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Purpose: Infantile hemangiomas (IHs) are commonly observed benign tumors that can cause serious complications. M2-polarized
macrophages in IHs promote disease progression. In this study, we investigated the role of M2 macrophage-derived exosomal IncRNA
MIR4435-2HG in IHs.

Patients and Methods: Exosomes derived from M2 polarized macrophages were extracted. Next, using cell co-culture or
transfection, we investigated whether M2 polarized macrophage-derived exosomes (M2-exos) can transport MIR4435-2HG to regulate
the proliferation, migration, invasion, and angiogenesis of hemangioma-derived endothelial cells (HemECs). RNA-seq and RNA pull-
down assays were performed to identify targets and regulatory pathways of MIR4435-2HG. We explored the possible mechanisms
through which MIR4435-2HG regulates the biological function of HemECs.

Results: M2-exos significantly enhanced the proliferation, migration, invasion, and angiogenesis of HemECs. Thus, HemECs uptake
M2-exos and promote biological functions through the inclusion of MIR4435-2HG. RNA-seq and RNA pull-down experiments
confirmed that MIR4435-2HG regulates of HNRNPA1 expression and directly binds to HNRNPA1, consequently affecting the NF-xkB
signal pathway.

Conclusion: MIR4435-2HG of M2-exos promotes the progression of IHs and enhances the proliferation, migration, invasion, and
angiogenesis of HemECs by directly binding to HNRNPA1. This study not only reveals the mechanism of interaction between M2
macrophages and HemECs, but also provides a promising therapeutic target for IHs.

Keywords: hemangioma-derived endothelial cell, infantile hemangioma, M2-polarized macrophage, MIR4435-2HG, HNRNPA 1

Introduction

Infantile hemangiomas (IHs) are the most commonly observed soft tissue tumors of the skin during infancy, with an
incidence rate of approximately 4.5%.' IHs appear shortly after birth and exhibit a unique life cycle characterized by
rapid growth during the first 9-12 months, followed by slow and spontaneous regression.”> Complications, including
obstruction, dysfunction, ulceration, and disfigurement, occur in approximately 10% of patients.* Site-specific IHs can
cause significant problems, such as organ failure, visual impairment, limited joint movement, respiratory distress, and
death.> Although oral propranolol is clinically effective in the treatment of IHs, the mechanisms of proliferation and
regression in THs remain unclear.® In addition, resistance to propranolol and the possibility of treatment failure still exist,
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especially in patients with high risk IHs.” Therefore, studying the pathogenesis of IHs to develop targeted therapies is

critical.

Macrophages are heterogeneous cells present in all organ systems and play notable roles in innate and adaptive
immunity, hematopoiesis, angiogenesis, reproduction, and systemic metabolism.® Macrophages respond differently to
different stimuli in vivo and in vitro and exhibit significant functional differences. Macrophages are usually divided into
two subtypes: M1 (classically activated macrophages) and M2 (alternatively activated macrophages).” M2-polarized
macrophages promote the proliferation and endothelial differentiation of hemangioma-derived stem cells (HemSCs) and
inhibit their adipogenesis.'®!" Exosomes are vesicles 30150 nm in diameter produced by various cells and carry various
bioactive substances (eg, proteins, lipids, DNA, and RNA).'? Exosomes are closely associated with IHs. MiRNA-196b-
5p, derived from exosomes in HemSCs, promotes the proliferation and angiogenesis of hemangioma-derived endothelial
cells (HemECs) and attenuates the apoptosis and cell cycle inhibition rate of HemECs.'> M2 polarized macrophage-
derived exosomes (M2-exos) deliver miR-27a-3p from macrophages to HemSCs to reduce the sensitivity of HemSCs to
propranolol.'* However, M2-exos and IHs have only been explored up to the miRNA level. Therefore, refinement of the
related mechanisms requires further exploration.

LncRNAs are RNA molecules that are 200 nucleotides or longer and do not encode proteins.'> LncRNAs are
involved in several physiological processes because they regulate gene expression at the epigenetic, transcriptional,
and post-transcriptional levels.'® Aberrant expression is also closely associated with tumor proliferation, differentiation,
apoptosis, and metastasis.'” The IncRNA MIR4435-2 host gene (MIR4435-2HG) is located on human chromosome

2q13. Its expression is upregulated in 18 tumors and is involved in six signaling pathways that promote tumorigenesis.'®

19-21 and

MIR4435-2HG promotes the progression of various tumors, such as those of liver, breast, and bladder cancers,
MIR44435-2HG is indirectly involved in numerous biological functions through the molecular mechanism of competi-
tive endogenous RNA network (ceRNA).*> Compared with the indirect mechanism of ceRNAs, it is more anticipated that
MIR44435-2HG regulate proteins by directly binding to them; however, its expression and mechanism in IHs remain

unclear.
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In this study, we demonstrated that M2-exos effectively promoted the proliferation, migration, invasion, and
angiogenesis of HemECs. M2-exos promoted the growth of IHs in vitro and in vivo by transporting MIR44435-2HG.
We found that MIR44435-2HG directly bind to heterogeneous nuclear ribonucleoprotein A1 (HNRNPA1) in HemECs to
regulate cellular biological functions. Therefore, we explored the potential role of MIR44435-2HG in IHs and attempted
to reveal the link between M2-exos and IH progression.

