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Abstract: Objectives: To investigate whether serum exosomes from children with severe atopic dermatitis (AD) affect 
keratinocyte function and to explore the underlying molecular mechanisms. Methods: Exosomal fractions were ob-
tained from sera of severe AD patients (AD-Exos) and healthy counterparts (NH-Exos), and were characterized using 
transmission electron microscopy and nano-flow cytometry. Cultured HaCaT cells were exposed to these exosomes 
or transfected with miR-432-5p mimic/inhibitor. RT-qPCR was employed to quantify inflammatory cytokine mRNAs, 
while CCK-8 assays, flow cytometry and immunoblotting were used to evaluate proliferation, apoptosis and pathway 
proteins. A dual‑luciferase reporter system and RNA pull‑down experiments confirmed the direct mRNA target of 
miR-432-5p. Receiver operating characteristic (ROC) curves were constructed to appraise the biomarker potential 
of exosomal miR-432-5p. Results: AD-Exos promoted HaCaT cell proliferation and upregulated IL-1β, IL-31, and IL-33 
compared to NH-Exos. miRNA sequencing and RT-qPCR revealed that miR-432-5p was significantly downregulated 
in AD-Exos. Functional experiments showed that miR-432-5p mimic suppressed proliferation, enhanced apopto-
sis, and reduced inflammatory cytokine release, while miR-432-5p inhibition produced opposite effects, mimicking 
the action of AD-Exos. Mechanistically, miR-432-5p directly targeted E2F2, and E2F2 overexpression reversed the 
anti-inflammatory and pro-apoptotic effects of the miR-432-5p mimic. Furthermore, miR-432-5p inhibited STAT1 
phosphorylation via E2F2 downregulation. ROC analysis indicated that exosomal miR-432-5p can distinguish AD 
patients from healthy controls (AUC = 0.87). Conclusions: Downregulation of miR-432-5p in AD-derived exosomes 
relieves its suppression on E2F2, thereby promoting HaCaT cell proliferation and inflammatory responses. Restoring 
miR-432-5p levels may represent a potential therapeutic strategy for severe pediatric AD.
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Introduction

Atopic dermatitis (AD) is a common, chronically 
relapsing inflammatory dermatosis that pres-
ents with intense pruritus and a protracted 
course. It is reported to be one of the most bur-
densome skin diseases worldwide [1]. Recent 
data from a study show that the prevalence of 
AD in children aged 1-7 years in urban areas is 
12.94%, and for children aged 1-12 months, it 
is as high as 30.48% [2]. Children with AD may 
subsequently develop allergic diseases such as 
rhinitis and asthma, forming a process known 
as the “atopic march”, a process that can have 
serious clinical consequences [3-5]. The etiol-
ogy of AD is multifactorial, which poses chal-

lenges for current clinical management [6]. 
Therefore, elucidating the exact pathogenic 
mechanisms of AD is both necessary and of 
great interest.

Currently, researchers believe that keratino-
cytes are the fundamental cells of the skin bar-
rier and are also involved in the progression of 
AD. Abnormal differentiation of these cells 
leads to structural damage in the stratum cor-
neum, a reduction in the amount of filaggrin 
and ceramides, weakened skin barrier protec-
tion, and thus increased permeability to exter-
nal allergens and pathogens [7, 8]. A previous 
study [9] has shown that exosomes in the blood 
can exert both beneficial and detrimental 
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effects on keratinocytes. These vesicles are 
efficient carriers, delivering proteins, lipids and 
non-coding RNAs to specific cells to alter their 
behavior [10]. MicroRNAs (miRNAs) are the 
main cargo components of exosomes and are 
responsible for their functional effects [11]. 
Studies have shown that exosomal miRNAs 
affect skin photoaging [12]. Therefore, exosom-
al miRNAs are now recognized as key regulatory 
molecules.

Many studies have explored plasma miRNAs as 
diagnostic markers or functional regulators in 
AD [13-15], but circulating miRNAs are relative-
ly unstable and easily degraded. Exosomal miR-
NAs are more stable due to the protective func-
tion of the exosomal phospholipid membrane, 
and are frequently employed as diagnostic indi-
cators in many diseases [16-18]. Recently, few 
studies have investigated exosomal miRNAs in 
atopic dermatitis [19, 20]. Therefore, this study 
is the first to identify exosomal miRNA signa-
tures in children with severe AD, determine 
whether serum-extracted exosomes from AD 
patients (AD-Exos) carry cellular signals that 
affect the phenotype of HaCaT cells, clarify the 
basic molecular mechanisms of AD, and offer 
new ideas for clinical treatment.

