
Precision Clinical Medicine , 2024, 7 : pbae026 

DOI: 10.1093/pcmedi/pbae026 
Research Article 

Targeting ESM1 via SOX4 promotes the progression of 

infantile hemangioma through the PI3K/AKT signaling 

pathway 

Yanan Li, 1 ,‡ Meng Kong, 1 ,2 ,‡ Tong Qiu, 1 Yi Ji 1 , * 

1 Division of Oncology, Department of Pediatric Surgery, West China Hospital, Sichuan University, Chengdu 610041, China 
2 Department of Pediatric Sur gery, Childr en’s Hospital Affiliated to Shandong University, Jinan 25002, China 
∗Corresponding author: Yi Ji, jijiyuanyuan@163.com 

‡ Yanan Li and Meng Kong contributed equally to this work and share first authorship. 

Abstract 
Background: Infantile hemangioma (IH) is the most prevalent benign vascular tumor in c hildren, y et its pathogenesis remains incom- 
pletely understood. Resear c h has esta b lished a str ong association between SOX4 and tumor b lood v essel formation. The objecti v e of 
this study was to investigate the function and underlying mechanism of SOX4 in IH development with the aim of identifying novel 
therapeutic targets. 

Methods: We identified the transcription factor SOX4 associated with IH through RNA-seq screening of IH microtumors and validated it 
in IH tissues. The effect of SOX4 on the biological behavior of CD31 + hemangioma-deri v ed endothelial cells (HemECs) was investigated 

via in vitro cell experiments. In addition, RNA-seq analysis was performed on CD31 + HemECs with low expression levels of SOX4, 
and the target genes of SOX4 w ere identified. F inally, the effect of SOX4 on tumor ang iog enesis was further elucidated through 3D 

microtumor and animal experiments. 

Results: SOX4 is highly expressed in IH tissues and promotes the prolifer ation, migr ation, and ang iog enesis of CD31 + HemECs. In 

addition, SOX4 binds to the endothelial cell-specific molecule 1 (ESM1) promoter to promote the progression of the PI3K/AKT signal- 
ing pathw ay. Finall y, thr ough IH 3D micr otumor and animal experiments, SOX4 and ESM1 are shown to be tumorig enic g enes that 
inde pendentl y pr omote tumor pr ogr ession. 

Conclusions: SOX4 plays a crucial role in the pr ogr ession of IH, and the SOX4/ESM1 axis may serve as a novel biomarker and potential 
therapeutic target for IH. 
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Gr aphical Abstr act 

The SOX4 protein in the nucleus of CD31 + HemECs binds to the downstream targ et g ene ESM1, further acti v ating the PI3K/AKT sig- 
naling pathway. This activation promotes the migration and ang iog enic behaviors of CD31 + HemECs, facilitating the occurrence and 

pr ogr ession of IH. In addition, the acti v ated PI3K/AKT signaling pathway upregulates the expression of GLUT-1, which is a biological 
marker of IH, thereby enhancing cell proliferation and ultimately driving the progression of IH. The SOX4-ESM1 signaling axis may be 
a potential therapeutic target for IH. 
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ntroduction 

nfantile hemangioma (IH) is the most common benign vascular
umor in c hildr en, with an incidence of ∼4%–10% [ 1 , 2 ]. Its pr e v a-
ence is greater in pr ematur e infants and lo w birth-w eight infants,
ith a male-to-female incidence ratio of ∼1 : 3 [ 3 , 4 ]. While 90% of

H cases r esolv e spontaneousl y, a small percenta ge may r esult in
ermanent pigmentation, fibrous tissue accumulation, and scar-
ing, impacting the aesthetic a ppear ance of c hildr en [ 5 ]. Some IH
ases may be associated with bleeding, pain, infection, and ulcers,
hic h significantl y affect the quality of life of affected c hildr en

 6 , 7 ]. IH occurring in specific locations can lead to se v er e compli-
ations such as organ failure, visual impairment, restricted joint
ov ement, br eathing difficulties, and e v en death [ 8–10 ]. Further-
ore , IH can ha ve adverse effects on the mental well-being of chil-

ren and their families [ 11 , 12 ]. 
Ther e ar e notable structur al and physiological differences be-

ween 2D cell cultures and in vivo cells . Moreo ver, cell suspension-
mplanted lesions often r egr ess quic kl y in nude mice, limiting the
nderstanding of IH pathophysiology and pr ogr ession [ 13 ]. Ther e-

ore , establishing stable , dependable , and standardized models is
rucial for elucidating the detailed mechanisms underlying IH on-
et and de v elopment, identifying ne w ther a peutic tar gets, and de-
 eloping nov el tr eatments. In our pr e vious r esearc h, we utilized
ecellularized extracellular matrix from porcine aortas to create
 decellularized extracellular matrix micropattern chip to con-
truct a 3D microtumor model of CD31 + hemangioma-derived
ndothelial cells (HemECs). This a ppr oac h allows pr ecise contr ol
f the size and arrangement of cell clusters, enhancing the au-
henticity and stability of drug screening and mechanistic explo-
ation [ 14 ]. Using this model, we conducted RNA-seq analysis of
D microtumors and 2D planar CD31 + HemECs. We then per-
ormed a joint analysis of the upregulated differentially expressed
enes in these cellular models, as well as those identified in our
r e vious RNA-seq results from IH tissues during the proliferating
nd involuting phases [ 15 ]. Through this analysis, we identified
he gene SOX4, which may be closely associated with the progres-
ion of IH. 

SOX4, a member of the SOX gene family, is a crucial and highly
onserv ed tr anscription factor that encodes an ∼47 kDa protein.
t features a highly conserved high mobility box DNA-binding do-

ain with evolutionary conservation, playing a significant role
n stable stem cell differ entiation, cartila ge differ entiation, and
r ogenitor cell de v elopment [ 16 ]. SOX4 is fr equentl y implicated
s a r etr ovirus integr ation site, leading to mRNA ele v ation [ 17 ].
esear ch has sho wn that SO X4 is inv olv ed in the differ entiation,
r olifer ation, migr ation, a poptosis, and epithelial −mesenc hymal
ransition (EMT) of tumor cells [ 18 ]. Recent studies have high-
ighted the ele v ated expr ession of SOX4 in various malignant tu-

ors, such as glioblastoma, prostate cancer, bladder cancer, liver
ancer , lung cancer , and breast cancer , suggesting its potential role
n pr omoting intr atumor al neov ascularization and tumor pr o-
r ession [ 19–24 ]. Numer ous studies hav e demonstr ated that SOX4
an modulate se v er al de v elopmental signaling pathwa ys , includ-
ng the PI3K/AKT, Wnt, and transforming growth factor-beta (TGF-
) pathwa ys , among others , ther eby influencing disease pr ogr es-
ion [ 25–28 ]. This finding implies that SOX4 may play a pivotal
ole in tumor angiogenesis. Despite extensive research on SOX4
n various cancers, studies focusing on SOX4 in IH are limited.
he mechanism of action and the transcriptional regulatory net-
ork of SOX4 in IH remain unclear. Further exploration is needed

o identify the downstream target genes regulated by SOX4 and
he signaling pathways involv ed. Ther efor e, our study aimed to
nvestigate the impact of SOX4 on IH pr ogr ession thr ough experi-

ents involving IH tissue samples, 2D planar cells, 3D microtu-
our models, and animal tumor formation. By elucidating the

ownstr eam molecular mec hanisms of SOX4 in r egulating IH de-
elopment, we aimed to identify novel targets and obtain insights
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Materials and methods 

Patients and samples 

Tissue samples were collected from 16 children who were diag- 
nosed with IH and underwent surgery at the Pediatric Surgery De- 
partment of West China Hospital between January 2021 and De- 
cember 2023. The experimental group consisted of proliferating- 
phase IH tissue ( n = 10), whereas the control group consisted of 
involuting-phase IH tissue ( n = 6). All the samples were confirmed 

to be IH via pathological examination via hematoxylin −eosin 

(HE) staining and glucose transporter albumin 1 immunohisto- 
chemistry (IHC) ( Fig. S1, see online supplementary material ). The 
clinical data of the c hildr en with IHs were obtained sur gicall y at 
our hospital ( Table S1, see online supplementary material ). 

