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A B S T R A C T

Background: Post-ischemic angiogenesis is crucial for reestablishing blood flow in conditions such 
as peripheral artery disease (PAD). The role of insulin-like growth factor-2 mRNA-binding protein 
2 (IGF2BP2) in post-transcriptional RNA metabolism and its involvement in post-ischemic 
angiogenesis remains unclear.
Methods: Using a human GEO database and a hind-limb ischemia (HLI) mouse model, the pre-
dominant isoform IGF2BP2 in ischemic gastrocnemius tissue was identified. Adeno-associated 
virus with the Tie1 promoter induced IGF2BP2 overexpression in the HLI model, evaluating the 
expression of vascular structural proteins (CD31 and α-SMA) and blood flow recovery after HLI. In 
vitro experiments with human umbilical vein endothelial cells (HUVECs) demonstrated that 
lentivirus-mediated IGF2BP2 overexpression upregulates cell proliferation, migration, and tube 
formation. GeneCards, RNAct databases, and subsequent reverse transcription quantitative po-
lymerase chain reaction (RT-qPCR) predicted IGF2BP2 interactions with fibroblast growth factor 
2 (FGF2) mRNA, and actinomycin D treatment, binding site predictions and CLIP-seq data further 
confirmed this interaction. Furthermore, western blotting, enzyme-linked immunosorbent assay, 
and RNA immunoprecipitation followed by RT-qPCR were performed to validate IGF2BP2’s 
interaction with FGF2 mRNA and to assess its role in stabilizing FGF2 mRNA, as well as its impact 
on FGF2 protein expression.
Results: HLI reduced IGF2BP2 expression in the gastrocnemius tissue, which gradually increased 
during blood flow recovery. IGF2BP2 overexpression in HLI mice accelerated blood flow recovery 
and increased capillary and small artery densities. The overexpression of IGF2BP2 in HUVECs 
stimulated proliferation, migration, and tube formation by interacting with FGF2 mRNA to 
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increase its stability. This interaction resulted in increased levels of FGF2 protein and secretion, 
ultimately promoting angiogenesis.
Conclusions: IGF2BP2 contributes to blood flow restoration post-ischemia in vivo and promotes 
angiogenesis in HUVECs by enhancing FGF2 mRNA stability and FGF2 protein expression and 
secretion. These findings underscore IGF2BP2’s therapeutic potential in ischemic conditions, such 
as PAD.

1. Introduction

Ischemic cardiovascular diseases include coronary artery, cerebrovascular, and peripheral arterial diseases (PAD). These diseases 
are a significant burden on healthcare systems worldwide owing to the increasing prevalence of metabolic disorders and the aging 
population [1–3]. Patients with advanced PAD experience various symptoms, such as claudication, critical limb ischemia, ulcer 
development, and gangrene [4]. Unfortunately, conventional pharmacological therapies have proven ineffective in certain in-
dividuals, leading to the need for endovascular treatment and, in severe cases, amputation of the lower limb [5].

The primary feature of ischemic conditions is vascular occlusion, which is often exacerbated by insufficient angiogenesis [6]. 
Revascularization remains the standard approach for managing ischemic diseases. Novel therapies aimed at restoring blood flow such 
as molecular targeting to achieve therapeutic angiogenesis are still under development [7,8]. To develop more efficient pharmaco-
logical remedies, the pivotal molecules involved in angiogenesis pathways must first be identified [9].

The insulin-like growth factor-2 mRNA-binding proteins (IGF2BPs) include IGF2BP1, IGF2BP2, and IGF2BP3. IGF2BP is a highly 
conserved RNA-binding protein family that post-transcriptionally regulates target transcripts. These proteins play critical roles in 
various cellular processes, physiological functions, and pathological conditions, including cancer development and progression [10]. 
Among them, IGF2BP2 is the least explored member of this family, although it is known to function as an N6-methyladenosine (m6A) 
recognition factor [11]. Additionally, IGF2BP2 may influence the stability and translation of target transcripts, thereby affecting 
diverse physiological and pathological processes, including embryonic development, metabolic diseases and cancer [11–14]. How-
ever, the involvement of IGF2BP2 in post-ischemic angiogenesis remains unclear.