Materials and Methods
Ethical Statement

The human subject protocol was approved by the Biomedical Research Ethics Committee of Shandong Provincial
Hospital (SZRJJ:NO.2021-414). All clinical samples were obtained from previously untreated patients with IH at
Shandong Provincial Hospital (Shandong, China). Informed consent was obtained from the parents/guardians of all
participants in accordance with the World Medical Association Declaration of Helsinki. All animal studies were
performed in accordance with the National Institutes of Health guidelines for the care and use of laboratory animals
and were approved by the Institutional Laboratory Animal Ethics Committee of Shandong Provincial Hospital
(NO.2022-061).

Induction and ldentification of Macrophage Polarization

THP-1 cells and the culture medium were purchased from Procell (Wuhan, China; 1x 106cells, third generation; Identified
through STR; No Mycoplasma contamination detected). THP-1 cells were inoculated in medium and cultured at 37 °C,
5% CO2, and 90% humidity in an incubator. THP-1 cells were seeded in 6-well plates, and MO macrophages were
stimulated with 100 ng/mL phorbol 12-myristate 13-acetate (PMA, Solarbio, China) for 48 h. MO macrophages were
incubated with 20 ng/mL IL-4 and 20 ng/mL IL-13 (Solarbio) for 48 h to induce M2 polarization. Macrophages were
collected, and subsequently subjected to qRT-PCR analysis to detect CD11b, CD14, CD68, iNOS, IL-10, and CD206 to
identify MO and M2 macrophages (Table 1 for primer sequences).

Extraction of MO and M2 Macrophage Exosomes

MO and M2 macrophages were cultured in exosome-free serum for 48 h. The collected supernatant was centrifuged at
500 g for 10 min to remove cellular contamination. The supernatant was further centrifuged at 12,000 g for 20 min to
remove apoptotic bodies and large cellular debris. The supernatant was centrifuged at 100,000 g for 90 min to enrich the
exosomes and then rinsed with phosphate buffered saline (PBS). Finally, exosomes were collected via ultracentrifugation
at 100,000 g for 90 min and resuspended in an appropriate amount of PBS.

Identification and Uptake of Exosomes

The exosomes (10 pL) were collected dropwise and precipitated on a copper grid for 1 min, and the floating solution was
blotted off using a filter paper. Phosphotungstic acid (10 pL) was added dropwise on the copper net and precipitated for 1
min, and the floating solution was removed through aspiration on filter paper. After drying at room temperature for a few

Table | Primers Used in This Manuscript

GENE Forward Primer (5’-3°) Reverse Primer (5’-3’)

CDIIb CAGCCTTTGACCTTATGTCATGG CCTGTGCTGTAGTCGCACT
CDI4 AGCCAAGGCAGTTTGAGTCC TAAAGGACTGCCAGCCAAGC
CDé8 GGAAATGCCACGGTTCATCCA TGGGGTTCAGTACAGAGATGC
iNOS TTCAGTATCACAACCTCAGCAAG TGGACCTGCAAGTTAAAATCCC
IL-10 CCTCCGTCTGTGTGGTTTGAA CACTGCGGTAAGGTCATAGGA
CD206 ATCACGAAGCCAAGGTCCAG GTGGGTGAACCGAACCTCTT
LncRNA MIR4435-2HG CTGACTCATGGGGGAACCAC GTGTTTCTCGCGGACAGATG
HNRNPAI GCAATAGCAGGTGGAACCCT GGAGCCATTCGCGCTATACT
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minutes, 100 kv was imaged for transmission electron microscopy (TEM). Nanoparticle tracking analysis was performed
to determine the size and concentration of the exosomes. The expression of exosome markers, HSP70, TSG101, and CD9
(calnexin is a cytoplasmic endoplasmic reticulum-specific protein), was analyzed via the Western blotting of M0-exos
and M2-exos and the corresponding supernatants. M2-exos was added to HemECs medium at 100 pg/mL, and EvLINK
and CellLINK double staining (Tianjiu, Tianjin, China) were used to label the exosomes and cell membranes, respec-
tively, to observe the intracellular staining after cellular phagocytosis of exosomes.

Cell Extraction and Culture

HemECs were extracted from proliferating IHs tissues, as described previously.”> HemECs were cultured in an
endothelial cell medium (ScienCell, Shanghai, China), containing 5% fetal bovine serum, 1% penicillin-streptomycin,
and 1% endothelial cell growth factor, at 37 °C and 5% CO2.

gRT-PCR
Total RNA was extracted using RNAiso Plus reagent (Takara, Tokyo, Japan). cDNA was reverse transcribed from 1 pg
total RNA using HiScript RT Super Mix qPCR (Vazyme, Nanjing, China). The cDNA was quantified using SYBR Green
Master Mix (Vazyme) on a Light Cycler 480 II (Roche, Switzerland) for quantitative PCR. The RNA levels were
assessed using the 2744¢T

Table 1.