Antibodies and reagents 

Endothelial basal medium (EBM-2) (No. CC-3156, Walkersville, 
MD, USA), fetal bovine serum (FBS) (No.101Z, New Zealand),
phosphate-buffered saline (No. G0002-20 L, Wuhan, China), peni- 
cillin and stre ptom ycin (No. JS10835-2, Shanghai, China) were 
used. Anti-SOX4 antibody (No. CL5634, Cambridge, UK) and anti- 
endothelial cell-specific molecule 1 (anti-ESM1) antibody (No. 
ab224591, Cambridge, UK) were used. 

Culture and treatment of 2D cells and 3D 

microtumours 

CD31 + HemECs were cultured in endothelial basal medium sup- 
plemented with 10% FBS, penicillin (100 U/ml), and stre ptom ycin 

(100 μg/ml) [ 29 , 30 ]. Cells were isolated from proliferating-phase 
IH tissues from three children ( n = 3). Cultures were main- 
tained at 37 ◦C with 5% CO 2 and 95% humidity. The cells at 
90% confluence were dissociated with 0.25% trypsin (No. 25200–
056, Beijing, China) and used for experiments from passages 
3–8. The 3D microtumour model follo w ed pr e viousl y described 

methods [ 31 ]. 

Construction of small interfering RNA (siRNA) 
and overexpression plasmids 

SOX4/ESM1 ov er expr ession plasmids (Tsingke Biotec h Co.,
Ltd., Beijing, China) were constructed ( Table S2, see online 
supplementary material ) by amplifying target gene fr a gments 
via PCR and inserting them into linearized pcDN A3.4/pcDN A3.1 
vectors (oe-SOX4/oe-ESM1). The empty vector was used as a 
control (oe-NC). siRNAs were purchased and transfected via 
Lipofectamine 8000TM (No. C0533, Beyotime, China). 

IHC/immunofluorescence staining 

P ar affin sections (4 μm) were subjected to antigen r etrie v al and 

treated with 3% H 2 O 2 (No. P0100A; Beyotime, China). After block- 
ing with sheep serum, primary antibodies (1 : 200 dilution) were 
added, and the sections were incubated overnight at 4 ◦C. Follow- 
ing secondary antibody (1 : 1000 dilution) incubation, the sections 
were stained with hematoxylin (No. HZ2144, Shanghai, China) and 

processed for imaging. 

Western blot 
Total protein was extracted via RIPA lysis buffer (No. P0013B,
Beyotime, China), quantified via the bicinchoninic acid method, 
and tr ansferr ed to pol yvin ylidene fluoride membr anes (No.
FFP19, Beyotime, China). After incubation with primary and sec- 
ondary antibodies, the membranes were processed for color 
de v elopment. 
uantitati v e real-time PCR (qRT-PCR) 
he target gene sequence was designed via Primer-BLAST soft- 
are on the basis of the full gene sequence provided by NCBI Gen-
ank, with gl ycer aldeh yde-3-phosphate deh ydrogenase (GAPDH) 
erving as the internal r efer ence . T he gene primers used were
ynthesized by Beijing Qingke Biological Company ( Table S3, see
nline supplementary material ). Total RN A w as extracted via TRI-
ol (No. R0016, Beyotime, China). Re v erse tr anscription follo w ed
y PCR with SYBR Green (No. HY-K0501A, Shanghai, China) was
onducted, and the results were analyzed via the 2 −��Ct method. 

ell Counting Kit-8 (CCK-8) assay 

he cell suspensions were seeded in 96-well plates, treated with
lasmids or siRNAs, and incubated. Cell pr olifer ation was as-
essed by adding CCK-8 r ea gent (No. C0037, Beyotime, China) and
easuring the absorbance at 450 nm. 

-Ethynyl-29-deoxyuridine assay 

he cells were incubated with a 5-ethynyl-29-deoxyuridine (EdU) 
olution, fixed, permeated, and stained following the kit instruc- 
ions (No. C0071S; Beyotime, China). Nuclei were stained with 

API and analyzed by flow cytometry. 

cr a tch assay 

he cells were cultured for 24 h, scr atc hed with a pipette tip, and
ashed. After incubation with serum-free medium for 24 h [ 32 ],

he area between cells was analyzed via Image J. 

r ans w ell assay 

n 8 μm pore size for migrating cells (No. 3422, Kimble, USA) was
sed for the migration test. The cells suspensions were placed

n the upper chamber and incubated for 24 h in medium sup-
lemented with 10% FBS. After incubation, the cells in the up-
er compartment were scraped and fixed with Rehsen–Giemsa 
 ea gent [ 33 ]. The number of cells that migrated through the cham-
er was then counted under a microscope. 

poptosis assay 

he cells were adjusted to 1 × 10 6 cells/ml and treated with
n Annexin-V-FITC apoptosis detection kit (Bioscience, Shang- 
ai, China). YF647A-Annexin V and propidium iodide (PI) r ea gents
ere added to the cell suspension, which was then incubated in

he dark for 15 min [ 34 ]. Apoptosis analysis was performed via a
D F ACSV erse. 

ngiogenesis assay 

atrigel (No. C0371, Beyotime, China) was added to a 96-well plate
nd allo w ed to solidify. The cells were then added and cultured for
 h. Blood vessel formation was observed and photos were taken
 35 ]. The number of cell tubes and the length of the main tube
ere calculated via Image J software. 

icrotumor RNA-seq 

e extr acted RNA fr om CD31 + HemEC 3D microtumours and 2D
lanar cells ( n = 3). Following quality inspection, a library was con-
tructed, and RNA-seq was conducted to identify downstream tar- 
eted molecules and signaling pathways associated with SOX4. An 

llumina NovaSeq 6000 (Seqhealth, Wuhan, China) was used for 
equencing, quantification, and enrichment of products ranging 
rom 200 to 500 bp [ 36 ]. 

https://academic.oup.com/pcm/article-lookup/doi/10.1093/pcmedi/pbae026#supplementary-data
https://academic.oup.com/pcm/article-lookup/doi/10.1093/pcmedi/pbae026#supplementary-data
https://academic.oup.com/pcm/article-lookup/doi/10.1093/pcmedi/pbae026#supplementary-data
https://academic.oup.com/pcm/article-lookup/doi/10.1093/pcmedi/pbae026#supplementary-data
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 he da tabase predicted the promoter binding 

ites of SOX4 and ESM1 

he JASP AR database ( https://jaspar .elixir .no/), which is main-
ained by the University of Copenhagen, is a compr ehensiv e open
atabase that updates ChIP-seq data and liter atur e on transcrip-
ion factor-binding sites. It allows for the prediction of tran-
cription factor-binding sites on the basis of promoter sequences
 37 ]. By searching the database, we selected SOX4 as a potential
inding transcription factor ( Table S4, see online supplementary
aterial ) and obtained the ESM1 promoter sequence in Fasta for-
at from the Scan bar. 