Methods

Research population and ethical approval

Twenty-three children (aged 2-18 years) with 
severe AD and 23 age- and sex-matched 

healthy controls were recruited from the 
Department of Dermatology, Affiliated Chil- 
dren’s Hospital of Jiangnan University (2024-
2025). Three cases in the AD group and three 
cases in the control group were subjected to 
RNA sequencing. Each patient met the Williams 
criteria for AD and had an SCORAD score of 50 
or more. Healthy controls were specifically 
required to have no personal history of allergic 
diseases (including allergic rhinitis, asthma, 
food allergy, or drug allergy), no first-degree 
family history of atopy, and no active or previ-
ous skin disorders. None of the subjects had 
any inborn diseases or autoimmune diseases. 
Written informed consent was obtained from 
the guardians of all pediatric participants. The 
study protocol was approved by the hospital 
ethics committee (WXCH2023-09-057). De- 
mographic and clinical characteristics are 
summarized in Table 1.

Cell culture and cell transfection

HaCaT cells (Shangen Biosciences, Wuhan, 
China) were cultured in DMEM supplemented 
with 10% non-exosome fetal bovine serum and 
1% penicillin-streptomycin at 37°C in 5% CO2. 
Serum-derived exosomes were normalized by 
protein concentration and applied at the indi-
cated doses. miR-432-5p mimics, inhibitors, 
and negative controls were synthesized by 
RiboBio (Guangzhou, China). LipofectamineTM 
2000 (Thermo Fisher, MA, USA) was used  
for transfection according to the supplier’s pro-
tocol. Cells at ~50% confluency in six-well 

Table 1. Basic information of the included population
Characteristic Total (N = 46) Group1 (AD, n = 23) Group 2 (NH, n = 23) P value
Age, years, mean ± SD 7.28 ± 3.20 7.26 ± 3.14 7.30 ± 3.41 > 0.999
Sex, n (%) > 0.999
    Male 30 (65.2) 15 (65.2) 15 (65.2)
    Female 16 (34.8) 8 (34.8) 8 (34.8)
Age at onset, years, median (IQR) 1 (0.5-2.0) NA
Disease duration, years, median (IQR) 6 (4.0-8.0) NA
Atopic family history, n (%) 20 (43.5) 20 (87.0) 0 < 0.001
IGA score, n (%)
    3 10 (21.7) 10 (43.5) 0 (0)
    4 13 (28.3) 13 (56.5) 0 (0)
Comorbidities and medications, n (%) -
    Allergic rhinitis 17 (37.0) 17 (73.9) 0 (0)
    Asthma 3 (6.5) 3 (13.0) 0 (0)
    Allergic conjunctivitis 12 (26.1) 12 (52.2) 0 (0)
    Food allergy 2 (4.3) 2 (8.7) 0 (0)
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plates were incubated with transfection com-
plexes for 48 h. E2F2-overexpressing plas- 
mids (pcDNA3.1(+), with NheI-EcoRI restriction 
sites) were purchased from Genecfps (Jiangsu, 
China). A short interfering RNA (siRNA) (gctact-
gctacctactacaca) specifically targeting E2F2 
mRNA was prepared by Genecfps (Jiangsu, 
China). Co-transfection of miR-432-5p mimic 
and OE-E2F2 was performed under the same 
conditions using LipofectamineTM 2000 Rea- 
gent.

Exosome isolation and labeling

Peripheral blood (10 mL) was collected in  
EDTA-free tubes, centrifuged at 3000×g for 15 
min at 4°C to obtain serum. Exosomes were 
pelleted using a commercial extraction reagent 
(KeyGEN, Jiangsu, China) at a 4:1 (serum-to-
reagent) ratio, incubated at 4°C for 2 h with 
gentle shaking, and then centrifuged at 
12,000×g for 20 min at 4°C. Morphology and 
size distribution of exosomes were examined  
by transmission electron microscopy (Philips, 
WA, USA) and nano-flow cytometry.

Nano-flow cytometry

Nano-flow cytometry (NanoFCM, serial No.: 
FNAN30E20071514) was performed using a 
488 nm laser using V2.0 software. Samples 
were diluted in particle-free PBS to prevent 
coincidence of signals. The scattering intensity 
was calibrated with 68-155 nm fluorescent 
beads. Particles within the 30-200 nm range 
were selected to avoid aggregates and back-
ground noise. Particle size distribution, concen-
tration and fluorescence intensity were mea-
sured independently three times. Quantitative 
data and single-particle distributions were pro-
cessed using the instrument’s software.

