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A B S T R A C T   

Background: DNA methylation is a crucial epigenetic alteration involved in diverse biological processes and 
diseases. Nevertheless, the precise role of DNA methylation in chemotherapeutic drug-induced alopecia remains 
unclear. This study examined the role and novel processes of DNA methylation in regulating of chemotherapeutic 
drug-induced alopecia. 
Methods: A mouse model of cyclophosphamide (CTX)-induced alopecia was established. Hematoxylin-eosin 
staining and immunohistochemical staining for the Ki67 proportion and a mitochondrial membrane potential 
assay (JC-1) were performed to assess the structural integrity and proliferative efficiency of the hair follicle stem 
cells (HFSCs). Immunofluorescence staining and real-time fluorescence quantitative PCR (RT-qPCR) were per-
formed to determine the expression levels of key HFSC markers, namely Lgr5, CD49f, Sox9, CD200, and FZD10. 
Differential DNA methylation levels between the normal and CTX-induced model groups were determined 
through simple methylation sequencing and analyzed using bioinformatics tools. The expression levels of miR- 
365-1, apoptosis markers, and DAP3 were detected through RT-qPCR and western blotting. In parallel, pri-
mary mouse HFSCs were extracted and used as a cell model, which was constructed using 4-hydroperoxycyclo-
phosphamide. The luciferase reporter gene assay was conducted to confirm miR-365-1 binding to DAP3. To 
measure the expression of relevant indicators, superoxide dismutase (SOD) and malondialdehyde (MDA) kits 
were used. Methylation-specific PCR (MS-PCR) was performed to determine DNA methylation levels. The reg-
ulatory relationship within HFSCs was confirmed through plasmid overexpression of miR-365-1 and DAP3. 
Result: In the alopecia areata model, a substantial number of apoptotic cells were observed within the hair 
follicles on the mouse backs. Immunofluorescence staining revealed that the expression of HFSC markers 
significantly reduced in the CTX group. Both RT-qPCR and western blotting demonstrated a noteworthy dif-
ference in DNA methyltransferase expression. Simple methylation sequencing unveiled that DNA methylation 
substantially increased within the dorsal skin of the CTX group. Subsequent screening identified miR-365-1 as the 
most differentially expressed miRNA. miR-365-1 was predicted and confirmed to bind to the target gene DAP3. In 
the CTX group, SOD and ATP expression markedly reduced, whereas MDA levels were significantly elevated. 
Cellular investigations revealed 4-HC-induced cell cycle arrest and decreased expression of HFSC markers. MS- 
PCR indicated hypermethylation modification of miR-365-1 in the 4-HC-induced HFSCs. The luciferase reporter 
gene experiment confirmed the binding of miR-365-1 to the DAP3 promoter region. miR-365-1 overexpression 
dramatically reduced apoptotic protein expression in the HFSCs. However, this effect was slightly reversed after 
DAP3 overexpression in lentivirus. 
Conclusion: This study explored the occurrence of miR-365-1 DNA methylation in chemotherapeutic drug- 
induced alopecia. The results unveiled that miR-365-1 reduces cell apoptosis by targeting DAP3 in HFSCs, 
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thereby revealing the role of DNA methylation of the miR-365-1 promoter in chemotherapeutic drug-induced 
alopecia.   

1. Introduction 

Hair loss is a prevalent clinical concern affecting the appearance and 
psychological well-being of numerous individuals. According to clinical 
studies, the global prevalence of total baldness, alopecia areata, and 
common baldness is 0.08%, 0.02%, and 0.03%, respectively [1]. Hair 
loss is typically multifactorial and is caused by medications and the 
genetic, environmental, and lifestyle factors [2]. Chemotherapeutic 
drug-induced hair loss is a common adverse effect during cancer treat-
ment. It affects the physical appearance and potentially leads to 
decreased self-esteem and quality of life of patients [3,4]. Although 
research on chemotherapy-induced hair loss has progressed to some 
extent, the understanding of its underlying mechanisms remains rela-
tively limited [5,6]. 

DNA methylation is an epigenetic modification in which methyl-
transferases add methyl groups to the cytosine rings of DNA molecules 
[7]. This process plays a crucial regulatory role in controlling gene 
expression, thus enabling gene activity modulation by altering the 
methylation status of certain genes [8]. DNA methylation is associated 
with various biological processes and diseases, including cancer, 
neurological disorders, and cardiovascular conditions and, has been 
extensively investigated [9–11]. However, the role of DNA methylation 
in hair loss and its exact role in the mechanism underpinning 
chemotherapy-induced hair loss remain largely unknown. 

