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Abstract

Background: Androgenetic alopecia (AGA) is an androgen-dependent polygenic he-
reditary disease.

Methods: Diseased hair follicles from 5 AGA patients and normal hair follicles from
5 healthy individuals were selected as specimens to carry out whole transcriptome
sequencing. Multiple high-expression circular RNAs (circRNAs) were screened from
the diseased group. We further verified the presence of the circRNAs in the clinical
specimens by real-time fluorescence quantitative PCR (qRT-PCR).

Results: In total, 100 circRNAs were significantly upregulated, and 184 circRNAs were
significantly downregulated. The top 10 upregulated circRNAs were hsa_circ_0101041,
hsa_circ_ 0001578, hsa_circ_ 0135062, hsa_circ_ 0002980, hsa_circ_ 0005062,
hsa_circ_0072688, hsa_circ_ 0133954, hsa_circ_0001079, hsa_circ_0005974,
hsa_circ_0000489. The top 10 downregulated circRNAs were hsa_circ_0001278,
hsa_circ_0031482, hsa_circ_0008285, hsa_circ_ 0003784, hsa_circ_0077096,
hsa_circ_ 0001148, hsa_circ_ 0006886, hsa circ 0000638, hsa_circ_0084521, and
hsa_circ_0101074. Among top 10 upregulated circRNAs, hsa_circ_0001079 showed
significantly high expression via large-sample verification and clinical application
potential. Based on a database comparison and base pairing analysis, we found that
has-miR-136-5p bound to hsa_circ_0001079 and that hsa-miR-136-5p had potential
binding sites with Wnt5A.

Conclusion: In summary, through high-throughput sequencing and bioinformatic anal-
ysis, a potential diagnostic marker for alopecia and a key circRNA that might adsorb
microRNA (miRNA) through a sponging mechanism, thus mediating alopecia, were

discovered in this study.
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1 | INTRODUCTION

Androgenetic alopecia (AGA), also known as seborrheic alopecia, is an
androgen-dependent polygenic hereditary disease. For young patients
with a clear family history of genetic diseases, premature hair loss
seriously affects their physical and mental health. During the course
of AGA, irreversible shrinkage, a shortened growth period and a pro-
longed resting period of the hair follicle ultimately lead to the loss of
the ability to regenerate hair.? At present, there are many treatments
for AGA, such as the oral administration of finasteride tablets, the top-
ical application of minoxidil and hair transplant surgery, etc.® In recent
years, the injection of platelet-rich plasma (PRP)*® or autologous fat®
and even novel drug delivery systems have emerged.” Although the
treatment methods are constantly improving, AGA can still not be
cured eﬁ’ectively.8 Therefore, the fundamental methods to treat AGA
still rely on a deep understanding of the pathogenesis of AGA and
the exploration of the pathological transformation process of dermal
papilla cells during hair follicle growth and development.

Circular RNAs (circRNAs) is a newly discovered category of RNA
that widely exists in human body, which can be divided into noncoding
circRNAs and coding circRNAs.”1° CircRNAs have a unique covalent
closed loop structure that makes these molecules difficult to degrade
by exonucleases and debranching enzymes and have good biological
stability and tissue and cell specificity.!* CircRNAs can regulate gene
expression through multiple mechanisms, the most common of which is
the large number of binding sites with sponging miRNAs, thus reducing
the inhibitory effect of miRNA on target gene expression by compet-
itively binding with miRNA.'? Studies have shown that circRNAs play
important roles in tumours,'® cardiovascular diseases,'* immune system
diseases, etc.?>1¢ However, the role of circRNAs in AGA is still unclear.

In this study, the differential circRNA expression profiles of hair
follicles from AGA patients and healthy individuals were screened by
high-throughput whole transcriptome sequencing, and the possible
mechanism by which circRNAs affect the pathogenesis of AGA was
investigated. We found that the expression of hsa_circ_0001079
was significantly higher in AGA patients than in healthy individuals, a
finding that was further confirmed by qRT-PCR via large-sample ver-
ification in the AGA group. Receiver operating characteristic curve
(ROC) analysis indicated that hsa_circ_0001079 was of great value in
the diagnosis of AGA, suggesting that hsa_circ_0001079 is a poten-
tial clinical diagnostic marker of alopecia. Further bioinformatic anal-
ysis revealed that hsa_circ_0001079 might adsorb has-miR-136-5p
to regulate cell functions through a sponging mechanism. This study

provides a novel diagnostic marker and therapeutic target for AGA.