Uptake of exosomes by HaCaT cells

Purified exosomes were labelled with PKH26  
(4 µL, 1:250 dilution in Diluent C; Beyotime, 
Shanghai) for 5 min at room temperature,  
then washed twice by ultracentrifugation 
(100,000×g, 70 min, 4°C). Labelled exosomes 
(50 µL in PBS) were added to HaCaT cells for  
12 h. After fixation in 4% paraformaldehyde, 
permeabilization with 0.5% Triton X-100, and 
staining with phalloidin-AF488 (1:500, 30 min) 
and DAPI (1:20,000, 5 min), cells were visual-
ized by fluorescence microscopy.

MiRNA sequencing

Total RNA was extracted from serum-derived 
exosomes using TRIzol reagent (Takara, Tokyo, 
Japan). RNA quality and quantity were assess- 
ed with a NanoDrop ND-1000 (Thermo Sci- 
entific, MA, USA). MiRNA sequencing was per-
formed as previously described [21]. A small 
RNA library was constructed, and raw data 
were obtained through Illumina sequencing. 
Reads were aligned to the Ensembl GRCh38 
genome; rRNA and tRNA reads were filtered 
using the Rfam database. miRDeep2 quanti-
fied small RNAs, and differentially expressed 
miRNAs were defined by FDR-adjusted P <  
0.05 and |log2FC| ≥ 1.

Real-time qPCR (RT-qPCR)

RNA from exosomes or cells was reverse‑tran-
scribed with a PrimeScriptTM RT kit (Takara, 
Tokyo, Japan) qPCR was performed using TB 
Green (Takara, Tokyo, Japan) on a real-time sys-
tem. U6 and GAPDH served as internal con-
trols, and relative expression was calculated by 
the 2-ΔΔCT method. Primer sequences are listed 
in Table 2.

Western blot

Protein extracts from exosomes or cell lysates 
were separated on 10% SDS‑polyacrylamide 
gels, electro-transferred onto PVDF mem-
branes (Roche), blocked with 5% skim milk,  
and incubated overnight at 4°C with pri- 
mary antibodies against CD9, E2F2, β-actin 
(Origene), CD63, TSG101, Calnexin, STAT1, 
phospho‑STAT1 (P-STAT1), and p53 (Protein- 
tech). After washes with TBST, membranes 
were incubated with HRP-conjugated second-
ary antibodies (Servicebio) for 1 hour at room 
temperature. Bands were visualized by enhan- 
ced chemiluminescence.

Immunofluorescence staining

HaCaT cells on coverslips were transfected  
for 48 h, fixed with 4% paraformaldehyde, per-
meabilized with 0.2% Triton X-100, and blocked 
with 5% BSA, then incubated with primary anti-
bodies against E2F2 (Thermo) and p-STAT1 
(Cell Signaling Technology) overnight at 4°C. 
Following washes, Alexa Fluor 488- and 594- 
labelled secondary antibodies were applied for 
1 hour in the dark. Nuclei were stained with 



Downregulation of exosomal miR-432-5p in pediatric AD

8301	 Am J Transl Res 2026;18(9):8298-8313

DAPI. Confocal images (Zeiss LSM 800) were 
captured, and mean fluorescence intensities 
were calculated with ImageJ.

Proliferation and apoptosis assays

For CCK-8, cells (1×104/well) in 96-well plates 
were treated for 48 h, then 10 µL CCK-8 solu-
tion (Solarbio, Beijing, China) was added and 
incubated for 2 h; absorbance at 450 nm was 
recorded. Ki-67 staining was performed using  
a PE-conjugated antibody (BD Pharmingen, NJ, 
USA) followed by flow cytometry. Apoptosis was 
measured with an FITC-Annexin V kit (Thermo 
Scientific, MA, USA) and flow cytometry.

Luciferase reporter assay

The wild-type (WT) or mutated (MUT) 3’UTR of 
E2F2 was cloned into pmirGLO. HaCaT cells 
were co-transfected with the reporter plasmid 
and miR-432-5p mimic or NC using Lipo- 
fectamine 2000. After 48 h, luciferase activity 
was measured with the Dual-Luciferase® Re- 
porter Assay System (Promega, USA) on a 
GloMax® Discover plate reader.

Biotin-labeled miRNA pull-down assay

HaCaT cells were transfected with biotin-tagged 
miR-432-5p mimic (bio-miR-432-5p) or bio-NC. 

After 48 h, lysates were incubated with stre- 
ptavidin-coated magnetic beads at 4°C for 12 
h. Beads were washed, and bound RNA was 
extracted; E2F2 mRNA enrichment was quanti-
fied by RT-qPCR.