This study investigated the potential regulatory roles of DNA 
methylation in chemotherapy-induced hair loss and the underlying 
mechanisms. Using both mouse and cell models, we uncovered a hair 
loss-associated molecular mechanism, specifically focusing on DNA 
methylation-induced miR-365-1 modification and the interaction of 
miR-365-1 with DAP3. By comprehensively exploring the role of DNA 
methylation, we aspire to offer renewed insights into hair loss preven-
tion and treatment, thereby laying the foundation for developing more 
effective intervention strategies. This research holds significance for 
improving quality of life of individuals experiencing hair loss, in addi-
tion to providing novel insights into the role of DNA methylation in 
other diseases and physiological processes. Consequently, this study 
potentially paves the way for extensive research in this field. 

2. Method 

2.1. Animal experiments 

Male C57BL/6 mice aged 6–8 weeks were procured from Shanghai 
Jihui Laboratory Animal Co. Ltd. (Shanghai, China; license number: 
SYXK (Hu) 2018-0040). The mice were raised and maintained under 
standard conditions of room temperature (20◦C–26◦C) and a relative 
humidity of 40%–70%. They were exposed to the 12-h light/dark cycle 
and provided with regular diets. One week after acclimation, 10 mice 
were randomized into two groups (n = 5 per group): the control group 
(WT) and the cyclophosphamide (CTX) model group (CTX). The CTX 
group was intraperitoneally injected with CTX (70 mg/kg) from day 0 to 
day 15. On day 3, all mice were depilated on the back by using a rosin/ 
wax (1:1) mixture after anesthetizing them with 4% isoflurane inhala-
tion, and photographs were captured. On day 15, the mice were 
euthanized through cervical dislocation, and skin tissues from the 
depilated area of each mouse were promptly collected [12]. All animal 
experiments were conducted strictly according to the Guideline for 
Ethical Review of Laboratory Animal Welfare of the General Adminis-
tration of Quality Supervision, Inspection and Quarantine of the Peo-
ple’s Republic of China. The animal protocol was approved by 
Institutional Animal Care and Use Committee (at Yueyang Integrated 

Chinese and Western Medicine Hospital (Assurance Number: 
YYLAC-2022-164-4). 

2.2. Isolating, sorting, and culturing primary CD49f+/CD200+ mouse 
hair follicle stem cells (mHFSCs) 

Under sterile conditions, the mouse dorsal skin was isolated, minced, 
and subsequently digested at 37◦C for 50 min in a 1.0% trypsin solution 
with a volume 5 times that of the tissue. The tissue suspension was 
filtered through a 200-mesh cell strainer, followed by centrifugation at 
1500 rpm for 5 min. The cell pellet was resuspended in 200 μL of ice-cold 
sterile PBS and incubated in the dark at 4◦C for 30 min with FITC-labeled 
anti-mouse CD49f antibody and PE-labeled anti-mouse CD200 antibody. 

After 1 mL of frozen sterile PBS was added for washing, the cells were 
centrifuged and the cell mass was collected. Subsequently, the cells were 
reconstituted to 500 μL of frozen sterile PBS, and CD49f+/CD200+

mouse hair follicle stem cells (mHFSCs) were classified through enzy-
matic digestion and magnetic bead sorting. These classified cells were 
cultured in a medium containing DMEM:F12 supplemented with 5 μg/ 
mL insulin, 10 ng/mL EGF, 10 ng/mL bFGF, 10 μg/mL transferrin, 0.36 
μg/mL hydrocortisone, 2 mM glutamine, 100 U/mL penicillin, 100 U/ 
mL streptomycin, 15% bovine serum, 50 μg/mL vitamin C, 5 μM 
Y27632, and 20 ng/mL VEGF-A. The cells were then cultured at 37◦C 
under 5% CO2. The next day, the medium was replaced with fresh me-
dium, and cultivation was continued [13]. 

2.3. Hematoxylin and eosin staining (H&E staining) 

The histopathological morphology of the skin was assessed through 
hematoxylin and eosin (HE) staining, following a protocol similar to the 
one previously described. The slides were examined under a BX-51 
microscope (Olympus, Japan) and captured using a DP-70 digital cam-
era (Olympus, Japan). 