2 | MATERIALS AND METHODS

2.1 | Specimen collection

Atotal of 30 untreated male AGA patients and 30 healthy male volun-
teers signed informed consent forms. In this study, hair follicles from
5 AGA patients and 5 healthy individuals were randomly selected for

sequencing. The patients provided written informed consent, and
the study was approved by the Institutional Review Board of Xuzhou
Medical College Affiliated Hospital (Jiangsu, China).

2.2 | Extraction of RNA and quality control

A Trizol reagent kit was used to extract RNA from hair follicle tissue,
and a NanoDrop ND-2000 instrument was used to determine the
RNA concentration. The OD260/0D280 value was used to assess
RNA purity. CircRNA was enriched and pretreated using a CircRNA
Enrichment Kit to generate a sequencing library. Furthermore, qual-

ity was also tested.

2.3 | RNAlibrary preparation and high-
throughput sequencing

This work was performed by CloudSeq Biotech (Shanghai, China).
A TruSeq whole-stranded RNA library preparation kit (lllumina) was
used for RNA pretreatment and sequencing library construction.
Quality control and library quantification were carried out using a
Bio-Analyzer 2100 system (Agilent Technologies, Santa Clara, CA,
USA). High-quality sequencing was conducted using a reference ge-

nome/transcriptome and STAR software (v2.5.1b).

2.4 | Identification of circRNAs and
function prediction

CircRNAs with significantly differential expression were considered
those with a fold-change R of 2.0 and p < 0.05. Gene ontology (GO)
and Kyoto Encyclopedia of Genes and Genomes (KEGG) analyses
were performed on related genes of circRNAs with significant dif-
ferential expression to predict the functions of these circRNAs.
Using each circRNA with its miRNA binding site and the predicted
miRNA site data, an interaction network between each circRNA and
its downstream miRNA was constructed using Cytoscape software
(v2.8.0).

2.5 | Real-time fluorescence quantitative PCR
verification

Total RNA was extracted from hair follicle tissue using Trizol
(Invitrogen, Carlsbad, CA USA), and cDNA was synthesized using a
ReverTraAc real-time gPCR kit (Toyobo, Osaka, Japan). After the re-
action, product purity was assessed based on the melting curve, and
the Cqg value was obtained by statistical processing in Rg Manager
analysis software. The relative expression of RNA in each specimen
was calculated using the 2-AACt method. Three replicates were
conducted for all specimens, and the average value was used for
analyses.
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2.6 | Luciferase reporter assay

Wnt5A wild-type and mutant-type luciferase reporter vector tar-
geting the hsa-miR-136-5p binding site were constructed. The vec-
tors and hsa-miR-136-5p mimics were co-transfected into cells by
Lipofectamine 2000 reagent, and luciferase activities were measured
24 h later using the dual luciferase reporter system (Promega, USA).

Renilla luciferase activity was used as a standardized control.
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2.7 | Statistical analysis

SPSS 17.0 statistical software was used for the statistical analy-
sis. The quantitative data are expressed as the mean + SD. The t
test was adopted for comparisons between the 2 groups, and dif-
ferences were considered statistically significant when p < 0.05.
GraphPad software (San Diego, USA) was used to manage and ana-

lyze the data.
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FIGURE 1 Differentially expressed circRNAs between AGA patients and healthy controls (A) Volcano plot showing the differential expression
of circRNAs between AGA patients and healthy controls (NC). The red blocks represent circRNAs with statistically significant differences in
expression. (B) In the cluster heatmap, the red line represents upregulated circRNAs, and the green line represents downregulated circRNAs. (C)
Among the 284 circRNAs with significant differential expression, 100 were significantly upregulated, and 184 were significantly downregulated
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TABLE 1 Information of 20 differentially expressed circRNAs