Statistical analysis

All experiments were performed at least  
thrice. Data were expressed as mean ± SEM. 
Group comparisons were performed using 
Student’s t‑test or the Mann-Whitney U test for 
two groups, and one-way ANOVA followed by 
Tukey’s pos-hoc test for multiple groups. p-val-
ue < 0.05 was considered statistically signifi-
cant. GraphPad Prism 9.0 was employed for all 
analyses.

Results

Extraction and analysis of exosomes from se-
rum of young children with serious AD

Exosomes were isolated from the serum of chil-
dren with severe AD and from healthy control 
children (NH). Transmission electron microsco-
py revealed typical cup-shaped or spherical 
vesicles with lipid bilayer membranes (Figure 
1A). Nano-flow cytometry (NanoFCM) was per-
formed to measure the size distribution and 
concentration of AD-derived small extracellular 

Table 2. The RT-qPCR gene sequence in the text
Sequence species Primer uses

Forward AAGCTCATTTCCTGGTATGACAA human GAPDH
Reverse CTTACTCCTTGGAGGCCATGT human GAPDH
Forward CCGACGTAGGTAGTTTCATGTT human hsa-miR-196a-5p
Reverse GTGCAGGGTCCGAGGTATTC human
RT GTTGGCTCTGGTGCAGGGTCCGAGGTATTCGCACCAGAGCCAACCCCAAC human
Forward CTCGCTTCGGCAGCACA human hsa-U6
Reverse AACGCTTCACGAATTTGCGT human
RT GTTGGCTCTGGTGCAGGGTCCGAGGTATTCGCACCAGAGCCAACAAAATATGG human
Forward GCGGCGGTCTTGGAGTAGGTCATT human miR-432-5p
Reverse ATCCAGTGCAGGGTCCGAGG human
RT GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACCCACCC human
Forward CCTTGGAGGCTACTGACAGC human E2F2
Reverse CCACAGGTAGTCGTCCTGGT human E2F2
Forward CGACGTCTGTGCTCTTTCTG human IL-31
Reverse AGCATCTTCGAGAGGGACTG human IL-31
Forward ACTATGAGTCTCAACACCCCTCAA human IL-33
Reverse TACCATCAACACCGTCACCTGAT human IL-33
Forward ACAGATGAAGTGCTCCTTCCAG human IL-1β
Reverse TTGCTGTAGTGGTGGTCGGA human IL-1β
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vesicles. The mean particle size was 89.4 nm, 
which falls within the typical exosome size 
range (30-150 nm), with a peak particle con-
centration of 1.2×108 particles/mL (Figure 1B), 
indicating a high yield of isolated vesicles. The 
corresponding scatter plot of side scatter 
height (SS-H) versus FITC fluorescence height 
(FITC-H) demonstrated a relatively homoge-
neous particle population, with minimal back-
ground noise and no detectable large aggre-
gates or fluorescent contaminants. Finally, exo-
somes from both AD and NH serum groups 
expressed the exosomal markers CD63, CD9, 
and TSG101, while Calnexin (a negative con-
trol) was undetectable (Figure 1C). These 
results collectively confirmed that exosomes 
were successfully isolated and characterized.

Effect of AD-exosomes on the proliferation and 
inflammatory response in HaCaT cells

To investigate the effect of AD-Exos on HaCaT 
cells, PKH-26-labeled AD-Exos were added  
to the cell culture, and their internalization  
was observed by fluorescence microscopy. As 

shown in Figure 2A, labeled exosomes were 
taken up by HaCaT cells and accumulated 
mainly in the perinuclear regions. To establish 
a standardized working concentration for com-
parative analyses, HaCaT cells were initially 
treated with varying concentrations of NH-Exos 
(0, 20, 40, and 60 μg/mL). CCK-8 assays dem-
onstrated that a concentration of 40 μg/mL 
NH-Exos produced a robust and reproducible 
cellular response (Figure 2B). To enable a 
direct functional comparison between NH-Exos 
and AD-Exos at an equivalent dosage, 40 μg/
mL was selected as the standardized inter- 
vention concentration for subsequent experi-
ments. Notably, HaCaT cells treated with 40 
μg/mL AD-Exos showed significantly higher cell 
survival than those exposed to the same con-
centration of NH-Exos (Figure 2C). RT-qPCR 
showed that IL-1β, IL-31, and IL-33 mRNA levels 
were markedly higher in the AD‑Exo group 
(Figure 2D-F). Collectively, these results sug-
gest that AD-Exos are taken up by HaCaT cells 
and promote cell proliferation and pro-inflam-
matory cytokine production.