Herein, a mouse hind-limb ischemia (HLI) model was established to study the effect of IGF2BP2 on blood flow recovery and post- 
ischemic angiogenesis. We also evaluated the effect of IGF2BP2 on the proliferation, migration, and tube-forming capacity of human 
umbilical vein endothelial cells (HUVECs) in vitro. To understand the underlying mechanism, we examined the interaction between 
IGF2BP2 and fibroblast growth factor 2 (FGF2) mRNA, a well-known pro-angiogenic factor [12,15,16], along with its effect on the 
stability of FGF2 mRNA. Our findings demonstrated that IGF2BP2 promotes blood flow recovery and angiogenesis post-ischemia. 
IGF2BP2 positively affected the proliferation, migration, and tube-forming capacity of HUVECs. An interaction between IGF2BP2 
and FGF2 mRNA was identified, highlighting its role in modulating FGF2 expression and subsequently promoting angiogenesis in 
HUVECs. Our study revealed the pivotal function of IGF2BP2 in facilitating blood flow recovery and post-ischemic angiogenesis, thus 
presenting a potential therapeutic target for ischemic cardiovascular diseases, including PAD.

2. Materials and methods

All experiments involving animals were carried out in full compliance with the regulations specified in the “Guide for the Care and 
Use of Laboratory Animals,” established by the National Academy of Sciences and issued by the National Institutes of Health. The 
Animal Care and Utilization Committee of Zunyi Medical University approved this study (Appl. No. ZMU21-2207-011). Details 
regarding the primers, antibodies, and small interfering RNAs (siRNAs) used in this study are listed in Supplementary Materials.

2.1. Cell culture

HUVECs were acquired from Fudan IBS Cell Center (Shanghai, China). They were validated by STR profiling and tested negative for 
Mycoplasma. The cells were grown in DMEM (#1791920, Gibco, Grand Island, NY, USA) supplemented with 10 % FBS (#04-001-1A, 
BioInd, Kibbutz, Israel) and 1 % penicillin/streptomycin (#10378016, Gibco, Grand Island, NY, USA). They were cultured under 
standard incubation conditions at 37 ◦C with a 5 % CO2 atmosphere.

2.2. Induction of hind-limb ischemia (HLI) and assessment of blood flow recovery

The HLI model was established as previously described [17] using 8-week old male mice from the C57/BL6 strain (Gem-
Pharmatech, Nanjing, Jiangsu, China). Femoral artery ligation was performed in the left hind limb of each mouse. Briefly, mice were 
anesthetized with 1.5–2% isoflurane vaporized in oxygen and were then placed on a heated blanket to maintain their body temper-
ature. The surgical procedure involved making a small incision (~10 mm) in the skin of the hind limb directly over the femoral 
vasculature. The femoral artery and vein were meticulously isolated from the nerve and ligated (5-0 silk sutures) proximal to the outlet 
of the profundal femoral artery and distal to the outlet of the saphenous artery. The femoral artery was excised between ligations. For 
wound closure, a single-layer technique employing 4-0 prolene sutures was used. A laser Doppler ultrasound scanning system (Per-
iScan PIM 3 system, Perimed, Stockholm, Sweden) was used to evaluate blood flow before and after HLI (on days 0, 3, 7, 14, and 21). 
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The perfusion ratio in the ischemic hind limb relative to that in the non-ischemic hind limb was determined based on the average flux 
units measured from the knee to the toe.

2.3. Reverse transcription quantitative polymerase chain reaction (RT-qPCR)

RNA was isolated using TRIzol reagent (#15596026; Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s protocol. 
Subsequently, 1 μg RNA was subjected to reverse transcription using PrimeScript RT kit (#RR036A; TaKaRa, Tokyo, Japan). The 
resulting cDNA was amplified using the SYBR Green dye (#RR420A; TaKaRa, Tokyo, Japan) on a CFX96 Real-Time PCR Detection 
System (Bio-Rad Laboratories Inc., Hercules, CA, USA). Each reaction mix had a total volume of 20 μL and consisted of 10 μL SYBR 
Green, 2 μL template DNA, 1 μL forward primers, 1 μL reverse primers, and 6 μL ddH2O. The two-step PCR amplification involved the 
specific parameters of 30 s at 95 ◦C, followed by 39 cycles of 5 s at 95 ◦C, and 30 s at 60 ◦C. For data analysis, gene expression levels 
were normalized to Actb (encoding β-actin) with the standard 2–ΔΔCt quantification method. The detailed primer sequences are listed in 
Supplementary Table 1.