CircRNA ID Host gene logFC logCPM P value Regulation
hsa_circ_0101041 DNAJC3 5.967795285 9.19948445 0.034563517 Up
hsa_circ_0001578 RANBP9 5.901422954 9.15571504 0.038900565 Up
hsa_circ_0135062 ANKIB1 5.804078356 9.09275692 0.04585028 Up
hsa_circ_0002980 AGK 5.744649651 9.055078873 0.000430647 Up
hsa_circ_0005062 KANK1 5.732000007 9.046804627 0.001433234 Up
hsa_circ_0072688 ADAMTS6 5.702196733 9.028195527 0.003843978 Up
hsa_circ_0133954 RAPGEF5 5.664737455 9.004925185 0.007065064 Up
hsa_circ_0001079 STK39 5.628815803 8.982247148 0.010407945 Up
hsa_circ_0005974 CAPRIN1 5.613751985 8.973353937 0.011870219 Up
hsa_circ_0000489 RNASEH2B 5.596812397 8.962776192 0.013522704 Up
hsa_circ_0001278 STT3B -6.396681953 9.489706328 0.008847093 Down
hsa_circ_0031482 HECTD1 -6.080093049 9.266977324 0.019518921 Down
hsa_circ_0008285 CDYL -6.016852414 9.224148891 0.022473411 Down
hsa_circ_0003784 SPG11 -5.974390698 9.192451266 0.024616833 Down
hsa_circ_0077096 SENP6 -5.941206402 9.172304783 0.026299849 Down
hsa_circ_0001148 SRSF4 -5.55969559 8.929293383 0.002414419 Down
hsa_circ_0006886 ZCCHC2 -5.529001057 8.910640484 0.005216071 Down
hsa_circ_0000638 POLI -5.512911066 8.902328652 0.006860037 Down
hsa_circ_0084521 LUC7L2 -5.506194293 8.896968242 0.007372751 Down
hsa_circ_0101074 FAM192A -5.449522253 8.863749284 0.013046563 Down
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3 | RESULTS
3.1 | Differentially expressed circRNAs between

AGA patients and healthy controls

The expression profile of circRNAs in AGA patients and that in patients
in the normal control (NC) group were analyzed by fold change to de-
termine statistical significance (p < 0.05). In total, 100 circRNAs were
significantly upregulated, and 184 circRNAs were significantly downregu-
lated (Figure 1A,B and Table 1). Among the 284 differentially expressed
circRNAs, 213 (75%) were circular exonic RNAs, accounting for 75%
(Figure 1C).

3.2 | Functions of differentially expressed
circRNAs in AGA

Gene ontology and KEGG analysis were conducted after source

gene analysis. GO analysis was used to explore the top 10 predictive
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functions of the 284 differentially expressed circRNAs in AGA patients.
GO enrichment analysis of source genes mainly includes biological
processes (BPs), cellular components (CCs) and molecular functions
(MFs). We identified the top 10 GO items that were significantly dif-
ferent between the AGA group and the NC group (Figures 2-4), with
mitotic cell cycle as the top BP (Figure 2), intracellular organelle as the
top CC (Figure 3), and ubiquitin-like protein ligase activity as the top
MF (Figure 4). The pie chart in Figures 2-4 shows the proportion of
each GO item.

3.3 | KEGG analysis indicated that the DNA
replication pathway plays a key role in the
pathogenesis of AGA.

Kyoto Encyclopedia of Genes and Genomes analysis allows the
identification of the regulatory function of differentially expressed
circRNAs by locating the pathways related to source genes. The mo-

lecular data sets for genomics, transcriptomics, protein genomics
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Molecular function
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and metabolomics are mapped to KEGG pathways to clarify the bio-
logical functions of molecules. In this study, function-related path-
ways involving 100 upregulated circRNAs in the AGA group were
examined by KEGG analysis. For the AGA group, DNA replication
was the most prevalent pathway enriched with differentially ex-

pressed circRNAs (Figure 5).

3.4 | Top 10 circRNAs with significantly high
expression in the AGA group and control group.

We explored the interaction between differentially expressed cir-
cRNAs in the AGA group and miRNAs to evaluate the potential
functions of differentially expressed circRNAs in AGA. Based on
enrichment degree, TargetScan and miRanda were used to investi-
gate the regulation of the dermal papilla cell cycle by differentially
expressed circRNAs in the AGA group through miRNAs. Figure 6
provides a network diagram generated by Cytoscape software.
There were many interactions between circRNAs and miRNAs, and
genes related to apoptosis or alopecia (red) were closely related
to differentially expressed circRNAs in the AGA group (Figure 6).

[20]enzyme binding ‘

Using the hair follicles of 30 AGA patients and 30 healthy vol-
unteers, 10 highly expressed circRNAs in the AGA group were se-
lected, and their expression levels in large samples were verified by
gRT-PCR. Among them, the difference in expression of 8 circRNAs
was statistically significant (p < 0.05) (Figure 7), indicating that the

sequencing results were reliable.

3.5 | ROC analysis showed hsa_circ_0001079 had
better diagnostic value.