method with B-actin as an internal standard. The primers used in this study are listed in

Western Blotting

Total protein was extracted using RIPA lysis buffer (Beyotime, Shanghai, China). Protein concentration was determined
using the BCA protein assay kit (Beyotime, Shanghai, China). After separation in 10% SDS-PAGE, proteins were
transferred to PVDF membranes (Millipore, Billerica, USA) and incubated with primary antibodies overnight at 4 °C.
The antibodies used were as follows: calnexin (90 kDa; rabbit; 1:1000; GB111369; Servicebio, Wuhan, China), HSP70
(70 kDa; rabbit; 1:1000; GB11241; Servicebio), TSG101 (46 kDa; rabbit; 1:1000. GB11618; Servicebio), CD9 (25 kDa;
Rabbit; 1:2000; 20597-1-AP; Proteintech), a-tubulin (55 kDa; Rabbit; 1:3000; GB15201; Servicebio), HNRNPA1 (34
kDa; Rabbit; 1:10000; 11176-1-AP; Proteintech), NF-xB p65 (65 kDa; Mouse; 1:2000; 66535-1-lg; Proteintech),
phospho-NF-kB p65 (65 kDa; Rabbit; 1:500; GB113882; Servicebio), IkBa (36 kDa; Mouse; 1:10000; 66418-1-1g;
Proteintech), and IKB alpha (phospho S36) (35 kDa; Rabbit; 1:10000; ab133462; Abcam). The membranes were then
incubated with horseradish peroxidase-conjugated goat anti-rabbit IgG (1:10000; D110058-0100; Sangon Biotech) or
Goat Anti-Mouse IgG (H+L) (peroxidase/HRP conjugated)(1:2000; E-AB-1008; Elabscience) for 1 h. A ChemiDoc
Imaging System (Bio-Rad, Hercules, CA, USA) was used to quantify protein expression.

Fluorescence in situ Hybridization (FISH)

FISH experiments were performed to detect IncRNA MIR4435-2HG in IHs, normal tissues, and HemECs. A Cy3-labeled
MIR4435-2HG probe was designed and synthesized by Servicebio. The 18S probe (Servicebio) was used as a control for
cytoplasmic localization, and the U6 probe (Servicebio) was used as a control for nuclear localization. MIR4435-2HG
was hybridized overnight with the cells or tissue samples to be tested, according to the manufacturer’s instructions.
MIR4435-2HG subcellular localization in the samples was observed using confocal microscopy.

Hematoxylin and Eosin Staining
IHs specimens were formalin-fixed and paraffin-embedded. Dewaxed sections (4 mm) were stained with hematoxylin
and eosin.

Immunohistochemical (IHC) Staining

Dewaxed fixed sections were stained with a primary antibody against HNRNPAT1 (1:100; 11176-1-AP; Proteintech) and
subsequently with a secondary antibody (Servicebio, G1213). The samples were stained using a DAB substrate kit
(Servicebio) for 1 min, followed by hematoxylin (Servicebio) for 20s. We scored HNRNPA1 expression in tissues using
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IHC staining. The scoring criteria for IHC staining were as follows: the extent and intensity of staining in five fields of
view were assessed using a microscope (Olympus, Tokyo, Japan) at x400 magnification. Staining intensity was classified
into four grades: no staining, score 0; pale yellow, score 1; pale brown, score 2; and dark brown, score 3. Positive
expression areas were classified into five categories: <5%, score 0; 6%—25%, score 1; 26%—50%, score 2; 51%—75%,
score 3; and 76%—100%, score 4. The intensity and area scores were multiplied and used as the final HNRNPAI
expression scores. All sections were scored by two independent pathologists at Shandong Provincial Hospital. Patients
were blinded to their clinical data. If the scores of the two pathologists differed, the mean score was used for analysis.

Cell Transfection

MIR4435-2HG knockdown (shMIR4435-2HG) and overexpression (OE-MIR4435-2HG), and HNRNPA1 knockdown
(shHNRNPA1) and overexpression (OE-HNRNPA1) vectors of the recombinant lentivirus and the corresponding
negative control shNC (sh-negative control) and EV (Empty Vector), respectively, were designed and synthesized by
GeneChem (Shanghai, China). ShMIR4435-2HG targets the GGTCATTAGGGACAGGCAAAT sequence and
ShHNRNPA1 targets the TACCTAGTAGCATAGAGATTT sequence according to 5-3" direction. GV493 (hU6-MCS-
CBh-gcGFP-IRES-puromycin) and GV502 ((polyA-MCS-UBI)RV-SV40-EGFP-IRES-puromycin) were used to con-
struct the knockdown and overexpression lentiviruses of MIR4435-2HG, respectively. shHNRNPA1 targeted
AAGCTAGGAGGGAGTGAAATA. GV493 (hU6- MCS-CBh-gcGFP-IRES-puromycin) and CV572 (Ubi-MCS-SV40-
Cherry-IRES-neomycin) were used to construct the knockdown and overexpression lentiviruses of HNRNPAI, respec-
tively. Transfection efficiency was assessed based on the expression of green fluorescent protein 72 h after transfection,
and the cells were screened with puromycin or neomycin, depending on the vector. Transfection efficiency was tested
using qRT-PCR after the first application of each lentivirus.