2.4. Western blotting

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis was used to separate equal amounts of the protein extracts. The proteins 
were transferred to polyvinylidene difluoride membranes, blocked with 5 % bovine serum albumin (BSA), and then incubated with 
primary antibodies at 4 ◦C overnight. After thoroughly rinsing with Tris-buffered saline and Tween, the membranes were incubated 
with horseradish peroxidase-conjugated secondary antibodies at ambient temperature 22 ◦C for 60 min. Protein visualization was 
achieved using the ChemiDoc Imaging System (Bio-Rad, CA, USA). The density of protein bands was determined with NIH ImageJ 
software (version 1.50i, NIH, Washington, WA, USA, 2016) after normalization to β-actin. The antibodies ustilized in Western blotting 
analysis are listed in Supplementary Table 2.

2.5. Delivery of Adeno-associated virus (AAV) to mice gastrocnemius

AAV was delivered to the gastrocnemius muscle according to the manufacturer’s instructions (Hanbio Biotechnology Co., Ltd., 
Shanghai, China). Briefly, an AAV containing Tie1, a specific endothelial promoter, was generated to facilitate the overexpression of 
IGF2BP2 with enhanced endothelial targeting. To achieve AAV-mediated Igf2bp2 gene overexpression, a total of 1 × 1011 viral ge-
nomes per milliliter (v.g./mL) of control AAV (oe-Ctrl) or overexpression AAV (oe-Igf2bp2) were diluted in 10 μL of phosphate-buffered 
saline (PBS) and injected into the gastrocnemius of wild-type mice 4 weeks before HLI induction. The efficacy of IGF2BP2 over-
expression was assessed using RT-qPCR and western blotting analysis prior to the HLI procedure.

2.6. Immunofluorescence analysis of gastrocnemius tissues

Gastrocnemius tissues were fixed in 4 % paraformaldehyde at room temperature and subsequently dehydrated in 30 % sucrose. 
Optimal cutting temperature compound was used to embed the tissues, and sections were then cut at a thickness of 6–8 μm. Triton X- 
100 (0.5 %) was added to the sections to promote permeability, followed by blocking with 5 % BSA for 1 h at room temperature. Pre- 
diluted antibodies against CD31 and alpha-smooth muscle actin (α-SMA) were then incubated with the sections at 4 ◦C overnight. 
Following incubation with the primary antibody, the sections were incubated with fluorescently labeled secondary antibodies for 1 h at 
room temperature. Cell nuclei were stained with DAPI to aid visualization. Finally, a fluorescence microscope was used to capture 
images and observe the labeled structures and cellular components within the gastrocnemius tissue. The antibodies used in the 
immunofluorescence studies are listed in Supplementary Table 2.

2.7. Overexpression of IGF2BP2 in HUVECs

Lentivirus as recommended by the manufacturer (Hanbio Biotechnology Co., Ltd., Shanghai, China) was used to overexpress 
IGF2BP2 in HUVECs. Briefly, HUVECs were exposed to the control lentivirus (oe-Ctrl) or to IGF2BP2 overexpression lentivirus (oe- 
IGF2BP2) for 8 h (multiplicity of infection = 10). Additionally, 10 μg/mL of polybrene (#TR-1003; Sigma, St. Louis, MO, USA) was 
added to improve the infection efficiency. After 8 h, the lentivirus- and Polybrene-containing media were replaced with fresh complete 
medium. After 24 h of infection, RT-qPCR and western blotting analyses were conducted to evaluate the efficacy of IGF2BP2 over-
expression in HUVECs.

2.8. Transfection with siRNA

HUVECs were seeded in 6-well plates and allowed to grow overnight. Cells were then transfected with FGF2 siRNA (siFGF2) or 
negative control siRNA (siCtrl), acquired from RiboBio Co., Ltd. (Guangzhou, China). Lipofectamine RNAiMAX Transfection Reagent 
(#13778075; Thermo Fisher Scientific, Waltham, MA, USA) was used for transfection according to the manufacturer’s instructions. In 
brief, 2.5 μL of siRNA and 7.5 μL of transfection reagents were diluted in 250 μL of DMEM. The resulting mixture was then added to 
1.725 mL of DMEM containing 10 % FBS, which was subsequently added into each well. The cells were then incubated at 37 ◦C for 24 h 
to facilitate transfection. The sequences of the IGF2BP2 siRNAs used in this experiment are shown in Supplementary Table 3.
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2.9. Cell counting Kit-8 (CCK-8) and 5’Ethynyl-2’-Deoxyuridine (EdU) proliferation assays