2.4. Immunohistochemical staining 

Ki67 immunohistochemical (IHC) expression was determined as 
follows: first, 4-μm skin sections were baked at 65◦C for 120 min. Sub-
sequently, the sections were dewaxed with xylene and subjected to 
graduated rehydration with alcohols. Following two washes (5 min 
each) with PBS, the skin sections were immersed in the sodium citrate 
antigen retrieval solution. Antigen retrieval was achieved by boiling the 
solution for 20 min. Following three additional washes (5 min each) 
with PBS, an endogenous peroxidase blocking agent was added to the 
sections. The sections were then incubated at room temperature for 10 
min. After cooling, the sections were washed thrice with PBS (5 min 
each). 

The skin sections were then covered with a 5% bovine serum albu-
min (BSA) solution and left for 30 min at room temperature. Each sec-
tion was treated with the primary antibody (approximately 100 μL/ 
section, Abcam, Cambridge, UK), which was dissolved in a 5% BSA so-
lution, and the mixture was incubated overnight at 4◦C. After the 
mixture returned to the room temperature, the sections were washed 
three times with PBS (5 min each), exposed to the secondary antibody 
solution for 90 min, and washed three times with PBS (2 min each). The 
sections were treated with the DAB solution and counterstained with 
hematoxylin. The sections were thoroughly washed, rehydrated, 
mounted, and prepared for analysis. 
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2.5. Immunofluorescence staining 

The skin tissues were immersed in 4% paraformaldehyde (Sigma- 
Aldrich, St. Louis, MO, USA) for 30 min, subjected to gradient dehy-
dration with ethanol, and embedded in paraffin. The resulting 6-μm skin 
sections were dewaxed with xylene, blocked with an IHC blocking buffer 
(Beyotime Biotechnology, Zhejiang, China) at 37◦C for 30 min, and 
washed (three times, 5 min each, at room temperature) with an IHC 
washing buffer (Beyotime Biotechnology, China). 

Next, the sections were incubated at 37◦C for 45 min with primary 
antibodies against CD200 (ab244560), CD49F (ab181551), SOX-9 
(ab185966), CK15 (ab52816), and FZD10 (ab137491) (Abcam, Cam-
bridge, UK). Following another round of washing with an IHC washing 
solution (three times, 5 min each, at room temperature), the sections 
were incubated at 37◦C for 45 min with the respective secondary anti-
bodies. After the sections were washed thoroughly, they were blocked 
using an immunofluorescence (IF) blocking buffer (Sigma-Aldrich, 
USA). 

2.6. TUNEL staining 

Briefly, the skin sections were stained with the TUNEL reaction so-
lution and incubated in a damp dark room at 37◦ C for 1 h. Factory plays 
PBS, equipped with ProLong diamond anti-fading loader and DAPI anti- 
fading (P36962, Invitrogen) imaging focusing microscope. The SP8 
(Leica) apoptosis index was determined by calculating the median 
values of five TUNEL-positive cells and DAPI-positive cells at the airport. 

2.7. Measurement of mitochondrial membrane potential (MMP) 

The JC-1 reagent (Beyotime, China) was used to assess the mito-
chondrial membrane potential (MMP) of epidermal cell. Following the 
manufacturer’s instructions, the skin sections were treated with the JC-1 
solution at 37◦C for 30 min, and DAPI solution (Sigma-Aldrich, USA) 
was used to stain the nuclei. Subsequently, changes in JC-1 fluorescence 
were observed and documented under a fluorescence microscope 
(Olympus BX53, Japan). The transition of JC-1 aggregates (red fluo-
rescence) to JC-1 monomers (green fluorescence) indicated a decrease in 
MMP. 

2.8. Reduced representation bisulfite sequencing (RRBS) 

Genomic DNA extracted from the skin tissues was subjected to 
digestion with MspI. The ends of the MspI-digested DNA were subse-
quently repaired, followed by the addition of dA-tails. DNA adapter- 
linked DNA was treated with disulphite by using the EZ-DNA Methyl-
ation Gold Kit (Zymo Research, Orange, CA, USA). Subsequently, 
disulphite-treated DNA was amplified through PCR. The library DNA 
concentration was analyzed using Qubit 2.0 (Thermo Fisher Scientific, 
CA, USA) and readjusted to 1 ng/μL. 

Subsequently, the fragment size range and molarity of each library 
were assessed using Bioanalyzer 2100 (Agilent, CA, USA). The library 
concentration was recalculated based on the index ratios. After obtain-
ing a sufficient pool of reduced representation bisulfite sequencing 
(RRBS) libraries for sequencing, comprehensive sequencing was per-
formed on the HiSeq platform (Illumina, USA) [14]. 