hroma tin immunoprecipita tion sequencing-PCR
he detailed steps for DNA fr a gmentation of c hr omatin via c hr o-
atin imm unopr ecipitation sequencing (ChIP)-PCR ar e gener all y

s follows [ 38 ]. (i) For cell fixation, cells are fixed with 0.75%
ormaldehyde (No. P0099, Beyotime, China), whic h typicall y r e-
cts at room temperature for 10 −15 min. After fixation, the
eaction was terminated with phosphate-buffered saline. (ii) Cell
ysis: the cells are lysed in lysis buffer (buffer containing Sodium
odecyl sulfate (SDS) and protease inhibitors) to release chro-
atin. (iii) Chromatin fragmentation: chromatin is fragmented

ia an ultrasonic disruptor or enzymatic digestion. When ultra-
ound is used, an a ppr opriate po w er and time are set to obtain
NA fr a gments 150–600 bp in size. (iv) Impurities should be re-
oved via methods such as centrifugation or ultr afiltr ation to r e-
ov e unbr oken c hr omatin and other impurities. (v) Imm unopr e-

ipitation: specific antibodies are added for imm unopr ecipitation
o enric h DNA fr a gments bound to the tar get pr otein. (vi) Wash
nd r e v erse cr oss-linking: the imm unopr ecipitated complexes ar e
 ashed with w ash buffer, and finall y r e v erse cr oss-linked by heat-

ng or other methods to release DNA. (vii) DNA purification: a DNA
urification kit was used to r emov e pr oteins and other impuri-
ies, and purified DN A w as obtained for subsequent PCR analy-
is . T hese steps ensure effectiv e fr a gmentation and enric hment
f target DNA in ChIP-PCR for further experiments . T hese tar-
et DNA fr a gments ar e amplified via specific primers . T he ESM1
romoter primer sequence ( Table S5, see online supplementary
aterial ) was designed via primer-BLAST and synthesized by Bei-

ing Qingke Company. qPCR was performed via a 10 μl SYBR
reen system with specific reaction conditions: predenaturation
t 95 ◦C for 5 min, follo w ed b y 49 c ycles of PCR at 95 ◦C for
5 s and 60 ◦C for 30 s. Analysis was performed via the 2 −��Ct 

ethod. 

xperiment for subcutaneous tumor formation 

n nude mice 

ale BALB/c-nude mice (4–6 weeks old) were obtained from Bei-
ing Huafukang Biological Company and housed in a specific
athogen-fr ee labor atory at 22–26 ◦C and 55 ± 5% humidity. After 1
eek of acclimatization, CD31 + HemECs were collected, counted,

entrifuged, and resuspended. The mice were divided into four
roups ( n = 5): the siRNA/plasmid contr ol gr oup, the lo w SO X4
r oup, the ov er expr essing ESM1 gr oup, and the lo w SO X4 + over-
xpressing ESM1 group. The mice were anesthetized and subcu-
aneously injected in the back with 1 × 10 7 cells/200 μl (including
00 μl of Matrigel). After 1 week, the mice were euthanized, the
umors were measured and photographed, and the tissue sam-
les were fixed with 4% paraformaldehyde for HE and CD31 IHC
taining. Micr otumor v essel density (MVD) was calculated via Im-
ge J software. 
ta tistical anal ysis 

he data were analyzed via SPSS version 26.0 software (Chicago,
L, USA). The measurement data are expressed as mean ± stan-
ard deviation (SD). Student’s t test was used for comparisons
etw een tw o gr oups, anal ysis of v ariance (ANOVA) was used for
omparisons between multiple groups, and Pearson analysis was
sed for correlation analysis. Statistical significance was set at P
alues < 0.05. 

esults 

creening for the gene SOX4, w hic h may be 

losel y rela ted to the de velopment of IH 

NA-seq of CD31 + HemEC 3D microtumors and 2D planar
ells (three samples each) identified 2219 differentially expressed
enes (DEGs): 1288 upregulated and 931 downregulated ( Fig. S2A
nd B, see online supplementary material ). Additionally, RNA-
eq of pr olifer ating- and involuting-phase IH tissues (three sam-
les each) in our preliminary study revealed 374 DEGs: 115
pregulated and 259 downregulated (Fig. 1 C and D, respectively)
 39 ]. The intersection of upregulated genes from CD31 + HemECs
nd IH tissues r e v ealed 10 common genes, including SOX4 ( Fig.
2 E). A liter atur e r e vie w suggested the potential role of SOX4 in
H de v elopment. qRT −PCR confirmed gr eater SOX4 expression in
D microtumors than in 2D cells ( Fig. S2 F), indicating the potential
ole of SOX4 in CD31 + HemEC microtumors. 

OX4 was highly expressed in IH tissues during 

he prolifer a ting phase 

RT-PCR and Western blot results revealed significantly higher
O X4 mRN A and pr otein le v els in pr olifer ating IH tissues than in
nvoluting-phase tissues (Fig. 1 A and B). IHC staining r e v ealed that
O X4 w as localized primaril y in the nucleus, with str onger expr es-
ion in pr olifer ating-phase tissues (Fig. 1 C). The imm unofluor es-
ence r esults corr obor ated these findings (Fig. 1 D). On the basis
f these findings, we speculate that SOX4 ma y pla y a role in the
e v elopment of IH. 

OX4 promotes CD31 + HemEC angiogenesis and 

he expression of vascular endothelial 
unction-related factors (VEGF-A and matrix 

etalloproteinase 2) 
D31 + HemECs transfected with SOX4 siRNA and ov er expr ession
lasmids were used to establish knockdown and overexpression
roups ( Fig. S3, see online supplementary material ). CCK-8, EdU,
cr atc h, Tr answell, a poptosis , and angiogenesis assa ys r e v ealed
hat SO X4 knockdo wn inhibited pr olifer ation, migr ation, and
ngiogenesis, whereas SOX4 ov er expr ession pr omoted these ac-
ivities (Fig. 2 A–M). Western blot anal ysis r e v ealed that SOX4
noc kdown r educed VEGF-A and matrix metalloproteinase 2
MMP2) protein levels, whereas SOX4 overexpression increased
heir le v els (Fig. 2 K and L). 