Cell Counting Kit-8 (CCK-8) Proliferation Assay

Cells were seeded into 96-well plates (Corning, New York, NY, USA). Two hours after inoculation, 10 pL of CCK8
(Elabscience, Wuhan, China) was added to each well. The OD value of each well at 450 nm was measured at 2 h, 4 h, 12
h,1d,2d,and 3 d.

Wound Healing Assay

HemECs were inoculated into 6-well plates. After 24 h, the wells were gently scraped in the middle using a 200 pL
pipette tip. After washing the detached cells with PBS, the HemECs were cultured in a pure medium without serum.
Images of the wound at the same location were captured at 0 and 12 h to calculate the migration rate.

Transwell Invasion Assay

A Transwell chamber with an 8-um pore polycarbonate membrane (Biofil, Guangzhou, China) was used for the invasion
assay. A medium containing 10% fetal bovine serum was added to the lower chamber. The cells were suspended in
a serum-free medium and inoculated into the upper chamber coated with a matrix gel (ABW, Shanghai, China). After
incubation for 24 h, the cells in the upper chamber were scraped with a cotton swab, fixed on the lower surface of the
membrane with paraformaldehyde for 30 min, and stained with crystal violet (Solarbio) for 30 min. The cells were
counted after capturing the images.

Tube Formation Assay
The 96-well plates coated with matrix gel (ABW) were incubated at 37 °C in 5% CO2. After 30 min, 50 pL of cell
suspension was added to each well. Images were captured after 4 h.

RNA Pull-Down

RNA sequences were linearized using the FastDigest Xhol kit (ThermoFisher Scientific, Waltham, MA, USA) and T7
MEGAscript kit (Invitrogen, New York, USA). The sequences were transcribed and purified using the purification kit
(TianGen Biotech, Beijing. China). RNA-binding proteins were obtained using a Pierce Magnetic RNA-Protein Pull-
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Down Kit (Thermo Fisher Scientific) and identified via mass spectrometry (Shandong Xiuyue Biotechnology Co., Ltd,
Jinan, China). All protocols were performed according to the manufacturer’s instructions.

RNA Immunoprecipitation (RIP)

The RIP assay was performed using an RNA immunoprecipitation kit (Millipore), according to the manufacturer’s
instructions. Magnetic beads combined with anti-IgG or anti-HNRNPA1 antibodies (ab5832; Abcam, Cambridge, UK)
and incubated with total RNA lysates from HemECs. The complexes were washed from the magnetic beads, and the
isolated RNA was extracted. MIR4435-2HG expression was detected using qRT-PCR.

RNA Sequence Data Analysis

The Agilent 2100 RNA Nano 6000 assay kit (Agilent Technologies) was used to determine the integrity and concentra-
tion of extracted total RNA. Libraries were constructed using the TruSeq Stranded mRNA LT Sample Prep Kit (Illumina,
San Diego, CA, USA), according to the manufacturer’s instructions. The transcriptomes of MIR4435-2HG shNC
HemECs and shMIR4435-2HG HemECs were analyzed using the Illumina NovaSeq 6000 platform (Shandong Xiuyue
Biotechnology Co., Ltd), and two different samples from each group of cells were sequenced.

In vivo Xenograft Experiments

Male BALB/c nude mice (6 weeks old; n = 5) were purchased from GemPharmatech (Jiangsu, China) and maintained in
a specific pathogen-free environment. The cells were resuspended in serum-free medium at a concentration of 10® cells/
mL and mixed 1:1 with matrix gel (ABW). We injected 200 uL mixture subcutaneously in immunodeficient NOD/SCID
mice and removed the tumors after 2 weeks of treatment. The tumor volumes and weights were determined.

Statistical Analysis

All experiments were performed in three independent repetitions. Data were analyzed using the SPSS 25.0 and GraphPad
Prism 8 software. Data are expressed as mean + SD or mean + SEM. Student’s #-test was used to determine statistical
differences between two groups. P < 0.05 was considered statistically significant.

Results

Extraction of Exosomes Secreted by M2-Polarized Macrophages

After the induction of THP-1 by PMA, the cell morphology appeared polygonal with a subcircular shape and transformed
into anchorage-dependent MO macrophages (Figure 1a). The morphology of M2 polarized macrophages was similar to
that of MO macrophages and the pseudopods shortened after induction with IL-4 and IL-13. The qRT-PCR results showed
that the expression of CD11b, CD14, and CD68 was significantly upregulated in PMA-induced THP-1 cells (Figure 1b).
By contrast, no significant difference was observed in iNOS expression between M2 and M0 macrophages, indicating
that they were not M1 polarized macrophages, and IL-10 and CD206 expression was significantly upregulated
(Figure 1c). These results indicate that we successfully induced MO and M2 polarized macrophages.