CCK-8 (#WH1199; Biotechwell, Shanghai, China) and EdU (#C10310-1; RiboBio, Guangzhou, China) assays were performed 
according to the manufacturer’s instructions. IGF2BP2 overexpression and FGF2 knockdown in HUVECs were conducted as follows. 
Lentiviral transfection (oe-Ctrl and oe-IGF2BP2) was performed for 24 h, followed by siRNA-mediated suppression (siCtrl and siFGF2). 
Following a 24-h recuperation period post-siRNA transfection, HUVECs were dissociated with 0.25 % trypsin and then reseeded at 
5000 cells per well in a 96-well plate. Subsequently, the HUVECs were incubated with 10 μL of CCK-8 staining solution per well for an 
additional 2 h at 37 ◦C. The optical density (OD) was measured at 450 nm using a microplate reader (Synergy H4; BioTek Instruments, 
Inc., Winooski, VT, USA). For the EdU assay, following a 24-h recuperation period post-siRNA transfection, HUVECs were cultured 
with fresh medium containing a 50 μM EdU solution for a 2-h incubation period. The cells were then fixed in 4 % paraformaldehyde, 
decolorized with 2 mg/mL glycine, permeabilized with 0.5 % TritonX-100 in PBS, and rinsed three times with PBS. Following this, 1 ×
Apollo Reaction Cocktail (100 μL) was added to the HUVECs for 30 min. DNA content in each well was examined by staining with 100 
μL of 1 × Hoechst 33,342 (diluted 1:100) for 30 min, followed by visualization with a fluorescence microscope.

2.10. Enzyme-linked immunosorbent assay (ELISA)

An FGF2 ELISA kit (Abcam, ab246531) was used to quantify the FGF2 released into the HUVEC culture supernatant. Briefly, 
IGF2BP2 overexpression and FGF2 knockdown in HUVECs were conducted as described above. Lentiviral transfection (oe-Ctrl and oe- 
IGF2BP2) was performed for 24 h, followed by siRNA-mediated suppression (siCtrl and siFGF2). When the knockdown procedure was 
initiated, the medium was augmented with a protease inhibitor cocktail (Sigma, P1860) at a ratio of 1:600. Following a 24-h recu-
peration period post-siRNA transfection, the supernatant of the medium was harvested and centrifuged at 1000 rpm for 10 min. 
Following the guidelines provided by the manufacturer, the ELISA assay was then performed. Using the supplied diluent, samples were 
diluted 1:20, while the supernatant was diluted 1:10. The FGF2 ELISA units were calculated using the following equation: [(test sample 
OD value – mean of negative control performed in triplicate OD) × 100/(Mean OD of weak positive control performed in duplicate – 
mean OD of negative control performed in triplicate)].

2.11. Scratch and transwell assays

The HUVECs were detached using 0.25 % trypsin and seeded into 24-well plates. Once the cells had formed monolayers at 
approximately 70–80 % confluency, a straight scratch was carefully made across the center of each well using a sterile 10 μL pipette tip. 
Subsequently, the cells were gently washed twice with medium to remove any detached HUVECs. HUVECs were then cultured for an 
additional 24 h, during which the scratch widths were visualized under a microscope. The width distances were quantitatively 
evaluated using Image J software. Furthermore, a migration assay was performed using a 24-well Boyden chamber with porous 
polycarbonate membrane inserts (8-μm pore size; Costar, Corning, NY, USA). Briefly, 10,000 HUVECs were suspended in 200 μL of 
DMEM supplemented with 0.1 % FBS and added to the upper chamber, while the lower chamber was filled with 500 μL of DMEM 
supplemented with 10 % FBS. After incubation for 24 h, the cells that migrated across the filter were washed, stained with 0.1 % crystal 
violet, fixed with 4 % paraformaldehyde, and photographed under a microscope. The number of migrating cells was determined using 
NIH Image J software.

2.12. Tube formation assay

After treatment with siRNAs or lentiviral vectors, around 15,000 HUVECs were resuspended in 50 μL of endothelial cell growth 
medium (#C-22010; PromoCell, Heidelberg, Germany) and seeded onto a 10 μL angiogenesis slide (#81506; Ibidi, Planegg, Germany) 
that had been pre-coated with polymerization growth factor-reduced Matrigel (#356231; BD Biosciences, Oxford, UK). The cells were 
then incubated for 3 h to enable tube formation. Following this, the slide was washed meticulously to remove floating cells and 50 μL of 
calcein (#2049068; Invitrogen, Carlsbad, CA, USA) diluted in a serum-free medium (1:160 dilution) was added. The mixture was 
incubated in the dark for 30 min at room temperature 22 ◦C. Excess calcein was removed by washing the slides three times with PBS. 
Images were captured using a fluorescence microscope. Tube formation was analyzed using the Angiogenesis Analyzer plugin in Image 
J software, with Tube Length used as the metric for statistical analysis. Following the collection of tube length data, normalization was 
performed to facilitate comparison between the control and experimental groups. For normalization, the mean tube length for each 
group (control and experimental) was calculated, and then each group’s mean tube length was divided by the mean tube length of the 
control group. This eliminated differences in measurement units and scales, making it easier to compare the tube formation results 
between the control and experimental groups.

