely to come from approaches that
interfere with Wnt antagonists and restore signalling. Exten-
sive research has shown that modulation of Wnt natural inhi-
bitors, including DKK1, DKK2, SFRP1 and SFRP4, could result in
comparable growth-promoting effects while alleviating some
safety concerns.'®!8#27

In this study, we scanned the common Wnt signalling path-
way inhibitor genes and found that only four of these genes
(SFRP2, SERPINF1, DKKI and IGFBP3) were significantly upregu-
lated in the AGA vertex region, and few studies have focused
on the roles of SFRP2 and PEDF in AGA. Therefore, we further
examined these two Wnt signalling pathway inhibitors for
follow-up experiments. We found that SERPINF1 downregula-
tion stimulated DPC proliferation, promoted HF growth, post-
poned HF catagen transition, and prolonged the anagen stage,
while PEDF recombinant protein showed opposite results.
SFRP2 has been widely recognized as an inhibitor of Wnt sig-
nalling, and SFRP2 downregulation can activate Wnt sigan-
ling.***" However, Kwack et al. reported that SFRP2 could
augment WNT3a-mediated Wnt signalling, suggesting that the
role of SFRP2 in the Wnt signalling pathway is complex and
warrants further clarification.*® Tn our study, we found that
exogenous SFRP2 could inhibit DPC proliferation. However,
treatment with SFRP2 siRNA or recombinant protein showed
no significant effects on HF growth, which might be due to
the effects of functional SFRP1 as previously reported.'®

© 2022 The Authors. British Journal of Dermatology
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In conclusion, our study characterizes the whole-
transcriptome signatures of HFs from the balding vertex and
nonbalding occipital scalp areas of patients with AGA, high-
lighting the HIF-1 signalling pathway and Wnt/pB-catenin
pathway in AGA pathogenesis. We identified that HIF-1
pathway-related genes (EGLN1 and EGLN3) and Wnt/p-catenin
pathway inhibitors (SFRP2 and SERPINF1) may play important
roles in DPC activity, hair growth and the hair cycle, and may
potentially be utilized as targets for AGA and hair loss treat-
ment. Further studies with larger sample sizes are awaited to
validate these findings in the future. We anticipate that our
data will serve as a valuable resource facilitating future studies

for patients with AGA.
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