Figure 1. Characterization of exosomes isolated from the serum of AD patients and healthy controls (NH). A. Trans-
mission electron microscopy images showing the morphology of isolated exosomes. Scale bars: 100 nm/1 μm. B. 
NanoFCM analysis of particle size distribution. The size distribution histogram shows a bimodal distribution with a 
mean diameter of 89.4 nm. The scatter plot of side scatter height (SS-H) versus FITC fluorescence height (FITC-H) 
confirms the high purity of the exosome preparation with minimal background noise and no detectable fluorescent 
contaminants. C. Western blot analysis of exosomal markers CD63, CD9, and TSG101, and the negative control 
calnexin, in AD-Exos and NH-Exos. AD, atopic dermatitis; NH, healthy control.
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MiR-432-5p is downregulated in AD-Exos and 
selected as the relevant molecule

Serum exosomal miRNAs were analyzed using 
samples from three severe AD patients and 
three healthy individuals. Volcano plots iden- 
tified seven miRNAs that were downregulated 
in the AD-Exo group (FDR-adjusted P < 0.05 
and |log2FC| ≥ 1; Figure 3A, 3B): hsa-miR-
196a-5p, hsa-miR-4492, hsa-miR-4508, hsa-
miR-7704, hsa-miR-432-5p, hsa-miR-4516, 
and hsa-let-7c-5p. Bioinformatics analysis sh- 
owed that these dysregulated miRNAs are 
enriched in multiple signaling pathways, in- 
cluding p53, MAPK, PI3K/AKT, and cGMP-PKG, 
which are related to inflammatory immune 
responses or cell growth and differentiation 
(Figure 3C, 3D). RT-qPCR validation confirmed 
that both miR-196a-5p and miR-432-5p were 
significantly reduced in AD-Exos (Figure 3E, 
3F). Based on the determination of exosomal 
miR-432-5p levels in 46 pediatric subjects and 
ROC curve generation, an AUC of 0.87 (95% CI: 
0.74-0.99) was obtained, with a cut-off value of 
0.75 (Figure 3G). Thus, exosomal miR-432-5p 
can serve as an early indicator to distinguish 
severe AD patients from healthy individuals.

MiR-432-5p ameliorates dysfunction in HaCaT 
cells

To study how miR-432-5p is involved in the 
physiology of HaCaT cells, overexpression of 

miR-432-5p via mimic transfection significantly 
reduced the transcripts of IL-1β, IL-31 and IL-33 
(Figure 4A-C), decreased P-STAT1 protein levels 
and increased p53 levels (Figure 4D), damp-
ened proliferation (CCK-8 and Ki-67, Figure 4E, 
4F), and promoted apoptosis (Figure 4G). In 
contrast, the miR-432-5p inhibitor produced 
the opposite pattern, phenotypically mimicking 
AD-Exos. Hence, loss of miR-432-5p recapitu-
lates the effects of AD-Exos.

MiR-432-5p inhibitor can reproduce AD-Exo 
function in HaCaT cells

To determine whether inhibition of miR-432-5p 
could replicate the effects in AD-Exos-treated 
HaCaT cells, a miR-432 inhibitor was added to 
the cells to suppress the expression of miR-
432-5p. RT-qPCR showed that the levels of 
IL-1β, IL-31 and IL-33 were significantly higher 
in the miR-432-inhibitor + NH-Exos group com-
pared to the inhibitor NC + NH-Exos group 
(Figure 5A-C). Western blotting showed that  
the miR-432-inhibitor + NH-Exos group effec-
tively reproduced the increase in p-STAT1 and 
decrease in p53 induced by AD-Exos (Figure 
5D). In addition, the miR-432-inhibitor + NH- 
Exos group showed significantly higher prolifer-
ation (Figure 5E, 5F) and lower apoptosis 
(Figure 5G) compared to the inhibitor NC + 
NH-Exos group. Importantly, direct statisti- 
cal comparisons of the miR-432-inhibitor + 
NH-Exos group with the AD-Exos group revealed 