2.8.1. Flow cytometry analysis 
mHFSCs from each group were suspended (1 × 106 cells/mL) and 

stained with primary antibodies on ice in Dulbecco’s phosphate- 
buffered saline containing 10% BSA. The cells were stained with an 
isotype control antibody (mouse IgG1-FITC, mouse IgG1-PE; Invitrogen, 
eBioscience™, Shanghai, China) to correct for non-specific binding. 
Antibody staining was analyzed through fluorescence correlation mi-
croscopy by using FACS Aria (Quanta SC, Beckman Coulter INC) [15]. 
The primary antibodies used were FZD10 (ab137491), CK15 (ab52816), 

Sox9 (ab185966), and CD200 (ab244560) 

2.9. Methylation-specific PCR (MS-PCR) 

The Wizard Genomic DNA Purification Kit (Promega) was used to 
extract genomic DNA from cell chains or clinical samples. Then, DNA 
was modified with sodium bisulfite by using the EZ-DNA Methylation 
Gold Kit (Zymo Research, USA) according to the instructions. MS-PCR 
primers were designed using MethPrimer software, followed by ampli-
fication and determination of specific methylation regions on the 
genomic DNA by using DNA MyTaq TMHS mixed reaction buffer (Bio-
line, London, UK) [16]. 

2.10. Transfection of mHFSCs 

To generate DAP3- and miR-365-1-5p-overexpressing lentiviral 
vectors, DNA fragments corresponding to DAP3 and miR-365-1-5p were 
amplified through PCR by using the genomic DNA of mouse SGC7901 
cells. These PCR-amplified segments were integrated into the lentiviral 
vector pLV-EF1α-IRES-Puro (pLV-ctrl), which resulted in the creation of 
the viral vectors pLV-DAP3 and pLV-miR-365-1-5p. These vectors were 
transfected into HEK2937 cells. The culture medium containing lenti-
virus (pLV-DAP3, pLV-miR-365-1-5p, and pLV-ctrl) was collected at 24- 
h intervals for three times in total and purified through ultracentrifu-
gation. Full-length cDNA encoding mouse DAP3 and miR-365-1-5p was 
amplified through PCR. These PCR products were subcloned into the 
pBOBI and pCMV-HA vectors to obtain overexpression plasmids for 
DAP3 and miR-365-1-5p, respectively [17]. 

The Inhibitor of DNA methyltransferases 5-Azacytidine（5-AzaC） 
(19–143, Sigma-Aldrich, USA) was also for HFSC treatment. Subsequent 
experiments were conducted 48 h after transfection [18]. 

2.11. RNA isolation and qRT-PCR 

Total RNA was extracted from the skin tissues by using TRIzol 
(Thermo Fisher Scientific, USA). RNA purity was examined using 
Nanodrop 1000 (Thermo Fisher Scientific, USA). The extracted total 
RNA was transcribed into cDNA by using M-MLV reverse transcriptase 
(Promega, Madison, USA) and the ribonuclease inhibitor (Sigma- 
Aldrich, USA). Quantitative real-time PCR (qRT-PCR) was performed 
using SYBR Green Real-time PCR Master Mix (Toyobo, Shanghai, China) 
and the qRT-PCR detection kit (Eppendorf, Hamburg, Germany) for a 
total of 40 cycles (95◦C for 15 s, 58◦C for 30 s, and 72◦C for 42 s). With 
18 rRNA as an internal reference gene, mRNA expression values were 
calculated using the 2− ΔΔCT method. The specific PCR primers are listed 
in Table S1. 

2.12. Cell cycle analysis 

mHFSCs were vaccinated at a density of 1.5 × 106 rooms per table 
culture and allowed to grow at 6 cm for 24 h. Then, the middle of the 
serum-free medium, and after 16–18 h of shortage of speech, the rooms 
enter the G0 phase. Subsequently, several experimental reagents were 
introduced into serum-free culture medium. The cells (1 × 106) were 
harvested through pancreatic enzyme-specific digestion, washed two 
times with cold PBS, and maintained in ice cubes in 70% alcohol for 30 
min. 