O X4 ma y pla y a role in activ a ting the PI3K/AKT 

ignaling pathway 

estern blot analysis revealed that SOX4 knockdown decreased
-PI3K, p-AKT, and p-mTOR le v els without affecting total PI3K,
KT, or mTOR le v els (Fig. 3 A). Conv ersel y, SOX4 ov er expr ession in-
reased p-PI3K, p-AKT, and p-mTOR levels (Fig. 3 B). These findings
uggest that SOX4 may promote the progression of IH by activat-
ng the downstream PI3K/AKT signaling pathway. 

https://jaspar.elixir.no/
https://academic.oup.com/pcm/article-lookup/doi/10.1093/pcmedi/pbae026#supplementary-data
https://academic.oup.com/pcm/article-lookup/doi/10.1093/pcmedi/pbae026#supplementary-data
https://academic.oup.com/pcm/article-lookup/doi/10.1093/pcmedi/pbae026#supplementary-data
https://academic.oup.com/pcm/article-lookup/doi/10.1093/pcmedi/pbae026#supplementary-data
https://academic.oup.com/pcm/article-lookup/doi/10.1093/pcmedi/pbae026#supplementary-data
https://academic.oup.com/pcm/article-lookup/doi/10.1093/pcmedi/pbae026#supplementary-data
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F igure 1. SO X4 w as highl y expr essed in IH tissues during the pr olifer ativ e phase. ( A ) qRT-PCR r esults showing that the expr ession of SO X4 mRN A in 
pr olifer ating-phase IH tissues ( n = 10) was significantly greater than that in involuting-phase IH tissues ( n = 6). The data are presented as the 
mean ± SD. ∗∗P < 0.01 by Student’s t test. ( B ) Western blot results showing that the expression of the SOX4 protein in proliferating-phase IH tissues 
( n = 10) was significantly greater than that in involuting-phase IH tissues ( n = 6). The data are presented as the mean ± SD. ∗∗∗P < 0.001 by Student’s t 
test. ( C ) The IHC results revealed that the SOX4 protein was expressed mainly in the nucleus, and its positive expression in the proliferating-phase IH 

tissue was significantly greater than that in the involuting-phase IH tissue. Scale bar = 100 μm. ( D ) Imm unofluor escence r esults showing that the 
SOX4 protein was expressed mainly in the nucleus and that its positive expression in proliferating-phase IH tissue was significantly greater than that 
in involuting-phase IH tissue. Scale bar = 100 μm. 
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RNA-seq and enrichment analysis results of 
SOX4-knockdown CD31 + HemECs 

To further explore the downstream genes and signaling path- 
ways associated with SOX4, we conducted RNA-seq screening 
of DEGs in CD31 + HemECs with SO X4 knockdo wn and in the 
contr ol gr oup. The r esults r e v ealed 690 DEGs in the SOX4- 
knoc kdown gr oup, with 592 genes significantl y upr egulated and 

98 genes significantly downregulated ( Fig. S4A –C, see online 
supplementary material ). Gene ontology enrichment analysis 
r e v ealed that the upregulated genes are involved in the PI3K/AKT 

signaling pathway, G protein-coupled receptor binding, nervous 
system de v elopment, and autopha gosome assembl y ( Fig. S4 D).
The downregulated genes were enriched in cell differentiation,
mitochondrial depolarization, the PI3K/AKT signaling pathway, 
and mitoc hondrial autopha gy ( Fig. S4 E). Ky oto Enc yclopedia of 
Genes and Genomes analysis highlighted pathways such as ani- 
mal autopha gy, mitoc hondrial autopha gy, estr ogen signaling, and 

cell adhesion ( Fig. S4 G). These findings r e v eal potential down- 
str eam tar gets and pathways influenced by SOX4 in IH pr ogr es- 
sion. 

Database prediction and ChIP-PCR confirmed 

that ESM1 was the downstream target gene of 
SOX4 

After analyzing the RNA-seq data from the SOX4 knockdown and 

contr ol gr oups, w e identified the top 10 do wnregulated genes 
( CHRN A5, PPARGC1B , RP11-417L19.4, FAM216B , ACTR3B , DCLK1,
AC092835.2, RP11-136L23.2, ESM1, and NDP ) for further investi- 
ation ( Table S6, see online supplementary material ). ESM1 is
losely associated with angiogenesis. ESM1, which is secreted 

y vascular endothelial cells, promotes cell proliferation, differ- 
ntiation, adhesion, and angiogenesis by inducing inflammatory 
ytokines and angiogenic factors. Using the JASPAR database,
e predicted SOX4 binding sites in the ESM1 promoter region

 Fig. S5A, see online supplementary material ) and identified
 high-scoring site at −248 to −257 bp. qRT-PCR analysis re-
ealed significant enrichment of the ESM1 promoter in chro- 
atin pulled down by the SOX4 antibody compared with that

ulled down by the IgG control ( Fig. S5 B), indicating that SOX4
an dir ectl y bind to the ESM1 promoter. Further validation in-
olv ed tr ansfecting CD31 + HemECs with si-SOX4 and SOX4-
v er expr essing cells. The qRT-PCR and Western blot results re-
ealed lo w er ESM1 expression in the si-SOX4 group and higher
xpression in the SOX4-overexpressing group ( Fig. S5 C–F). These
ndings suggest a positive regulatory relationship between SOX4 
nd ESM1. 

SM1 is highly expressed in proliferating-phase 

H tissues and promotes the angiogenesis of 
D31 + HemECs 

fter identifying SOX4 as a transcriptional activator of ESM1, we
onfirmed higher ESM1 expression in pr olifer ating-phase IH tis-
ues than in involuting-phase tissues through qRT-PCR and West- 
rn blot analyses (Fig. 4 A and B). Additionally, a strong corre-
ation ( r = 0.7) between SOX4 and ESM1 mRNA le v els was ob-
erved in 16 IH tissue samples (Fig. 4 C). IHC and immunoflu-

https://academic.oup.com/pcm/article-lookup/doi/10.1093/pcmedi/pbae026#supplementary-data
https://academic.oup.com/pcm/article-lookup/doi/10.1093/pcmedi/pbae026#supplementary-data
https://academic.oup.com/pcm/article-lookup/doi/10.1093/pcmedi/pbae026#supplementary-data
https://academic.oup.com/pcm/article-lookup/doi/10.1093/pcmedi/pbae026#supplementary-data
https://academic.oup.com/pcm/article-lookup/doi/10.1093/pcmedi/pbae026#supplementary-data
https://academic.oup.com/pcm/article-lookup/doi/10.1093/pcmedi/pbae026#supplementary-data
https://academic.oup.com/pcm/article-lookup/doi/10.1093/pcmedi/pbae026#supplementary-data
https://academic.oup.com/pcm/article-lookup/doi/10.1093/pcmedi/pbae026#supplementary-data
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F igure 2. SO X4 promotes angiogenesis and the protein expression of VEGFA and MMP2 in CD31 + HemECs. ( A ) Results of the CCK-8 assay sho w ed that 
knocking down SOX4 significantly inhibited cell proliferation. ( B ) Results of the CCK-8 assay sho w ed that ov er expr ession of SOX4 significantly 
promoted cell proliferation. ( C ) EdU results sho w ed that knocking down SOX4 significantly inhibited cell proliferation. ( D ) EdU results sho w ed that 
ov er expr ession of SOX4 significantly promoted cell proliferation. ( E ) Wound healing assay results sho w ed that SOX4 knockdown significantly inhibited 
the lateral migration ability of cells. ( F ) Wound healing assay results sho w ed that ov er expr ession of SOX4 significantly promoted the lateral migration 
of cells. ( G ) Transwell assay results showing that SOX4 knockdown significantly inhibited the longitudinal migration of cells.( H ) Transwell experiments 
r e v ealed that SOX4 ov er expr ession significantl y pr omoted the longitudinal migr ation of CD31 + HemECs. ( I ) Results of the a poptosis experiment 
r e v ealed that knoc king do wn SO X4 did not significantly promote the apoptosis of CD31 + HemECs. ( J ) Results of the apoptosis experiment r e v ealed that 
ov er expr ession of SOX4 did not significantly inhibit the apoptosis of CD31 + HemECs. ( K ) Angiogenesis experiments revealed that knocking down SOX4 
significantly inhibited the angiogenesis ability of CD31 + HemECs . T he figure on the right is a statistical graph of the relative node number and total 
length of ang iogenesis. ( L ) Ang iogenesis experiments r e v ealed that the ov er expr ession of SOX4 significantly promoted angiogenesis in CD31 + HemECs. 
( M ) Western blot results showing that knocking down SOX4 significantly decreased the protein expression of VEGF-A and MMP2. ( N ) Western blot 
results showing that knocking down SOX4 significantly increased the protein expression of VEGF-A and MMP2. Data are presented as the mean ± SD 