2.13. RNA immunoprecipitation (RIP) followed by RT-qPCR (RIP-qPCR)

RIP-qPCR was conducted using the a Magna RIP-RNA Binding Protein Immunoprecipitation Kit (Millipore, Bedford, MA, USA) 
following the manufacturer’s guidelines. Initially, 200 μg of total RNA was extracted from HUVECs infected with either the control 
lentivirus (oe-Ctrl) or the overexpression lentivirus (oe-IGF2BP2). Chemically fragmented RNA (~200 nucleotides) was then incubated 
overnight with either mouse anti-IGF2BP2 antibody or mouse IgG-linked beads in 1 × IP buffer at 4 ◦C. Subsequently, the RNA un-
derwent immunoprecipitation with beads and was eluted by competing with free IGF2BP2. The RNA was then recovered using the 
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RNeasy kit (Qiagen, Hilden, Germany). The enrichment of FGF2 mRNA in each sample was assessed via RT-qPCR, and the outcomes 
were calculated by normalizing to a 10-fold input. The specific antibodies utilized for the RIP-qPCR are listed in Supplementary 
Table 2, and the primer sequences for FGF2 mRNA used in the RIP-qPCR analysis are listed in Supplementary Table 4.

2.14. Detection of FGF2 mRNA half-life

HUVECs were plated in 6-well dishes at a density of 2 × 105 cells/well in 2 mL of DMEM. Following infection with either the oe-Ctrl 
or oe-IGF2BP2 lentivirus, actinomycin D stock (1 mg/mL) was diluted in 100 μL of medium and added dropwise into each well. 
Samples were collected at 0, 1, 2, 4, 6, and 8 h after the addition of actinomycin D. Cell pellets were collected in 1 mL TRIzol reagent. 
Total RNA was extracted and reverse transcription was performed for evaluation via RT-qPCR. To calculate mRNA levels, the average 
Ct value at each time point was normalized to the Ct value at 0 h. To assess the relative degradation rate of mRNA and its half-life, non- 
linear regression curve fitting with the one-phase decay model was employed (GraphPad Prism 8, San Diego, CA, USA). The mRNA 
degradation rate (K decay) was estimated using the following equation: ln(C/C0) = –K decay(t), where t indicates the time of tran-
scription inhibition (h), C represents the mRNA quantity at time t, and C0 represent the mRNA quantity at time 0. The mRNA half-life 
(t1/2) was calculated using the equation: ln(1/2) = K decay (t1/2), where t(1/2) = ln(2)/K decay, which represents the time at which 
50 % of the mRNA decayed.

2.15. Statistical analysis

Data are presented as mean ± standard deviation (SD). Two-tailed, unpaired Student’s t-test was used for group comparisons, 
unless stated otherwise. Data comparisons involving more than two groups were conducted using the Kruskal–Wallis test for multiple 
comparisons. All experiments were performed and repeated four to six times to ensure the reliability and consistency of the results. A p- 
value <0.05 was considered statistically significant. Statistical analyses were conducted using the GraphPad Prism 8.0 software 
(GraphPad Prism Software Inc., San Diego, CA, USA). For each experiment, representative images were selected that closely align with 
the average data.

3. Results

3.1. IGF2BP2 is downregulated in the ischemic hind limb

IGF2BP2 expression in the gastrocnemius muscle (data extracted from the public database GSE120642 [18]) was analyzed across 
healthy adults, PAD patients with intermittent claudication, and PAD patients with critical limb ischemia undergoing limb amputation. 
The analysis revealing the lowest expression in the latter group (Fig. 1A). We established a mouse model of HLI to mimic the 