After three rounds of washing with cold PBS, the cells were resus-
pended in 1 mL Krishan’s chromosome solution at 4◦C overnight. These 
cells were filtered through 96-μm-long nylon wells , and 10,000 colored 
nuclei were analyzed through flow cytometry (BD Biosciences, CA, 
USA). M-phase DNA histograms of the G0–G1, S and G2 cell cycles were 
corrected using the Modfit Analytics (BD Biosciences, USA) program. 
Each condition was repeated three times. 
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2.13. Western blotting analysis 

Total protein was extracted using 1 × RIPA50 lysis buffer (Sigma- 
Aldrich, USA) for protease inhibitors. Then, the extracted total protein 
was separated through sodium dodecyl-sulfate polyacrylamide gel 

electrophoresis and transferred to a polyvinylidene fluoride membrane 
(Bio Rad, CA, USA). The membrane was incubated with primary anti-
bodies and appropriate secondary antibodies overnight at 4◦C. The 
primary antibodies used were anti-caspase-3 rabbit pAb (GB11532- 
100), anti-cysteine protease-3 rabbit pAb (GB115600-100), anti-Bcl-2 

Fig. 1. Establishment of the hair loss model induced using the chemotherapeutic drug cyclophosphamide (CTX). (A) Photographs of hairs on the mouse back on day 
0 and day 15. (B) HE staining results indicating more empty follicles in the back skin of CTX-treated mice. (C) IHC staining result showing a significant decrease in 
KI67 proportion after CTX induction. (D) Tunnel staining results demonstrating more cell apoptosis in the CTX group. (E) JC-1 staining results revealing abnormal 
MMP in the back skin of the CTX group. ** P < 0.01, *** P < 0.001, and **** P < 0.0001. 
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mouse mAb (GB124830-100), anti-Bax mouse mAb, and anti-β-actin 
mouse mAb (all sourced from Servicebio, Wuhan, China). The DAP3 pAb 
(Cat. No. 10276-1-AP) was purchased from Proteintech (Wuhan, China). 

2.14. Luciferase reporter assay 

Luciferase reporter experiments were conducted by referring to a 
previous study [18]. On the first day, 1.5 × 104 mHFSCs were seeded 
into a 96-well whiteboard. On the second day, the report constructs were 
transfected with Lipofectamine 3000. Luciferase activity was evaluated 
48 h after transfection. The 3’ untranslated region (3’ UTR) sequence of 
the wild-type (WT) or mutant DAP3 was inserted downstream of the 
firefly luciferase reporter gene. Its expression in the mammalian cells 
was regulated by adding the SV40 enhancer. No oligonucleotides were 
inserted into the control vector (GeneCopoeia, Rockville, MD, USA). 
Renella luciferase is an indicator of successful transfection. Luciferase 
activity was measured using the LightSwitch Assay Agent (SwitchGear 
Genomics) according to the manufacturer’s instructions.[19]. 

2.15. Statistical analysis 

Data were analyzed using GraphPad Prism 8.0 (GraphPad Software, 
CA, USA), and the results are expressed as the mean ± standard devia-
tion. The statistical significance between multiple sets of independent 
data was assessed using one-way analysis of variance, followed by 
Bonferroni post-hoc tests. A p value of <0.05 was considered statistically 
significant. To obtain more genes from RRBS for validation, we 
considered unadjusted p values of <0.05 and fold change of ≥0.4 as 
qualifying values. 

3. Results 

3.1. CTX-induced hair loss on the backs of C57 mice 

Using CTX, we successfully established a mouse hair loss model. In 
the CTX group, clear signs of hair loss from the hair follicles were noted 
on the mouse back. The results were significantly contradictory to those 
observed in the normal control group. On day 0, we depilated the mice 
and photographed them for documentation. Fifteen days after CTX was 
intraperitoneally injected for modeling, the hair on the backs of the mice 
became sparse and the skin appeared white, which contrasted with the 
reddish coloration on the backs of the mice in the WT group. This was 
due to the drug toxicity of CTX (Fig. 1A). HE staining unveiled a sig-
nificant increase in empty hair follicles in the skin on the mouse backs 
(Fig. 1B). IHC staining revealed reduced Ki67 expression in the CTX- 
induced mouse back hair , which indicated suppressed hair prolifera-
tion (Fig. 1C). According to TUNEL staining, substantial cell apoptosis 
occurred in the skin tissue of the hair loss area, which indicated a close 
association between CTX-induced hair loss and follicular structure 
damage (Fig. 1D). JC-1 staining demonstrated a significant reduction in 
mitochondrial membrane potential in CTX-treated mice, suggesting the 
presence of extensive cell apoptosis in the epidermis (Fig. 1E). Subse-
quently, IF staining unveiled that the expression of HFSC markers, 
including CK15, Sox9 (marker for hair growth and development), 
FZD10, CD200, and CD49f, significantly reduced in the CTX model 
group (Fig. 2A–D). This result indicated that the chemotherapeutic drug 
CTX exerted irreversible inhibitory effects on HFSC activity (Fig. 2E). 