Receiver operating characteristic curve analysis of circRNAs with a
confirmed role in AGA was carried out to evaluate the potential di-
agnostic value of these circRNAs. The ROC of confirmed circRNAs
showed that among the 8 circRNAs, the levels of hsa_circ_0001079,
hsa_circ_0002980 and hsa_circ_0005974 distinguished AGA pa-
tients from NCs. The area under the curve (AUC) was the largest
for hsa_circ_0001079 (AUC 0.72, 95% CI 0.57-0.84, p = 0.008), fol-
lowed by hsa_circ_0002980 (AUC 0.64, 95% CI 0.54- 0.81, p = 0.02).
Therefore, hsa_circ_0001079, as a biomarker for the diagnosis of
AGA, might be more valuable than the other 2 circRNAs (Figure 8).
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FIGURE 5 KEGG analysis indicated that the DNA replication pathway plays a key role in the pathogenesis of AGA. (A) KEGG analysis
revealing the top 5 signaling pathways with upregulated circRNA enrichment, among which DNA replication was the most significant. (B)
Genes and reaction elements involved in the DNA replication pathway

FIGURE 6 Top 10 circRNAs (yellow)
with significantly high expression (based hsa_circ_0005062
on high-throughput sequencing) in the

AGA group and control group. These 10

circRNAs might regulate the target genes hea_cie 0135062
(red) through miRNAs (green arrows)
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3.6 | Interaction between hsa_circ_0001079 and sequencing results, hsa-miR-136-5p was expected to be the tar-
hsa-miR-136-5p in AGA. get of hsa_circ_0001079. Therefore, we studied the interaction

between hsa_circ_0001079 and hsa-miR-136-5p. The matching
The genomic expression site of hsa_circ_0001079 was verified binding sequence between hsa_circ_0001079 and hsa-miR-136-5p
by gRT-PCR and Sanger sequencing (Figure 9A). Based on the was explored by miRanda analysis (Figure 9B). The expression of
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hsa-miR-136-5p in the AGA group was significantly lower than that
in the NC group, and the expression of hsa-miR-136-5p was nega-
tively correlated with that of hsa_circ_0001079 (Figure 9C).
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FIGURE 7 CircRNA sequencing results of samples acquired
from 30 AGA patients and 30 normal volunteers were verified by
gRT-PCR. In a comparison of the 2 groups, 8 circRNAs in the AGA

group were significantly upregulated (*p < 0.05, **p < 0.01)

3.7 | The relationship between wnt5A and hsa-
miR-136-5p

The matching binding sequence between Wnt5A and hsa-miR-
136-5p was explored by miRanda analysis (Figure 10A). The lucif-
erase assay showed that transfection of hsa-miR-136-5p mimics
significantly reduced the relative luciferase activity of Wnt5a-WT-
treated cells, but did not affect that of Wnt5a-MUT-treated cells
(Figure 10B). Pearson correlation analysis showed a negative corre-
lation between the expression level of Wnt5A and hsa-miR-136-5p
in 30 AGA patients (Figure 10C).

4 | DISCUSSION

Currently, the widely recognized pathogenesis of AGA involves
the specific binding of androgen and its metabolites to the andro-
gen receptor (AR) on hair follicle cells to regulate gene transcrip-
tion and protein expression in hair follicle cells, thus affecting hair
growth and loss.>*”*® However, the upstream regulation mecha-
nism is still unclear. Therefore, it is necessary to determine novel
biomarkers and explore their functions. In nature, hair follicles do
not exist only in humans. CircRNA expression profiles have been
explored in hair follicle specimens from sheep® and rabbits.?°
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FIGURE 8 ROC analysis showing that
0.8097 the expression of hsa_circ_0001079, hsa_
- circ_0002980 and hsa_circ_0005974 had
Has_circ_0005974 | 0.6178 0.1171 0.07256 0.4756- 53.91 58.95 potential significance for the diagnosis of
0.7600 AGA, among which hsa_circ_0001079 had
better diagnostic value
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136-5p was negatively correlated with that of hsa_circ_0001079 (p = 0.0382)

However, it is still unclear how circRNAs play a regulatory role in
human hair follicles. In the field of plastic surgery and dermatol-
ogy, the growing and younger AGA population has attracted much
attention. Therefore, it is of great significance to study the expres-
sion profile of AGA circRNAs and determine novel biomarkers to
provide new directions and strategies for the diagnosis and treat-
ment of AGA.

In this study, hair follicle tissue samples from AGA patients
were used as the experimental group, and those from healthy adult
males were used as the control group. The expression profiles of
circRNAs in the experimental group were screened by whole tran-
scriptome technology. In a comparison of the 2 groups, there were

284 circRNAs in the experimental group with fold differences >1.5
and p < 0.05. Among them, 100 circRNAs were upregulated, and
184 circRNAs were downregulated, most of which were exon cir-
cRNAs, with a few intron circRNAs. The findings were consistent
with the reported biological characteristics of circRNAs. KEGG en-
richment analysis showed that circRNAs participated in many BPs.
For example, the DNA replication pathway plays a key role in the
pathogenesis of AGA.