Figure 2. AD-Exos promote proliferation and inflammatory responses in HaCaT cells. A. PKH-26-labelled (red fluores-
cent) AD-Exos have been taken up by HaCaT cells. Scale bar: 50 μm, ×200. B, C. CCK-8 assays measured changes 
in HaCaT cell viability after exosome treatment. D-F. RT-qPCR was used to quantify the amounts of IL-1β, IL-31, and 
IL-33 in HaCaT cells after being treated with 40 μg/mL of AD AD-Exos or NH-Exos. *P < 0.05, **P < 0.01, ***P < 0.001. 
A total of nine experiments were carried out in triplicate.
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Figure 3. miR-432-5p shows reduced abundance in AD-Exos and has been identified as the main mediator. A. Volcano plot of miRNA sequencing data. B. A heat 
map shows the seven different exosomal miRNAs specifically. C, D. KEGG pathway and GO term analyses revealed the enrichment of these dysregulated miRNAs in 
multiple signaling pathways. E, F. RT-qPCR was used to quantify the amounts of miR-432-5p and miR-196-5p. G. ROC curve assessed the diagnostic performance 
of exo-miR-432-5p in severe AD. *P < 0.05.
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Figure 4. miR-432-5p modulates proliferation, apoptosis, and inflammation in HaCaT cells. A-C. RT-qPCR analysis of IL-1β, IL-31, and IL-33 mRNA levels in HaCaT 
cells transfected with miR-432-5p mimic, inhibitor, or negative control (NC). D. Western blot analysis of STAT1, P-STAT1, and p53 protein levels after transfection. E. 
CCK-8 assay measuring cell viability after transfection. F. Flow cytometry analysis of Ki67 staining intensity. G. Flow cytometry analysis of apoptosis using Annexin 
V-FITC staining. Data are presented as mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001, **** P < 0.0001. All experiments were performed in triplicate.



Downregulation of exosomal miR-432-5p in pediatric AD

8306	 Am J Transl Res 2026;18(9):8298-8313

Figure 5. miR-432-5p inhibitor reproduces AD-Exos effects in HaCaT cells. A-C. RT-qPCR evaluation of the concentration of IL-1β, IL-31 and IL-33 in different cohorts 
to show the effect of miR-432 inhibitor on the secretion of pro-inflammatory factors from HaCaT cells stimulated by AD-Exos or NH-Exos. D. Expression levels of 
STAT1, P-STAT1 and p53 are shown to indicate the effect of miR-432-5p inhibitor on HaCaT cells exposed to AD-Exos or NH-Exos. E, F. Cell proliferation rates of 
HaCaT cells after various treatments were determined by CCK8 and Ki67 immunofluorescence staining. G. Determine the percentage of apoptotic HaCaT cells after 
various treatments by flow cytometry. Data are in the form of mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. A total of 9 replicates were used for 
the three treatments.
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no significant differences in the expression lev-
els of IL-1β, IL-31, IL-33, p-STAT1/STAT1 ratio, 
p53 protein levels, cell proliferation rates, or 
apoptosis percentages. These results confirm 
that the loss of miR-432-5p is a major mediator 
of AD-Exo-induced changes.

E2F2 is a downstream target of miR-432-5p

TargetScan predicted a conserved miR-432-5p 
binding site within the E2F2 3’UTR (Figure 6A). 
Dual-luciferase assays demonstrated that the 
miR-432-5p mimic significantly diminished lu- 
ciferase activity driven by the wild-type E2F2 
3’UTR, whereas the mutant construct abol-
ished this effect (Figure 6B). In HaCaT cells, 
AD-Exos markedly upregulated E2F2 mRNA 
and protein compared with NH-Exos (Figure 
6C, 6D), in line with the reduced miR-432-5p 
levels.

MiR-432-5p directly binds to E2F2 mRNA 
and reduces the translation efficiency of this 
mRNA, as shown in the pull-down and immu-
nofluorescence experiments

To obtain direct biochemical evidence of a link 
between miR-432-5p and E2F2 mRNA, biotin-

labelled miRNA pull-down assays were per-
formed. As shown in Figure 7A, E2F2 mRNA 
was significantly enriched in the bio-miR-432-
5p pull-down samples. Immunofluorescence 
analysis also showed that miR-432-5p mimic 
significantly reduced the fluorescence in- 
tensity of E2F2 and p-STAT1 proteins in HaCaT 
cells, while miR-432-5p inhibitor increased 
their fluorescence (Figure 7B, 7C). Based on 
these results, miR-432-5p directly inhibits 
E2F2 expression through post-transcriptional 
mechanism and consequently reduces STAT1 
activation.

Overexpression of E2F2 reversed dysfunction 
in miR-432-5p-treated HaCaT cells

Co-transfection of the miR-432-5p mimic with 
an E2F2-expressing plasmid reversed the sup-
pressive effects of the mimic on IL-1β, IL-31 
and IL-33 (Figure 8A-C), restored p-STAT1 and 
p53 levels (Figure 8D), abolished the anti-pro-
liferative effect (Figure 8E, 8F), and counter-
acted the pro-apoptotic action (Figure 8G). 
Thus, E2F2 serves as a critical effector th- 
rough which miR-432-5p regulates keratino-
cyte function.