Through western blotting, the expression of mitochondrial 
apoptosis-related proteins, namely cleaved Caspase-3, Caspase-3, Bcl-2, 
and BAX, was determined. Mitochondrial damage and cell apoptosis 
were significant in the CTX-induced back skin (Fig. 3A and B). Subse-
quently, qRT-PCR was performed to examine mRNA expression of the 
HFSC markers CD200, CK15, Sox9, and FZD10, all of which showed 
significant decreased expressions under CTX induction. To investigate 
whether DNA methylation occurs in the CTX-induced hair loss area in 
the mouse back skin, qRT-PCR was also performed to determine the 

expression of DNA methylation- and hydroxymethylation-related genes. 
The results indicated that the DNA methylation-related genes Dnmt1 and 
Dnmt3b were significantly upregulated, whereas the DNA 
hydroxymethylation-related genes Tet1 and Tet3 were significantly 
downregulated. These findings suggest that CTX-induced mouse back 
skin undergoes changes in DNA methylation (Fig. 3C). 

3.2. 4-HC induces oxidative stress and apoptosis in primary 
mHFSCs 

Enzymatic digestion and magnetic bead sorting were used to isolate 
and enrich CD49f+/CD200+ mHFSCs from the mouse subcutaneous 
tissue according to the methods used in previous studies [20,21]. The 
cells were then subjected to primary culture, and mHFSCs from the first 
generation were used for experimental modeling. In the WT group, 
mHFSCs had a clonal growth morphology. With passaging, they grad-
ually differentiated and developed a stable cubic pavement stone 
structure, with a small cell volume, large nuclear/cytoplasmic ratio, 
smooth surface, minimal wrinkles, and no serrations. After the cell 
model was induced with 4-HC, cell volume significantly increased, and 
the losing smooth edges appeared. Cell morphology became disorderly, 
cell proliferation significantly decreased, and signs of aging were 
evident (Fig. 4A). Flow cytometry revealed that 4-HC significantly 
inhibited the cell cycle of HFSCs, displaying a noticeable arrest at the G1 
phase (Fig. 4B). The expression of the mHFSC markers, including 
CD200, FZD10, CK15, and Sox9, decreased significantly (Fig. 4C). Ac-
cording to the qRT-PCR results, the expression of apoptosis-related 
genes was significantly increased in the 4-HC intervention group 
(Fig. 4D). SOD and MDA levels suggested that 4-HC increases the 
oxidative stress levels in the HFSCs (Fig. 4E). Collectively, the results of 
in vitro cell experiments indicated that 4-HC intervention causes a 
gradual loss of proliferative capacity and "stemness" characteristics in 
the HFSCs. 

3.3. Simplified methylation sequencing analysis 

The differences in DNA methylation between the WT and CTX groups 
were analyzed at the chromosome level through RRBS (Fig. 5A). Fig. 5B 
presents the different methylated genes in the WT and CTX groups, 
including 122 hypermethylated genes (logFC ≥ 0.4) and 145 hypo-
methylated genes (logFC ≤ 0.4). The occurrence of DNA hyper-
methylation was more in the CTX group, whereas DNA 
hydroxymethylation was mainly noted in the WT group (Fig. 5C). 
Methylation site loci were identified by analyzing the characteristics of 
upstream and downstream sequences of the methylated cytosines in the 
CG, CHG and CHH backgrounds. Some commonality was noted between 
the two sample groups, with CG having a CG motif, CHG having a C (C/ 
A/T) GG (A/C) motif, and CHH having a C (A/C/T) (C/T/A) motif 
(Fig. 5D). On investigating the differential methylation regions (DMRs) 
in genomic regions, we noted that compared with the WT group, dif-
ferential methylation of genomes accounted for 29.96% of the total 
methylation in the CTX group, DMR methylation of introns accounted 
for 22.57%, and the proportion of DMRs in the remaining regions ranged 
from 2% to 20% (Fig. 5E). An increasing number of studies have re-
ported microRNAs regulate hair follicle cell development either through 
direct regulation by the transcription factor AR or by blocking cell 
senescence and death. By contrast, relatively few studies have examined 
the association between DNA methylation and microRNAs in hair loss 
[22–24]. As shown in Fig. 5F, all miRNAs that underwent DNA 
methylation were screened, and mir-365-1 was identified as the most 
differentially expressed miRNA that underwent the highest degree of 
DNA methylation (Fig. 5G). We referred to the database MethPrimer to 
predict the CpG island of mir-365-1 with a 214-bp promoter length 
(Fig. 5H). The target DAP3 of mir-365-1 was then predicted using the 
Targetscan website, and its binding sequences were noted (Fig. 5I). 
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Fig. 2. Decreased expression of hair follicle stem cells (HFSCs) after CTX induction. (A) IF images of the HFSC markers CK15, Sox9, FZD10, CD200, and CD49f in the 
back skin of the WT and CTX groups. (B) Positive area ratio of IF staining. * P < 0.05, ** P < 0.01, *** P < 0.001, and **** P < 0.0001. 
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3.4. High methylation of the miR-365-1 promoter region promotes 
DAP3 expression 