In addition, we isolated M0-exos and M2-exos. TEM showed that vesicles isolated from M2-polarized macrophages
were saucer-shaped (Figure 1d), with an average particle size of approximately 77.48 nm (Figure le). In addition,
Western blotting results showed that MO- and M2-exos expressed the exosome markers CD9, TSG101, and HSP70,
whereas CD9, TSG101, and HSP70 were not expressed or were less expressed in the cell lysate (Figure 1f). Calnexin
was expressed in the cell lysate, but not in M0- and M2-exos. These results indicate that we successfully isolated MO-
and M2-exos. HemECs were co-cultured with M2-exos for 24 h, and the uptake of M2-exos by HemECs was observed
using EVLINK and CellLINK double staining assays (Figure 1g).

Functional Regulation of HemECs by M2-Exos and IncRNA MIR4435-2HG Expression

To investigate whether M2-exos can regulate HemEC function, we added PBS, M0-exos, and M2-exos to the HemEC
medium. The CCK-8 assay showed that HemEC proliferation was enhanced more in the M2-exos group than that in the
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Figure | Isolation and identification of M2-exos. (a). Representative pictures of THP-1 cells, MO macrophages, and M2 polarized macrophages; (b). qRT-PCR analysis of
expression of MO0 polarized macrophage markers CD1 Ib, CD 14, and CD68; (c). qRT-PCR analysis of expression of M| polarized macrophage marker iNOS and M2 polarized
macrophage marker, IL-10, and CD206 -PCR analysis; (d). TEM observation of M2 polarized macrophage exosomes morphology (scale bar; 100 nm); (e). Nanoparticle
particle size analysis showed that extracted exosomes were approximately 77.48 nm in diameter; (f). Western blotting detection of the expression of calnexin, HSP70,
TSGI101, and CD9 in exosomes of M0 polarized macrophages and M2 polarized macrophages and cell lysates; (g). Fluorescence microscopy of HemECs uptake of M2 exo
(EVLINK labeled exosomes, CellLINK labeled cell membranes) (Student’s t-test, *P < 0.05, **P < 0.01, ***P < 0.001; ns, nonsignificant).

PBS and M0-exos groups (Figure 2a). Cell migration ability was confirmed using wound healing assay, which showed
enhanced migration of HemECs in the M2-exos group (Figure 2b and c). The Transwell invasion assay showed an
enhanced invasion ability of HemECs in the M2-exos group (Figure 2d and e). The tube formation assay showed

enhanced tube formation ability of HemECs in the M2-exos group, with an increase in the number of junctions and
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Figure 2 M2-exos regulates biological functions of HemECs. (a). Cell proliferation capacity assessed by CCK-8 assay; (b and c). Wound healing assay used to examine
migration rate of HemECs; (d and e). Invasive capacity of HemECs assessed using Transwell chambers, and the number of cells passing through the chamber membrane were
counted; (f—i). Tube formation assay representative images and number of junctions and meshes and total segments length; (j). Relative expression analysis of MIR4435-2HG
in MO/M2 macrophage-derived exosomes using qRT-PCR (Student’s t-test, *P < 0.05, **P < 0.01, ***P < 0.001).

meshes and in total segments length (Figure 2f—i). The transcript levels of MIR4435-2HG were determined using qRT-
PCR. The results showed that MIR4435-2HG was expressed in the HemECs of the M2-exos group compared to that in
the M0O-exos group (Figure 2j).

MIR4435-2HG Expression Increases in IHs and Regulates Biological Function of IH

in vivo and in vitro

The clinical and pathological features of the patients with IHs are shown in Table 2. The pathological diagnosis of the
collected 5 pairs of IH samples, all of which were proliferative stage IH (Figure S1). FISH assays of the five pairs of IH
samples and paraneoplastic tissues demonstrated that MIR4435-2HG expression was significantly higher in IH tissues,
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Table 2 Baseline Characteristics of Patients
with IHs and Control Subjects

Characteristics IH
Total patients 5
Sex

Male 2 (40.0%)

Female 3(60.0%)
Age

<3m 3(60.0%)

23 m 2 (40.0%)
History of treatment

Yes 0 (0%)

No 5 (100.0%)
IHSs Location

Head, face, and neck | (20.0%)

Extremity | (20.0%)

Trunk 3 (60.0%)

especially in the cytoplasm, than that in normal tissues (Figure 3a). qRT-PCR confirmed that MIR4435-2HG expression
was higher in IH tissues than that in paraneoplastic tissues (Figure 3b). The subcellular localization of IncRNAs is closely
related to their functions. Our results showed that MIR4435-2HG was mainly localized in the cytoplasm of HemECs
(Figure 3c).

In our further investigation of the biological role of MIR4435-2HG in HemECs, lentiviral vectors with MIR4435-
2HG overexpression or knock down were constructed and successfully transfected into HemECs. qRT-PCR was used to
verify the knockdown and overexpression efficiencies (Figure 3d). The CCK-8 assay showed that HemECs proliferation
was diminished after MIR4435-2HG knockdown, whereas it was enhanced after MIR4435-2HG overexpression
(Figure 3e). The wound healing assay showed that MIR4435-2HG knockdown in HemECs significantly inhibited
wound healing, whereas MIR4435-2HG overexpression significantly promoted wound healing (Figure 3f and g). The
Transwell invasion assay also showed that MIR4435-2HG knockdown significantly inhibited the invasion of HemECs,
whereas MIR4435-2HG overexpression significantly promoted it (Figure 3h and i). Tube formation assays showed
diminished tube formation capacity after MIR4435-2HG knockdown, with reductions in the number of junctions and
meshes and total segments length; however, tube formation capacity was enhanced after MIR4435-2HG overexpression
(Figure 3j—m).