Figure 6. E2F2 is a direct target of miR-432-5p. (A) The exact arrangement of miR-432-5p in the 3’-UTR of E2F2 
mRNA is shown below. (B) A dual-luciferase assay confirms that miR-432-5p binds to the 3’-UTR of E2F2. (C) and (D) 
miR-432-5p regulates both the mRNA expression (C) and protein levels (D) of E2F2. The mean ± SEM of the results 
is shown in a bar chart. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. Three sets of replicates were set up for 
all the experiments.
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Figure 7. miR-432-5p directly binds to E2F2 mRNA and downregulates E2F2 and p-STAT1 expression. A. RNA pull-down assay showing enrichment of E2F2 mRNA in 
HaCaT cells transfected with biotin-labeled miR-432-5p mimic (bio-miR-432-5p) compared with biotin-labeled negative control (bio-NC). B, C. Immunofluorescence 
staining and fluorescence intensity analysis of E2F2 and P-STAT1 in HaCaT cells after miR-432-5p mimic, inhibitor or NC transfection. A Scale Bar of 10 µm. The 
results are presented as mean ± SEM, and *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. A total of three replicates were carried out for all groups.
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Figure 8. Overexpression of E2F2 reverses the effects of miR-432-5p mimic in HaCaT cells. A-C. RT-qPCR for IL-1β, IL-31, and IL-33 mRNA. D. Western blotting for 
STAT1, P-STAT1, and p53. E, F. CCK-8 assay and Ki67 immunofluorescence for cell proliferation. G. Flow cytometry for apoptosis. Results are presented as mean ± 
SEM, and *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. Each group was measured three times.
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Discussion

The current investigation reveals that serum-
derived exosomes from pediatric patients with 
severe AD actively promote HaCaT keratinocyte 
proliferation and secretion of inflammatory 
mediators, and that these phenotypic changes 
were primarily driven by the loss of exosomal 
miR-432-5p, which suppresses its target E2F2 
and consequently enhances STAT1 signaling. 
Furthermore, our clinical data support the utili-
ty of exosomal miR-432-5p as a potential non-
invasive biomarker for discriminating severe 
pediatric AD.

A growing body of literature has implicated 
extracellular vesicles in the pathogenesis of AD 
[22, 23]. For instance, exosomes obtained from 
human adipose-derived mesenchymal stem 
cells have been shown to ameliorate cutane-
ous inflammation in murine AD models [21]. 
Neuronal exosomal miRNAs in the serum of  
AD mice have shown distinct expression pat-
terns compared with those in normal mice [20]. 
Therefore, EVs are involved in the initiation and 
propagation of AD. However, research on exo-
somes from peripheral blood in pediatric AD 
patients is relatively scarce.

To investigate the molecular mechanisms, we 
performed miRNA-seq on serum-derived exo-
somes from AD and healthy controls. Our 
results showed that both miR-196a-5p and 
miR-432-5p were significantly downregulated 
in AD-Exos, as confirmed by RT-qPCR. Among 
these, miR-432-5p was selected for further 
study due to its known association with allergic 
inflammatory states [24]. Prior work has impli-
cated miR-432-5p in the control of cell growth, 
migratory capacity, and angiogenic processes 
across diverse tumor types and cardiovascular 
settings [25-28]. miR-432-5p also regulates 
vascularization and intra-tumor angiogenesis in 
osteosarcoma through the miR-432-5p/PDGFB 
axis. Jin Z et al. showed that miR-432-5p inhib-
ited breast cancer progression by suppressing 
E2F7 [29, 30]. Few studies have explored the 
link between miR-432-5p and allergy. Rinku 
Sharma proposed that circulating miR-432-5p 
abundance is positively associated with inhaled 
corticosteroid response in children with asth-
ma, and it may be related to AD [24].

In our study, downregulation of miR-432-5p 
increased cell proliferation, decreased apopto-

sis, and enhanced inflammatory cytokine 
secretion and STAT1 phosphorylation, mimick-
ing the effects of AD-Exos. To further confirm 
this, we added the miR-432-5p inhibitor to 
HaCaT cells together with NH-Exos. The results 
showed increased cell proliferation, elevated 
pro-inflammatory mediator release, and en- 
hanced STAT1 phosphorylation, which were not 
statistically different from the AD-Exo group. In 
summary, these results demonstrate that miR-
432-5p downregulation is a key mediator of 
keratinocyte dysfunction induced by AD serum 
exosomes.