Based on the bioinformatics analysis results, we first confirmed that 
miR-365-1 expression was downregulated and DAP3 expression was 
upregulated in the CTX-induced mouse back skin (Fig. 6A). Integrative 
Genomics Viewer (IGV) analysis revealed multiple highly methylated 
sites in the miR-365-1 promoter region in the CTX group (Fig. 6B). 
Subsequently, methylation-specific PCR (MS-PCR) validation confirmed 

a significant increase in methylation of miR-365-1 in the back skin of 
CTX-treated mice (Fig. 6C). Moreover, luciferase reporter experiments 
unveiled a regulatory relationship between miR-365-1 and DAP3 
(Fig. 6D). miR-365-1 overexpression was confirmed through qRT-PCR 
(Fig. 6E). After miR-365-1 was overexpressed, qRT-PCR revealed that 
DAP3 expression significantly downregulated, suggesting a regulatory 
relationship between DAP3 and miR-365-1 (Fig. 6F). Subsequently, a 
DAP3-overexpressing plasmid was constructed to validate the impact of 
DAP3 and miR-365-1 on HFSC apoptosis (Fig. 6G). According to western 

Fig. 3. Changes in hair follicle stem cell (HFSC) genes, methylation-related genes, and apoptosis proteins in the back skin of the CTX-induced mice. (A) Western 
blotting detection of the expression of apoptosis-related genes, namely cleaved Caspase-3, Caspase-3, BCL-2, and BAX. (B) Statistical representation of western 
blotting results. (C) qRT-PCR detection of the expression of HFSC marker-, DNA methylation-, and hydroxymethylation-related genes. * P < 0.05, ** P < 0.01, *** P <
0.001, and **** P < 0.0001. 
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blotting results, the expression of apoptosis-related proteins in mHSFCs 
significantly decreased after miR-365-1 overexpression. However, this 
effect was reversed with the addition of the DAP3 overexpression vector 
(Fig. 6H).Therefore, these results indicate a direct regulatory relation-
ship between miR-365-1 and DAP3, suggesting that they have a certain 
regulatory effect on the phenotype of HSFC apoptosis. 

4. Discussion 

Hair loss is a common clinical problem, mostly among cancer 

patients receiving chemotherapy [25,26]. Although some studies have 
investigated about hair loss, the specific molecular mechanisms under-
lying this problem remain unclear. Therefore, this study was conducted 
to gain a deeper understanding of the role of DNA methylation in hair 
loss and the underlying potential mechanisms. By establishing the 
mouse and cell models, we achieved a series of crucial experimental 
results. 

Studies on chemotherapy-induced hair loss have predominantly 
focused on the mechanisms such as cell apoptosis and stem cell damage. 
For instance, Purba TS et al. found that CDK4/6 inhibitors could reduce 