( n = 3). ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001 by ANOVA; ns, not significant. Scale bars = 100 μm. 
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F igure 3. SO X4 may play a role in activating the PI3K/AKT signaling pathway through phosphorylation. ( A ) Potein expression of p-PI3K, p-AKT and 
p-mTOR was significantly inhibited by SOX4 knoc k out, but the total protein levels of PI3K, AKT, and mTOR were not significantly affected. ( B ) 
Ov er expr ession of SOX4 significantly promoted the protein expression of p-PI3K, p-AKT, and p-mTOR but did not significantly change the total protein 
le v els of PI3K, AKT, and mTOR. Data ar e pr esented as mean ± SD (n = 3). ∗P < 0.05, ∗∗P < 0.01 by Student’s t test; ns, not significant. 
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or escence r esults r e v ealed that the ESM1 pr otein is expr essed 

mainly in the cytoplasm of IH tissue, with higher expression 

during the pr olifer ating phase than during the involuting phase 
(Fig. 4 D and E). T hese findings suggest that ESM1 ma y pla y a role 
in the pr ogr ession of IH. To further explore the role of ESM1 in 

IH, we transfected a siRNA targeting ESM1 and an ESM1 over- 
expression plasmid into CD31 + HemEC cells and successfully 
established an ESM1 knockdown group and an overexpression 

group ( Fig. S6, see online supplementary material ). Functional 
assa ys , including CCK-8, EdU, cell scr atc h, Tr answell, and an- 
giogenesis assa ys , demonstr ated that ESM1 knoc kdown signif- 
icantly inhibited the proliferation, migration, and angiogenesis 
of CD31 + HemECs (Figs 5 F, and 4 J, L, N and P). Conv ersel y,
ov er expr ession of ESM1 promoted these biological behaviors in 

CD31 + HemECs (Fig. 4 G, K, M, O and Q). Western blot analysis re- 
vealed that ESM1 knockdown suppressed the protein expression 

of VEGF-A and MMP2 (Fig. 4 H), wher eas ESM1 ov er expr ession in- 
creased their expression (Fig. 4 I). 

ESM1 may play a role in activ a ting the PI3K/AKT 

signaling pathway 

Thr ough database pr ediction and ChIP-PCR anal ysis, we con- 
firmed that ESM1 is a downstream gene dir ectl y r egulated by 
SOX4. A liter atur e r e vie w highlighted the role of ESM1 in pro- 
moting cellular behaviors such as proliferation, migration, in- 
vasion, and angiogenesis via the PI3K/AKT pathway, accelerat- 
ing tumor pr ogr ession [37]. T hus , we hypothesized that ESM1 
is involved in IH development through PI3K/AKT signaling. By 
manipulating ESM1 expression in CD31 + HemECs, we observed 

that ESM1 knoc k out significantl y r educed p-PI3K, p-AKT, and p- 
mTOR pr otein le v els (Fig. 5 A), wher eas ESM1 ov er expr ession in- 
creased these levels (Fig. 5 B), implicating ESM1 in IH progression 

via PI3K/AKT activation. 
OX4-media ted tr anscriptional activ a tion of 
SM1 promotes CD31 + HemEC progression 

n pr e vious studies, we demonstr ated that SOX4 can tr anscrip-
ionall y activ ate ESM1, leading to the pr omotion of angiogene-
is in CD31 + HemECs. Given this relationship, can ESM1 func-
ion as an effector of SOX4 to enhance the biological behav-
ors of CD31 + HemECs? To investigate this possibility, we con-
ucted a functional experiment in which ESM1 was simul- 
aneousl y ov er expr essed in CD31 + HemEC cells with SOX4
noc kdown. We tr ansfected si-SOX4 and si-SOX4 + oe-ESM1 into
D31 + HemECs for 48 h and then conducted a cell behav-

or r ecov ery experiment. Compar ed with those in the control
r oup, the pr olifer ation, migr ation, and angiogenesis of cells in
he low SOX4 group wer e significantl y lower (Fig. 6 A–E). Further-

or e, compar ed with that in the low SOX4 group, angiogene-
is in CD31 + HemECs in the low SOX4 + ov er expr essing ESM1
roup was partially restored (Figs 6 A–E). Additionally, Western 

lot analysis revealed that the expression of VEGF-A, MMP2,
nd factors related to the PI3K/AKT pathway and vascular en-
othelial function was significantly lower in the SOX4 knoc k out
roup than in the control group (Fig. 6 F). Ho w ever, compared with
hose in the SO X4-knockdo wn group, the protein levels of VEGF-
, MMP2, and PI3K/AKT pathway-related factors in the SOX4- 
v er expr essing ESM1-cotr ansfection gr oup wer e partiall y r escued
Fig. 6 G). 

OX4-media ted tr anscriptional activ a tion of 
SM1 promotes 3D microtumour prolifer a tion 

e will continue to investigate the effect of the SOX4–ESM1 
ignaling axis on the pr olifer ation ability of CD31 + HemEC 3D
icr otumors. Ki-67 imm unofluor escence staining was performed 

o further observe the difference in the cell proliferation ability
f the microtumors in each group. Compared with those in the
egativ e contr ol gr oup, the pr olifer ation ability of cells in the low
OX4 group was significantly reduced, whereas the proliferation 