We established a subcutaneous tumor transplantation model to explore the role of MIR4435-2HG in vivo. The results
showed that the size and weight of tumors after MIR4435-2HG knockdown were significantly lower than that in the
shNC (Figure 4a—c), and the differences in the MIR4435-2HG overexpression group were not statistically significant
(Figure S2a—c). Histological examination using hematoxylin and eosin (H&E) staining demonstrated that endothelial cell
clumps aggregated and formed microvessels in the shNC group, whereas MIR4435-2HG knockdown was followed by an
increase in fibrous tissue with only a few mature microvessels (Figure 4d). The FISH assay further demonstrated that
MIR4435-2HG expression was associated with tumor growth (Figure 4e).

M2-Exos Transfer MIR4435-2HG from Macrophages to HemECs and Regulate the

Function of HemECs

To further investigate whether MIR4435-2HG from M2-exos affects the function of HemECs, we added M2-exos to the
medium containing both shNC and shMIR4435-2HG. The qRT-PCR assay showed that MIR4435-2HG expression was
significantly increased after the addition of M2-exos (Figure 5a). The addition of M2-exos increased MIR4435-2HG
expression level in shMIR4435-2HG to some extent. Moreover, the addition of M2-exos reversed proliferation
(Figure 5b), migration (Figure 5c and d), invasion (Figure 5e and f), and angiogenesis (Figure 5g and j) of HemECs

International Journal of Nanomedicine 2023:18 hetps: 5951
Dove!


http://Figure%20S2a
http://c
https://www.dovepress.com
https://www.dovepress.com

Li et al Dove

a 2 dé
b I 15+ & 13 e
w 2 8 Y
© 8
< e 7
< s £ 6
x P a— - v
= 10+ c 2
- o
o -
s g
é 54 . 2
]
@ . °
. <
2 .
s
© LJ
E 0__'_l.'_l_
Tumor Normal

DAPI MIR4435- 2HG Merge

shNC shMIR4435-2HG EV OE-MIR4435-2HG

Migration rate(%)

ShNC shMIR4435-2HG EV OE-MIR4435-2HG
¥ 2 ) d J \
o i SN :
I \ 5
o
0 { ~ \ -
Q ! v % " ¢
< .
= {
o« i 3 >
shNC shMIR4435-2HG k
4 200

- EV " 2 8

= OE-MIR4435-2HG § 150 v ” £
g @ g - Y g . 2
S —4 shNC S * 15 2 £
® | 2
g * shMIR4435-2HG — = 5 107 t = 4 | H
32 oo I 5 i s . H
g v EV OE-MIR4435-2HG i 1 s 5 | 5
g, H * H = o E

T T T T T .V T T
D e Rt S R
" " > el
0 12 24 36 48 60 72 & & & &
N N S N
hour P & B d

200 pm 200pm

Figure 3 MIR4435-2HG is elevated in IHs and regulates the biological functions of HemECs in vivo. (a). Detection of MIR4435-2HG expression and localization in IH and
normal tissues using FISH. Scale bar, 50 um.; (b). gRT-PCR analysis of MIR4435-2HG expression in IHs and normal tissues; (c). Detection of subcellular localization of
MIR4435-2HG in HemECs using FISH. Scale bar, 20 um.; (d). Detection of knockdown and overexpression efficiency of MIR4435-2HG using qRT-PCR; (e). Assessment of
cell proliferation capacity using CCK-8 assay; (f and g). Wound healing assay was used to examine the migration rate of HemECs; (h and i). Use of Transwell chambers to
assess invasive ability of HemECs and count the number of cells passing through the chamber’s membrane; (j-m). Representative images of tube formation assays and
statistics of the number of junctions and meshes and total segments length (Student’s t-test, *P < 0.05, **P < 0.01, ***P < 0.001).

to some extent. Therefore, we hypothesized that M2-exos transfer MIR4435-2HG from macrophages to HemECs and
affect their biological functions.