Fig. 4. Isolation and identification of the primary hair follicle stem cells (HFSCs) in vitro. (A) Photographs of HFSCs from the WT group and the 4-HC group. (B) Cell 
cycle results for the WT group and the 4-HC group. (C) Expression level changes of mHFSC markers. (D) qRT-PCR detection of the expression of apoptosis-related 
genes in the WT group and the 4-HC group. (E) SOD and MDA detection reflecting changes in oxidative stress in the WT group and the 4-HC group. * P < 0.05, ** P <
0.01, *** P < 0.001, and **** P < 0.0001. 
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Fig. 5. Simple methylation sequencing of mouse dorsal skin. (A) The Circos plot illustrating significant differences in DMRs among the groups. (B) The volcano plot 
of differentially methylated genes between the WT and CTX groups. (C) The Circos plot illustrates significant differences in DMRs between the WT and CTX groups. 
(D) Identification of motifs at methylation sites. (E) Distribution of differential methylation levels of DMRs in genomic regions for each group. (F) The cluster 
heatmap displays the miRNA methylation levels in each group. (G) Logarithmic fold change differences in the levels of all miRNAs. (H) The MethPrimer website 
predicts the methylation sites and promoter sequence of mir-365-1. (I) The Targetscan website predicts the target gene DAP3 of mir-365-1 and its binding sites. 
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Fig. 6. Methylation identification of miR-365-1 and its direct regulatory relationship with DAP3. (A) qRT-PCR detection of differences in the expression of mir-365-1 
and DAP3 in the dorsal skin of mice from the WT and CTX groups. (B) IGV software identification of the methylation sites of mir-365-1. (C) MS-PCR identification of 
the highly methylated state in the dorsal skin of mice from the CTX group. (D) The luciferase reporter gene experiment identifying the binding relationship between 
mir-365-1 and DAP3. (E) qRT-PCR reveals that mmu-miR-365-1 can successfully overexpress mir-365-1. (F) qRT-PCR unveils that mir-365-1 overexpression 
significantly reduces DAP3 expression. (G) Western blot detection of changes in the expression of apoptosis-related genes under the influence of 4-HC, mmu-miR-365- 
1, and DAP3-overexpressing plasmids. (H) Statistical chart of protein expression determined through western blotting. * P < 0.05, ** P < 0.01, *** P < 0.001, and 
**** P < 0.0001. 
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stem cell damage in a paclitaxel-induced hair loss model [27]. Piccini 
et al. reported the protective effects of peroxisome 
proliferation-activated receptor γ signal transduction on HFSCs against 
chemotherapy, thereby preventing cell apoptosis and epi-
thelial–mesenchymal transition [28]. Various targeted compounds have 
been designed against different targets. For example, Yang et al. 
designed a TLR7 agonist for the treatment of chemotherapy-induced 
hair loss [29]. However, no current research specifically addresses the 
relationship between chemotherapy-induced hair loss and DNA 
methylation. 

According to our results, DNA methylation may be among the crucial 
regulatory factors for hair loss. It is an epigenetic modification process 
widely involved in regulating gene expression, and its role in hair loss 
may be associated with the regulation of multiple key genes. We also 
identified the regulatory relationship between miR-365-1 and DAP3. 
RRBS results revealed miR-365-1 as the most significantly differentially 
expressed miRNAs and DAP3 as its target gene. This association suggests 
that the miR-365-1/DAP3 pathway plays a critical role in hair loss. DAP3 
plays a major role in mitochondrial function and is also associated with 
the functional changes observed in the mitochondria. Our results indi-
cate signs of oxidative stress in the CTX-induced hair loss model. SOD 
and MDA are vital biomolecules involved in cellular oxidative stress and 
free radical reactions. SOD targets superoxide radicals, catalyzes the 
reduction reaction of these radicals, and converts them to oxygen mol-
ecules and hydrogen peroxide, thereby protecting cells from superoxide 
radical damage and oxidative stress [30]. MDA, on the other hand, is a 
lipid peroxide and is often considered a hallmark of free radical-induced 
lipid oxidation [31]. The decreased SOD levels and the increased MDA 
levels suggest that oxidative stress is involved in hair loss. Oxidative 
stress-induced changes in the mitochondrial function is also a key 
finding of our study. The decreased MMP and the increased mitochon-
drial ROS levels may induce oxidative damage and apoptosis, which 
possibly contribute eventually to hair loss. 

This study enhances our understanding of the hair loss mechanism 
and provides crucial clues for future hair loss treatment strategies. First, 
DNA methylation may be a promising target for hair loss intervention. 
By regulating the DNA methylation levels, the expression of affected 
genes may be restored. Second, the miR-365-1/DAP3 pathway and 
mitochondrial function may serve as key therapeutic targets. By 
modulating the activity of these pathways, hair loss severity may be 
alleviated. However, our study also has certain flaws; for example, we 
only conducted luciferase experiments to validate the relationship be-
tween miR-365-1-5p and DAP3 and did not validate the knockdown for 
their binding sites. For DNA methyltransferases specifically regulating 
DNA methylation of miR-365-1-5p, only 5-AzaC, a universal inhibitor of 
DNA methyltransferases, was used for blocking validation. We failed to 
target specific proteins. Our subsequent studies will remedy these 
deficiencies. 

In summary, our study reveals the roles of multiple factors, including 
DNA methylation, the miR-365-1/DAP3 pathway, and oxidative stress, 
in hair loss, thereby providing strong scientific evidence for further 
exploring the mechanisms underlying hair loss and developing treat-
ment strategies. These findings are expected to offer more effective 
treatment options for hair loss patients and open up new research ave-
nues on DNA methylation- and mitochondrial function-related diseases. 
Future studies must explore the detailed regulatory networks of these 
mechanisms and the development of potential therapeutic drugs and 
interventions. 
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