With respect to the underlying molecular mech-
anism, we have identified E2F2 as a direct  
functional target of miR-432-5p. E2F2 belongs 
to a family of transcription factors that orches-
trate cell-cycle progression, differentiation, and 
programmed cell death by binding to E2F-
responsive elements and modulating the tran-
scription of numerous cell-cycle-associated 
genes [31, 32], and it was selected for further 
study. Altered Expression of E2F2 is associat- 
ed with inflammatory diseases. Earlier studies 
have shown that E2F2 can directly modulate 
both the STAT1 cascade and the PI3K/AKT/
NF-κB pathway, thereby contributing to the pro-
inflammatory milieu characteristic of rheuma-
toid arthritis [33]. Alimujiang A et al. recently 
investigated the role of apigenin in inhibiting 
keratinocyte hyperproliferation and inflamma-
tion via regulation of the CDK2/E2F2 pathway 
[34]. In line with these reports, our findings 
demonstrate that miR-432-5p directly sup-
presses E2F2 expression, and that the down-
regulation of miR-432-5p in AD-Exos relieves 
this suppression, leading to enhanced STAT1 
signaling, increased keratinocyte proliferation, 
and reduced apoptosis. Thus, the miR-432-5p/
E2F2/STAT1 axis represents a critical pathway 
through which AD-derived exosomes promote 
keratinocyte dysfunction.

Notably, in addition to STAT1-mediated inflam-
matory and proliferative responses, our study 
revealed that modulation of the miR-432-5p/
E2F2 axis significantly altered p53 expression 
and apoptosis levels in HaCaT cells. Specifically, 
restoration of miR-432-5p upregulated p53 
and promoted apoptosis, whereas AD-Exos or 
miR-432-5p inhibition suppressed p53; cru- 
cially, E2F2 overexpression reversed the p53 
upregulation induced by the miR-432-5p mimic. 
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Although classically known as an activator  
of certain pro-apoptotic genes, E2F factors, 
including E2F2, can also display complex, con-
text-dependent cross-talk with p53. In skin 
keratinocytes, aberrantly elevated E2F2 may 
repress p53 expression either through second-
ary feedback loops (such as MDM2-mediated 
degradation or repression of p53 co-factors)  
or by driving hyperproliferation that overrides 
p53-dependent apoptotic checkpoints [35-38]. 
By suppressing p53, the loss of exosomal miR-
432-5p promotes survival and decreases apop-
tosis in dysfunctional keratinocytes, contribut-
ing to epidermic hyperplasia in AD. Therefore, 
the miR-432-5p/E2F2 axis bifurcates down-
stream into the STAT1 pathway (driving prolifer-
ation and inflammation) and the p53 pathway 
(inhibiting apoptosis), jointly driving keratino-
cyte dysfunction in AD.

This study has several limitations. First, this 
study enrolled exclusively pediatric patients 
with severe AD, and the sample size for RNA-
seq and ROC analysis is relatively small. Larger 
cohort studies are needed to validate the diag-
nostic value of exosomal miR-432-5p. Second, 
the mechanism of miR-432-5p in other cell 
types involved in AD pathogenesis, such as 
immune cells, requires further investigation. 
Third, the in vivo effects of miR-432-5p modu-
lation have not been explored, and future stud-
ies using animal models are warranted. Fourth, 
while we normalized exosome treatments by 
total protein concentration-a widely accepted 
approach in the field-we acknowledge that 
AD-Exos and NH-Exos may possess distinct 
specific bioactivities that could theoretically 
favor different optimal doses. A full dose-
response comparison specifically for AD-Exos 
would provide additional refinement; however, 
the significant and consistent phenotypic dif-
ferences observed at the standardized 40 μg/
mL dose between the two groups support the 
validity of our experimental design. Finally, we 
did not assess the correlation between miR-
432-5p/E2F2 levels and clinical factors such 
as allergen sensitization or comorbidities, 
which should be addressed in future research.

In conclusion, this study provides the first com-
prehensive profile of exosomal miRNAs in pedi-
atric patients with severe atopic dermatitis 
(AD). We demonstrate that AD-derived exo-
somes carry reduced levels of miR-432-5p, 
which relieves the suppression of its direct tar-

get E2F2, leading to enhanced STAT1 phos-
phorylation, increased keratinocyte prolifera-
tion, and elevated inflammatory responses. 
Conversely, restoring miR-432-5p expression 
suppresses these pathological changes. There- 
fore, the miR-432-5p/E2F2/STAT1 axis repre-
sents a potential therapeutic target, and exo-
somal miR-432-5p may serve as a diagnostic 
biomarker for severe pediatric AD.
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