bility of cells in the ESM1 ov er expr ession gr oup was significantl y

https://academic.oup.com/pcm/article-lookup/doi/10.1093/pcmedi/pbae026#supplementary-data
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F igure 4. ESM1 w as highl y expr essed in IH tissues during the pr olifer ativ e phase and pr omoted CD31 + HemEC angiogenesis and the expr ession of the 
VEGFA and MMP2 proteins. ( A ) qRT-PCR results showing that the expression of ESM1 mRN A w as significantly greater in the proliferating phase ( n = 10) 
than in the involuting phase ( n = 6). The data are presented as the mean ± SD. ∗∗∗P < 0.001 by Student’s t test. ( B ) Western blot results showing that the 
expression of the ESM1 protein in the proliferating phase ( n = 10) was significantly greater than that in the involuting phase ( n = 6). The data are 
presented as the mean ± SD. ∗∗∗∗P < 0.0001 by Student’s t test. ( C ) There was a positive correlation between SOX4 and ESM1 mRNA in 16 IH tissues 
( r = 0.72, Pearson analysis). ( D ) IHC results revealed that the ESM1 protein was expressed mainly in the cytoplasm, and its positive expression was 
significantl y gr eater in the pr olifer ating phase than in the in voluting phase . Scale bar = 100 μm. ( E ) Imm unofluor escence r esults r e v ealed that the 
ESM1 protein was expressed mainly in the cytoplasm, and its positive expression in the proliferating phase was significantly greater than that in the 
in voluting phase . Scale bar = 100 μm. ( F ) CCK-8 r esults showing that the knoc kdown of ESM1 significantl y inhibited cell pr olifer ation. The data ar e 
presented as the mean ± SD ( n = 3). ∗P < 0.05 by ANOVA. ( G ) CCK-8 results showing that the overexpression of ESM1 significantly promoted cell 
pr olifer ation. The data are presented as the mean ± SD ( n = 3). ∗P < 0.05 by ANOVA. ( H ) Western blot results showing that knocking down ESM1 
significantl y decr eased the pr otein expr ession of VEGF-A and MMP2 in cells . T he figur e on the right shows the statistical anal ysis of the r elativ e pr otein 
expr ession le v els of VEGF-A and MMP2. The data ar e pr esented as the mean ± SD ( n = 3). ∗∗P < 0.01 by ANOVA. ( I ) Western blot r esults showing that 
ov er expr ession of ESM1 significantly increased the protein expression levels of VEGF-A and MMP2 in cells . T he data are presented as the mean ± SD 

( n = 3). ∗P < 0.05 by ANOVA. ( J ) Angiogenesis experiments r e v ealed that ESM1 knoc k out significantl y inhibited angiogenesis . T he figure on the right 
shows the r elativ e number of nodes and total length of tubules in the two groups . T he data are presented as the mean ± SD ( n = 3). ∗P < 0.05 by ANOVA. 
( K ) Angiogenesis experiments r e v ealed that the ov er expr ession of ESM1 significantly promoted angiogenesis in cells . T he figure on the right shows the 
r elativ e number of nodes and the total length of tubule formation. The data are presented as the mean ± SD ( n = 3). ∗P < 0.05 by ANOV A. ( L ) T ranswell 
migration experiments revealed that ESM1 knockdown significantly inhibited the longitudinal migration ability of cells . T he data are presented as the 
mean ± SD ( n = 3). ∗∗P < 0.01 by ANOVA. ( M ) Transwell migration experiments revealed that the overexpression of ESM1 significantly promoted the 
longitudinal migration ability of cells . T he figure on the right is a statistical graph of the number of migrating cells. ( N ) EdU results sho w ed that the 
knockdown of ESM1 significantly inhibited cell proliferation. The data are presented as the mean ± SD ( n = 3). ∗P < 0.05 by ANOVA. ( O ) EdU results 
sho w ed that the ov er expr ession of ESM1 significantl y pr omoted cell pr olifer ation. The data ar e pr esented as the mean ± SD ( n = 3). ∗P < 0.05, ∗∗P < 0.01 
by ANOVA. ( P ) Wound healing assay results showed that knocking down ESM1 significantly inhibited the lateral migration ability of cells . T he data are 
presented as the mean ± SD ( n = 3). ∗P < 0.05 by Student’s t test. ( Q ) Wound healing assay results showing that the ov er expr ession of ESM1 
significantl y pr omoted the later al migr ation ability of cells . T he data ar e pr esented as the mean ± SD ( n = 3). ∗P < 0.05, ∗∗P < 0.01 by Student’s t test. 
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Figur e 5. ESM1 ma y pla y a r ole by activ ating the PI3K/AKT signaling pathway thr ough phosphorylation. ( A ) Knoc kdown of ESM1 significantl y inhibited 
the protein expression of p-PI3K, p-AKT, and p-mTOR but had no significant effect on the total protein levels of PI3K, AKT, or mTOR. The data are 
presented as the mean ± SD ( n = 3). ( B ) Overexpression of ESM1 significantly promoted the protein expression of p-PI3K, p-AKT, and p-mTOR in cells 
but had no significant effect on the total protein levels of PI3K, AKT, or mT OR. T he statistical gr a ph of r elativ e pr otein expr ession is shown on the right. 
Data are presented as mean ± SD ( n = 3). ∗P < 0.05, ∗∗P < 0.01 by Student’s t test. 
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enhanced (Fig. 7 ). Compared with that in the low SOX4 group, the 
pr olifer ation of cells in the low SOX4 + ov er expr essing ESM1 co- 
tr ansfection gr oup was partiall y r estor ed (Fig. 7 ). These results in- 
dicate that SOX4 can promote the progression of IH by affecting 
the pr olifer ation of 3D micr otumour cells, but this effect can be 
partially inhibited by ESM1. 

Activ a tion of ESM1 by SOX4 transcription 

promotes IH progression in nude mice 

The results of subcutaneous tumor formation in nude mice 
r e v ealed that, compar ed with that in the contr ol gr oup, the 
tumor volume in the low SOX4 group was significantly smaller,
whereas the tumor volume in the ESM1 overexpression group 

was significantl y lar ger (Fig. 8 A). Compar ed with that in the low 

SOX4 group, the tumor volume in the low SOX4 + ov er expr essing 
ESM1 cotr ansfection gr oup was partiall y r estor ed (Fig. 8 A). HE 
and CD31 antibody-labeled IHC staining of the tumor tissue 
fr om eac h gr oup was performed to further analyze the differ- 
ences in the MVD. HE staining r e v ealed that the capillaries in 

the tumor tissues of the contr ol gr oup wer e e v enl y distributed 

and that the number of capillaries was moder ate, wher eas the 
capillaries in the tumor tissues of the SOX4 gr oup wer e sparsel y 
distributed, the number of capillaries decreased significantly, and 

interstitial fiber tissue hyperplasia was obvious (Fig. 8 B). In the 
ESM1-ov er expr essing gr oup, the ca pillaries wer e closel y arr anged,
and the number of ca pillaries incr eased significantl y (Fig. 8 B). The 
density and number of capillaries in the tumors cotransfected 

with low SOX4 + ov er expr essing ESM1 were between those in 

the control group and those in the low SOX4 group (Fig. 8 B). The 
MVD of the tumor tissues further r e v ealed that, compar ed with 

that in the control group, the MVD of the tumor tissues was 
significantly lo w er in the SOX4 knoc k out gr oup and significantl y 
greater in the ESM1 overexpression group (Fig. 8 C). Compared 

with that in the low SOX4 group, the MVD of tumors in the low 

SOX4 + ov er expr essing ESM1 cotr ansfection gr oup was r e v ersed 
o a certain extent (Fig. 8 C). According to the study results, SOX4
an promote the progression of tumors in nude mice by affecting
ell pr olifer ation and blood vessel formation, but some of its
ffects can also be inhibited by ESM1. 

iscussion 

urr entl y, the pathogenesis of IH is not fully understood. It has
een reported that IH may result from the clonal expansion of
tem cells due to k e y gene mutations in somatic cells [ 40 , 41 ].
ther studies have suggested that tissue hypoxia and the renin–
ngiotensin system may also be independent and significant risk 
actors for IH [ 42–44 ]. To identify k e y genes potentially related to
H pathogenesis, we conducted RNA-seq on IH 3D microtumors 
nd 2D planar cells and analyzed the upregulated genes in addi-
ion to those from IH tissues in the early proliferating and invo-
uting phases . T he results indicated a potential close association
etween the transcription factor SOX4 and the onset and pr ogr es-
ion of IH. 