Then, we increased the number of specimens and carried out
RT-PCR verification. We selected 10 upregulated circRNAs based
on their expression distribution in each specimen. The upregulated
circRNAs with the most obvious differential expression (n = 8)
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were hsa_circ_0101041, hsa_circ_0001578, hsa_circ_0135062,
hsa_circ_0002980, hsa_circ_0005062, hsa_circ_0001079, hsa_
circ_0005974, and hsa_circ_0000489. ROC analysis confirmed that
hsa_circ_0001079, hsa_circ_0002980 and hsa_circ_0005974 could
distinguish AGA patients from NCs. Notably, hsa_circ_0001079, as a
biomarker of AGA diagnosis, might have better value than the other
2 biomarkers.

The most diagnostically upregulated circRNA, hsa_circ_0001079,
was studied further. Using MRE prediction software based on the
TargetScan and miRanda databases, it was found that there were
binding sites between hsa_circ_0001079 and hsa-miR-136-5p, and
the network diagram generated by Cytoscape software showed that
hsa-miR-136-5p was closely related to Wnt5A. We speculate that
hsa_circ_0001079 might adsorb hsa-miR-136-5p through sponging
and upregulate Wnt5A gene expression.

The hair follicle growth cycle is regulated by Wnt, Bmp, Notch and
other pathways. Among them, the Wnt signaling pathway plays the
most important role in regulating the hair follicle growth cycle.??2
Wnhnt5a is a representative Wnt family protein in the non-classical Wnt
pathway and plays important roles in cell proliferation, differentiation,

t.2% The non-classical Wnt5a-Cdc42 axis an-

migration and movemen
tagonizes classical Wnt signaling and ultimately induces a phenotype
in young hair follicle stem cells similar to premature aging.?*%* To un-

derstand the role of the Wnt signaling pathway in hair follicle growth,

when locating Wnt marker proteins, it was found that Wnt10b and
TCF3 were highly expressed in dermal papilla cells during the growth
period, while Wnt5a and Wnt10a were weakly expressed.? In addi-
tion, the overexpression of Wnt5a can promote the degradation of §3-
catenin, inhibit the activation of the classical Wnt/p-catenin pathway,
delay hair follicle growth from the static phase to growth phase, and
inhibit hair follicle growth.?”-? All these findings indicate that Wnt5a
is an important gene for inhibiting hair follicle growth. This fit well with
our research hypothesis, that is, in AGA, hsa_circ_0001079 overex-
pression upregulates Wnt5A expression and inhibits hair growth by
adsorbing hsa-miR-136-5p.

In previous studies, when we identified the regulatory function
of differentially expressed circRNAs by locating the pathways re-
lated to the source genes via KEGG analysis, we found that DNA
replication was the most obvious pathway for enriching differen-
tially expressed circRNAs in AGA. Related studies have shown that
with the increase in Wnt5A expression, the expression of cyclin D1
and the replication of DNA increase in the cell cycle of mesenchy-
mal stem cells under mechanical strain and in the natural growth of
mouse mandibular condyle.?’ Self-renewing adipose-derived mes-
enchymal stem cells continuously mediate DNA replication, chro-
matin packaging, cell structure expansion and mitosis, regulate Wnt
signal components, and upregulate Wnt5A-related genes such as
WISP2, SFRP2, and SFRP4.%0 In the progression of prostate cancer,



WEI €T AL.

Wnt5A and DNA replication have the same expression trends.>!
These studies have revealed that the DNA replication pathway,
as determined by KEGG analysis, is closely related to Wnt5A.
Combined with the hypothesis that hsa_circ_0001079 targets
Whnt5A by adsorbing hsa-miR-136-5p, we further speculated that
hsa_circ_0001079 mediated hair loss by regulating Wnt5A.

In future, more functions of differentially expressed circRNAs
will be explored in large-sample data. The relationship between hsa_
circ_0001079 and AGA in this study suggests that hsa_circ_0001079
plays a key role in the occurrence and development of AGA. The
reverse correlation and perfect binding sequence between hsa_
circ_0001079 and miR-136-5p suggests that hsa_circ_0001079
might regulate Wnt5A mRNA to inhibit normal hair follicle growth
through sponging adsorption of miR-136-5p and that Wnt5A also
participates in multiple cellular DNA replication pathways. Next,
we need to carry out further cell and animal model experiments to
deepen our understanding of the specific mechanism and function
of circRNAs in AGA.
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