RNA-Seq Analysis After MIR4435-2HG Knockdown

We performed RNA-seq analysis of cells with MIR4435-2HG knockdown (GSE236203). A total of 3723 genes with
statistically significant differences in expression were identified: 1636 upregulated and 2087 downregulated. Hierarchical
clustering and volcano plots (Figure 6a and b) revealed that these genes were differentially expressed. Logarithmic fold
change (|log2FC| > 1 and p-adjusted <0.05) was used as the screening condition. To further investigate the functions of
these target genes, we performed GO analysis and KEGG analysis for differentially expressed RNAs using the DAVID
and KOBAS software. The top 20 significant pathways in the three components of GO analysis (biological process,
molecular function, cellular component) (Figure S3a—c) included regulation of cellular processes, binding, and protein
binding. KEGG analysis revealed the top 20 pathways associated with differentially expressed RNAs (Figure S3d),
including the PI3K-Akt signaling pathway, focal adhesion, and ECM-receptor interaction. Our GSEA analysis showed
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that the NF-kB signaling pathway was significantly downregulated (Figure 6¢). Western blotting detected the expression
of NF-kB p65, p-p65, IkBa, and p-IkBa of the NF-«B signaling pathway. The expression of p-p65 and p-IkBa was
significantly reduced after MIR4435-2HG knockdown (Figure 6d) and increased after MIR4435-2HG overexpression
(Figure 6e).
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MIR4435-2HG Affects RNA Expression of HNRNPAI and Binds Directly to
HNRNPAI Protein

We determined the direct regulatory mechanisms of MIR4435-2HG. First, we synthesized an exogenous plasmid containing
MIR4435-2HG or its antisense sequence (Figure S3e). Then, we linearized the RNA sequence and transcribed it (Figure S3f)
in vitro. Biotin-labeled RNA was inoculated into protein lysates from HemECs, and both protein solutions were analyzed
using mass spectrometry (Figure 6f). We combined the results of the previous RNA-seq analysis and unexpectedly found
a decrease in the RNA expression of HNRNPA1 in the bind protein after MIR4435-2HG knockdown. We then used Western
blotting and the product of another independent RNA pull-down experiment to validate the MIR4435-2HG-HNRNPA1
interactions (Figure 6g). RIP was performed in HemECs using the HNRNPA1 antibody. The MIR4435-2HG level in the
HNRNPA1 RIP samples was much higher than that in the control IgG RIP samples (Figure 6h). HNRNPA1 expression was
also decreased or increased in HemECs with MIR4435-2HG knockdown or overexpression, respectively, as confirmed by
qRT-PCR (Figure 6i) and Western blotting (Figure 6j and k). This result suggests that MIR4435-2HG may be involved in the
regulation of HNRNPA1 mRNA levels, consequently affecting HNRNPA1 expression.

HNRNPA| is Regulated by MIR4435-2HG to Affect the Function of HemECs

We examined HNRNPA1 expression in five IH tissues and matched normal tissues using IHC staining. HNRNPA1
expression was significantly higher in IH tissues than that in normal tissues (Figure 7a and b). To explore whether
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HNRNPAT also plays an influential role in HemECs, we constructed lentiviral vectors with of HNRNPA1 overexpression
and knockdown and successfully transfected them into HemECs. qRT-PCR (Figure S4a) and Western blotting (Figure
S4b and c) verified the knockdown and overexpression efficiency. The CCK-8 assay showed that the proliferation
capacity of HemECs was reduced after HNRNPA1 knockdown, but was enhanced after HNRNPA1 overexpression
(Figure 7c). The wound healing assay showed that cell migration ability was reduced after HNRNPA1 knockdown, but
was enhanced after HNRNPA1 overexpression (Figure 7d and e). Transwell invasion analysis showed that the invasion
ability of HemECs was reduced after HNRNPA1 knockdown, but was enhanced after HNRNPA1 overexpression
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(Figure 7f and g). Tube formation analysis showed that HNRNPA1 knockdown decreased tube formation ability with
reductions in the number of junctions and meshes and total segments length; however, tube formation ability was
enhanced after HNRNPA1 overexpression (Figure 7h—k).

To further investigate whether MIR4435-2HG affects the function of HemECs through HNRNPAI, we transfected
shMIR4435-2HG to overexpress HNRNPA1 and an overexpression control virus. Western blotting showed that after
transfection with the overexpression virus of HNRNPA1, shMIR4435- 2HG showed a remarkably increased HNRNPA 1
expression (Figure 71). Moreover, the effects MIR4435-2HG knockdown on the proliferation (Figure S5a), migration
(Figure S5b and c), invasion (Figure S5d and e), and angiogenesis (Figure S5f-i) of HemECs was reversed to some
extent after transfection with HNRNPA1 overexpression virus. Additionally, the Western blotting assay showed that
HNRNPAT1 overexpression reversed the effect on the NF-«kB signaling pathway after MIR4435-2HG knockdown
(Figure 71).

Discussion

Despite being the most commonly observed vascular-derived tumor in infancy and childhood, the etiology, pathogenesis,
and drug resistance of IHs remain unclear. M2-polarized macrophages are prevalent in proliferating IHs and are
significantly reduced in number in involuting IHs.'' However, the role and mechanism of M2-polarized macrophages
in the proliferation of IHs remain unclear. In this study, M2-exos-derived MIR44435-2HG enhanced the proliferation,
migration, invasion, and angiogenesis of HemECs. Further experiments revealed that MIR44435-2HG affected
HNRNPAT1 expression and binds directly to HNRNPA1 to influence the NF-«kB signaling pathway. This finding may
help explain the effect of M2-polarized macrophages on IHs and suggests that MIR44435-2HG may be a new candidate
oncogene in [Hs.