SOX4 is a critical de v elopmental tr anscription factor that r eg-
lates cell fate, differentiation, and progenitor cell development.
OX4 is an essential gene in mouse heart de v elopment, and com-
lete SOX4 knoc k out r esults in embryonic lethality. Additionall y,

mpair ed B l ymphocyte de v elopment has been observ ed in SOX4-
noc k out mouse embryos, suggesting a potential link to vascular
ystem de v elopment [ 45 ]. SOX4 plays div erse r oles in differ ent tu-
ors. While it acts as a protumor factor in breast cancer, lung can-

er, glioma, and other cancers by promoting cell proliferation, sur-
iv al, and migr ation and inhibiting a poptosis [ 46–49 ], it inhibits tu-
or growth in bladder cancer, hepatocellular carcinoma, glioblas- 

oma multiforme, and other cancers [ 50 , 51 ]. Nevertheless, the lit-
r atur e on the role of SOX4 in IH remains scarce, and relevant
echanistic or functional studies that effectively describe the po- 

ential biological functions of SOX4 in IH pr ogr ession ar e lac king.
e observ ed significantl y gr eater expr ession of SOX4 in micr otu-
ours than in 2D ordinary cells. Additionall y, the expr ession of
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F igure 6. SO X4-mediated transcriptional activation of ESM1 promotes CD31 + HemEC progression. ( A ) CCK-8 results revealed that, compared with the 
lo w SO X4 gr oup, knoc king do wn SO X4 while ov er expr essing ESM1 could partiall y r e v erse cell pr olifer ation. ( B ) EdU r esults sho w ed that the 
ov er expr ession of ESM1 at the same time as SOX4 knockdown could partially reverse cell proliferation compared with that in the SOX4 knockdown 
group. ( C ) Wound healing assay revealed that, compared with the low SOX4 group, low SOX4 combined with ov er expr ession of ESM1 could partially 
r e v erse the lateral migration ability of the cells. ( D ) Transwell migration results revealed that, compared with that of the low SOX4 group, the vertical 
migration ability of cells could be partially reversed by low SOX4 and ov er expr ession of ESM1. ( E ) Angiogenesis experiments r e v ealed that, compar ed 
with that in the low SOX4 group, low SOX4 combined with ov er expr ession of ESM1 could partially reverse the angiogenesis ability of cells . T he figure 
on the right shows the r elativ e number of nodes and total length of tubule formation. ( F ) Western blot results showing that, compared with those in 
the SO X4-knockdo wn gr oup, the pr otein expr ession of VEGF-A and MMP2 in cells was partiall y upr egulated by sim ultaneous ov er expr ession of ESM1 
in the SO X4-knockdo wn group. The figure on the right is a statistical graph of the relative protein expression levels of VEGF-A and MMP2. ( G ) Western 
blot results showing that, compared with the SOX4 knockout group, the SOX4 knockout combined with ESM1 overexpression group exhibited partial 
upregulation of p-PI3K, p-AKT, and p-mTOR protein expression in cells . T he figure on the right shows the relative expression levels of k e y proteins in 
the PI3K/AKT signaling pathway. Data are presented as mean ± SD ( n = 3). ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001 by ANOVA. Scale bars = 100 μm. 
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O X4 w as significantl y gr eater in pr olifer ating IH tissues than in
n voluting-phase tissues , suggesting that SOX4 ma y pla y a crucial
ole in the pelletizing process of CD31 + HemECs and the progres-
ion of IH. Furthermore, we discov er ed that SOX4 substantially
romotes CD31 + HemEC angiogenesis and other beha viors . In a
tudy by Li et al ., differ entiall y expr essed epigenetic genes in IH
issues and adjacent normal tissues were analyzed [ 52 ], revealing
hat SOX4 may act as a transcription factor that plays a vital role
n the pr ogr ession of IH. Subsequent r esearc h on human umbili-
al vein endothelial cells suggested that SOX4 could promote IH
r ogr ession by inhibiting apoptosis and promoting angiogenesis.

t is speculated that SOX4 promotes tumor progression through



ESM1 promotes the progression of infantile hemangioma | 11 

F igure 7. SO X4-mediated transcriptional activation of ESM1 promotes 3D microtumour proliferation in CD31 + HemECs. Ki-67 immunofluorescence 
staining r e v ealed that, compar ed with that in the contr ol gr oup, the pr olifer ation ability of cells in the SOX4-knoc kdown gr oup was significantl y 
decr eased, wher eas the pr olifer ation ability of cells in the ESM1-ov er expr essing gr oup was significantl y enhanced. Compar ed with that in the low 

SOX4 group, the proliferation ability of cells in the low SOX4 + ov er expr essing ESM1 cotransfection group was partially restored. Data are presented as 
mean ± SD ( n = 3). ∗P < 0.05, ∗∗∗P < 0.001 by ANOVA. # P < 0.05 by Student’s t test. Scale bar = 100 μm. 
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Figure 8. Activation of ESM1 by SOX4 transcription promotes IH progression in nude mice. ( A ) Compared with that of the control group, the tumor 
volume of the SOX4-knockdown group decreased significantly, whereas the tumor volume of the ESM1-overexpressing group increased significantly. 
Compared with that of the low SOX4 group, the tumor volume of the low SOX4 + ov er expr essing ESM1-cotr ansfected gr oup was partiall y r estor ed. 
Data are presented as mean ± SD ( n = 5). ∗∗∗P < 0.001 by ANOVA; ## P < 0.01 by Student’s t test. ( B ,C ) The same result was obtained for the MVD. Data 
ar e pr esented as mean ± SD ( n = 5). ∗P < 0.05, ∗∗P < 0.01 by ANOVA. Scale bar = 100 μm. 
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ec hanisms suc h as cell pr olifer ation and surviv al pr omotion,
poptosis inhibition, and EMT promotion. These findings align
ith our results, suggesting that SOX4 may promote IH growth by

nhancing cell angiogenesis and other beha viors . Our study is the
rst to investigate the differential expression of SO X4 betw een IH
icrotumours and IH proliferative tissues, suggesting that SOX4
ay be a crucial regulatory factor for the r a pid gr owth of IH during

he pr olifer ativ e phase. It could serv e as a dia gnostic biomarker
nd ther a peutic tar get for IH in the futur e. Furthermor e, our
tudy r e v ealed that SOX4 significantl y upr egulated VEGF-A and
MP2 in CD31 + HemECs. Angiogenesis is crucial for the de v elop-
ent of IH, and the r a pid gr owth of IH is driven primarily by the

r olifer ation of v ascular endothelial cells to form abnormal he-
angioma clusters. VEGF-A, the most effective angiogenic factor

nvolved in the progression of IH, may stimulate the proliferation
nd migration of endothelial cells by activ ating MMP2, ultimatel y
eading to abnormal angiogenesis [ 53 ]. Additionally, VEGF-A may
ir ectl y pr omote endothelial cell formation by inducing calcium-

on influx through phospholipase C activation. It may also stimu-
ate endothelial cell mitosis and induce blood vessel formation. 