M2 macrophages mediate tumor proliferation, invasion, metastasis, and angiogenesis through the release of exo-
somes. Cheng et al showed that M2-exos promoted HUVEC proliferation and inhibited HUVEC inflammation and
apoptosis.”* Wei et al showed that M2-exos containing miRNAs promoted lung adenocarcinoma cell invasion, migration,
and angiogenesis.”> Yang et al found that M2-exos inhibited E2F2 expression in endothelial cells, thereby promoting
angiogenesis.”® Although research in on IHs is nascent, the available results are exciting. M2-polarized macrophages may
promote the progression of IHs by facilitating angiogenesis; however, M1-polarized (not M2-polarized) macrophages
induce endothelial-mesenchymal transition in HemECs and promote the regression of IHs.?’ Liu et al found that M2-exos
reduced the sensitivity of HemSCs to propranolol.'* These studies suggest a positive role of M2-exos in the pathophy-
siological development of IHs. Our study further demonstrated that M2-exos promotes proliferation, invasion, migration,
and angiogenesis of HemECs while transporting MIR44435-2HG to influence the progression of IHs. These findings
improve the understanding of the interactions between macrophage-derived exosomes and HemECs and broaden the
understanding of the progression of IHs.

LncRNAs are widely present in organisms and are involved in the regulation of IHs. LncRNA-TUG1 promotes the
proliferation, migration, and invasion of HemECs by regulating the miR-137/IGFBP5 axis.”® Silencing MALAT]
significantly inhibits the proliferation, migration, and angiogenesis of HemECs, but promotes apoptosis.”’ MIR4435-
2HG participates in the progression of several human diseases and interacts with DNA, RNA, or proteins to regulate
transcription, epigenetic modifications, protein/RNA stability, translation, and post-translational modifications.*® Cell
proliferation, EMT, invasion, migration, and apoptosis inhibition are the main phenotypes of cancers that are affected by
MIR4435-2HG expression.”’ MIR4435-2HG expression was higher in IH tissues than that in paraneoplastic tissues.
MIR4435-2HG was closely associated with the biological functions of HemECs, and MIR4435-2HG knockdown
inhibited the growth of IHs in vivo. Unfortunately, the results of the in vivo tumorigenic experiments with MIR4435-
2HG overexpression were not statistically different, which may be related to the higher native MIR4435-2HG expression
in [Hs. Thus, MIR4435-2HG is expected to be a novel target for [H treatment.

We used RNA-seq to explore the mechanism of MIR4435-2HG and found that the RNA expression of HNRNPA1
was regulated by MIR4435-2HG. Using RNA pull-down experiments, we found that MIR4435-2HG directly binds to
HNRNPA1. HNRNPAT1 is one of the most abundant RNA-binding proteins in the hnRNP family, and its key functions in
tumors are particularly evident.*? It is involved in the key hallmarks of cancer, such as increased cell growth, survival,
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metastasis, modified cellular energetics, and immortalization.”> Multiple IncRNAs have been identified to regulate
disease progression by binding to HNRNPA1. For example, the interaction between IncRNA SNHG6 and HNRNPA1
promotes colorectal cancer growth,** and IncRNA ANCR promotes hepatocellular carcinoma metastasis by binding to
HNRNPA1 and upregulating its expression.* In this study, we confirmed that HNRNPA1 is highly expressed in IHs and
regulates the biological functions of HemECs. Moreover, MIR4435-2HG can act on the NF-«B signaling pathway
through HNRNPA1. The NF-kB signaling pathway can promote tumor angiogenesis.’®’” The NF-kB signaling pathway
is highly expressed in proliferating IHs**~° and HNRNPAI is involved in regulating NF-kB-dependent transcription.*’
Our results corroborate and enrich these findings.

Although we experimentally demonstrated that M2-exos regulate the development of IHs through the MIR4435-2HG/
HNRNPA1/NF-kB axis, we also encountered some confusion. Macrophages in IHs originate from and in conditions
under which they are transformed into M1- and M2-polarized macrophages. By contrast, IncRNAs localized in the
nucleus can interact with various protein molecules, such as transcription factors, to regulate chromosome structure and
function.*! IncRNAs localized in the cytoplasm with binding proteins mostly regulate mechanisms, such as mRNA
variable shear, stability, and protein modifications. We demonstrated that MIR4435-2HG and HNRNPAI1 interact to
regulate the phenotype of I[Hs; however, how they bind and their function remains unclear.

Our study has some limitations. First, although we explored the effects of M2-polarized macrophage-derived exosomes on
HemECs in vitro, we did not validate our results through vivo experiments. Second, because oral propranolol has become the
first-line treatment option for IH, the tissue sample size was too small to determine whether MIR4435-2HG and HNRNPA1 can
be used as biomarkers. Third, although regulation of the NF-kB signaling pathway was not the focus of this study, the exact point
at which it intervenes in regulation remains to be explored in depth. These limitations provide topics for further research.

Conclusion

Our results suggest that M2-exos-derived MIR4435-2HG regulates the proliferation, migration, invasion, and angiogen-
esis of HemECs by binding to the HNRNPA 1/NF-«B axis. Our findings complement the literature on the pathogenesis of
IHs and may lead to the development of targeted exosome-related therapies.
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