Recent studies have confirmed the significant involvement of
he PI3K/AKT signaling pathway in the occurrence and de v elop-

ent of IH [ 54 , 55 ]. In our study, we discov er ed that SOX4 can
romote the expression of k e y proteins within the PI3K/AKT sig-
aling pathw ay, thereb y facilitating the pr ogr ession of IH. Notabl y,
ehta et al . reported that amplification of the SOX4 gene promotes
he PI3K/AKT signaling pathway in breast cancer, highlighting its
otential as a ther a peutic tar get and biomarker within this sig-
aling pathway [ 56 ]. Similarly, other studies have revealed that
OX4 regulates the PI3K/AKT signaling pathway to promote the
r ogr ession of acute lymphoblastic leukemia, pancreatic cancer,
nd colon cancer via transcriptional activation of LEMD1 [ 57–59 ].
hese findings align with our observ ations, whic h demonstr ate for
he first time that SOX4 can contribute to the pr ogr ession of IH by
ctivating the PI3K/AKT signaling pathw ay. Ho w ever, the precise
ec hanism thr ough whic h SOX4 r egulates this pathway r emains

nclear. We hypothesize that the transcription factor SOX4 may
ctivate the PI3K/AKT signaling pathway in cells by binding to k e y
ownstr eam tar get genes, ther eby pr omoting the de v elopment
f IH. 

ESM1 is secreted by vascular endothelial cells and is involved
rimarily in angiogenesis, cell adhesion, and the inflammatory
 esponse. Numer ous studies hav e r eported a close association
etween ESM1 and angiogenesis, suggesting its involvement in
he pr ogr ession of v arious malignant tumors [ 60 ]. In hepatocel-
ular carcinoma, ESM1 significantly enhances tumor angiogene-
is, particularly in the early stages [ 61 ]. Studies on breast cancer
av e demonstr ated that ESM1 can activ ate the AKT/NF- κB sig-
aling pathway to promote cell proliferation, migration, and in-
 asion [ 62 ]. Similarl y, in esopha geal cancer, ESM1 acts as an in-
ependent prognostic factor and promotes cell proliferation and
igr ation thr ough the JAK signaling pathway; silencing ESM1
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significantly inhibits tumor cell pr olifer ation and migr ation [ 63 ].
Additionally, ESM1 is highly expressed in head and neck squa- 
mous cell carcinoma and may contribute to tumor pr ogr ession 

through the RAS–MAPK–ERK signaling pathwa y [ 64 ]. T hus , ESM1 
may promote the progression of malignant tumors by enhanc- 
ing angiogenesis. In our study, by conducting RNA-seq on SOX4- 
knockdown CD31 + HemECs, we discov er ed that ESM1 may be 
downstream of SOX4 transcriptional regulation. This finding was 
further confirmed by database prediction and ChIP-PCR, which 

confirmed the direct regulatory relationship betw een SO X4 and 

the ESM1 pr omoter r egion. We subsequentl y examined the im- 
pact of ESM1 regulation alone on the biological behavior of 
CD31 + HemECs. Our studies r e v ealed that ESM1 enhances cell an- 
giogenesis, ther eby pr omoting the pr ogr ession of IH. These find- 
ings align with pr e vious r eports, indicating that ESM1 pr omotes 
the occurrence and development of IH through cell angiogenesis.
Mor eov er, ESM1 could be explored as a potential therapeutic tar- 
get for IH. Furthermore, we observed that ESM1 promotes the ac- 
tivation of the PI3K/AKT signaling pathw ay, thereb y contributing 
to the pr ogr ession of IH. Similar observ ations hav e been r eported 

in cervical cancer, where ESM1 activates the PI3K/AKT signaling 
pathway and EMT, leading to incr eased pr olifer ation, migr ation,
and invasion of cancer cells [ 65 ]. Additionally, a recent study by 
Yang et al . r e v ealed that ESM1 induces angiogenesis in colorectal 
cancer by activating the PI3K/AKT/mT OR pathwa y, thus acceler- 
ating tumor pr ogr ession [ 66 ]. These studies support our findings 
and suggest that ESM1 also promotes the development of IH by 
activating the PI3K/AKT signaling pathway. 

Microtumour and subcutaneous tumor formation experiments 
in nude mice r e v ealed that low SOX4 expression alone inhib- 
ited tumor growth, that overexpression of ESM1 promoted tu- 
mor growth, and that simultaneous overexpression of ESM1 
and low SOX4 partiall y r estor ed tumor gr owth. Ther efor e, ESM1 
can be considered a new therapeutic target for IH. ESM1 has 
been reported to be associated with drug resistance [ 67 ]. In pa- 
tients with pr olactinoma, ESM1 micr ov ascular density was sig- 
nificantl y gr eater in br omocriptine-r esistant patients than in 

br omocriptine-sensitiv e patients. Knoc kdown of ESM1 with in- 
terfering RNA significantly increased the sensitivity of rat pro- 
lactinoma cell lines to dopamine a gonists. Additionall y, ESM1 
knoc kdown significantl y incr eased the sensitivity of human um- 
bilical vein endothelial cells to bevacizumab [ 68 ]. T hus , ESM1 
has potential for further study as a target for pr opr anolol tr eat- 
ment in patients with drug-resistant IH. Recent studies have 
also linked ESM1 to angiogenesis. Research on the mechanism 

of angiogenesis has r e v ealed a positiv e feedbac k loop between 

VEGF-A and ESM1, where VEGF-A stimulates ESM1 expression 

through phosphorylation and activation of vascular epidermal 
gr owth factor r eceptor 2 [ 69 ]. Conv ersel y, ESM1 dir ectl y binds to 
fibr onectin, r eplacing fibr onectin-bound VEGF-A, ther eby incr eas- 
ing the bioavailability of VEGF-A and its mediated signaling [ 70 ].
Ther efor e, bloc king the inter action between ESM1 and VEGF-A is 
expected to become a new strategy for inhibiting angiogenesis,
and targeted inhibition of ESM1 may control the progression of IH 

in the future. 
Ho w e v er, ther e ar e limitations to this study. First, the clinical 

data and tissue samples were obtained from a single center, and 

the sample size was r elativ el y small. In the next phase, collabora- 
tion with multiple centers will be pursued to establish a clinical 
sample database and expand the number of samples to increase 
the accuracy of the results. Second, this study did not investigate 
the effects of drugs (inhibitors) related to the SOX4–ESM1 signal- 
ing axis on IH pr ogr ession, whic h will be the focus of our future re- 
earch. These findings offer a new perspective on the occurrence
nd de v elopment of IH and lay the foundation for futur e tr eat-
ent strategies. In terms of treatment strategies, interventions 

argeting the SOX4–ESM1 axis may provide new therapeutic op- 
ions for clinical practice. By regulating the activity of this axis, it

ay be possible to effectiv el y inhibit the growth and spread of he-
angiomas, ther eby impr oving the prognosis of patients. There-

or e, futur e r esearc h should focus on exploring tar geted ther a peu-
ic methods for this axis and e v aluating their effectiv eness and
afety in clinical practice . T his not only helps optimize existing
reatment methods but may also provide insights for other types
f vascular anomalies. Additionally, the integration of new tech- 
ologies such as gene editing and bioprinting may offer new ideas
nd tools for targeted therapy of the SOX4–ESM1 axis [ 71 ]. 

onclusions 

n conclusion, SOX4 plays a crucial role in the initiation and pro-
ression of IH, and SOX4/ESM1 may serve as novel biomarkers and
otential ther a peutic tar gets for IH, pr oviding a ne w a ppr oac h for
he future management and treatment of IH. 
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