Fig. 1. IGF2BP2 is downregulated in ischemic hind-limb. (A) IGF2BP2 expression in the gastrocnemius muscle among healthy adults (N = 15), 
PAD patients with intermittent claudication (N = 20), and PAD patients with critical limb ischemia undergoing limb amputation (N = 16) from the 
GSE120642 dataset. TMM, Trimmed mean of M values. (B) Representative Laser Doppler imaging showing blood flow recovery in hind-limb 
ischemia (HLI) mice model. (C) Quantitative analysis of blood flow recovery of left hind limb following mouse HLI induction at indicated time 
points (N = 6). (D) Quantitative RT-qPCR analysis of gastrocnemius Igf2bps expression following HLI at different time points (N = 6). (E) Correlation 
analysis between Igf2bp2 expression and blood flow recovery in the left hind limb following HLI induction at indicated time points (N = 6). Data are 
represented as the mean ± standard deviation (SD). Significance is indicated by *p < 0.05, **p < 0.01, and “ns” indicates no statistical significance.
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pathological processes of clinical PAD. Doppler flow scanning revealed severe ischemic responses in the HLI group following trun-
cation of the femoral artery compared to the sham-operated mice. The most profound ischemia was observed on day 1 after HLI. The 
blood flow in the ischemic tissue gradually improved over time, peaking on day 21. This confirmed the successful establishment of the 
mouse HLI model (Fig. 1B and C). Igf2bp1, Igf2bp2, and Igf2bp3 expression in ischemic gastrocnemius tissues was assessed using 
RT-qPCR. Compared with that in the sham-operated group, Igf2bp1 and Igf2bp3 expression did not change during the establishment of 
HLI model, whereas a significant downregulation of Igf2bp2 expression was observed. Subsequent analyses revealed the progressive 
upregulation of Igf2bp2 as blood flow was gradually restored in HLI mice (Fig. 1D). Next, we examined the relationship between the 
changes in Igf2bp2 expression and the degree of blood flow recovery after HLI. Higher Igf2bp2 expression correlated with increased 
blood flow, suggesting an association between increased Igf2bp2 mRNA levels and improved post-ischemic angiogenesis (Fig. 1E). 
These findings indicate a critical role of IGF2BP2 in post-ischemic angiogenesis and warrant further investigation to elucidate the 
underlying mechanisms.

3.2. IGF2BP2 overexpression facilitates post-ischemic blood flow recovery and angiogenesis

To investigate the role of IGF2BP2 in post-ischemic blood flow recovery and angiogenesis, we used an AAV containing a specific 
Tie1 promoter known for its enhanced targeting of endothelial cells. This AAV construct was locally injected into the gastrocnemius 
muscle tissues of 4-week-old mice to induce high IGF2BP2 expression in the ischemic left hind limb. Four weeks after the injection, RT- 
qPCR and western blotting analyses were performed to assess the efficiency of IGF2BP2 overexpression. At the 21-day follow-up, 
Doppler scanning was used to evaluate the restoration of blood flow, while immunofluorescence was employed to assess capillary 
density (indicated by CD31) and small arteriolar density (indicated by a-SMA) in sections of gastrocnemius tissue from the left hind 
limb (Fig. 2A). RT-qPCR and western blotting results showed significant upregulation of IGF2BP2 at both the gene and protein level in 
the oe-Igf2bp2 group (Fig. 2B–D). Moreover, Doppler scanning revealed that IGF2BP2 overexpression significantly promoted blood 
flow recovery after HLI compared to that in the control group (Fig. 2E and F). Additionally, immunofluorescence analysis showed that 
the IGF2BP2 overexpression group exhibited increased CD31-positive and a-SMA-positive signals. This indicates a significant corre-
lation between IGF2BP2 overexpression and enhanced capillary density and small arterial density (Fig. 2G and H).

3.3. IGF2BP2 overexpression promotes angiogenesis in HUVECs

To investigate the role of IGF2BP2 in angiogenesis in vitro, HUVECs were cultured and lentiviral vectors were subsequently 
employed to induce high expression of IGF2BP2. The efficiency of IGF2BP2 overexpression after lentiviral infection was confirmed 
with RT-qPCR and western blotting analyses. These results revealed a significant increase in IGF2BP2 expression compared to that in 
the empty vector viral infection group (Fig. 3A–C). The effects of IGF2BP2 overexpression on the proliferation, migration, and tube- 
forming phenotype of HUVECs were examined. IGF2BP2 overexpression resulted in greater cell viability (Fig. 3D), increased numbers 
of EdU-positive cells (Fig. 3E), reduced scratch areas (Fig. 3F), elevated numbers of migrating cells (Fig. 3G), and enhanced tube- 
formation (Fig. 3H) compared to those in control group. Collectively, these findings demonstrated that IGF2BP2 overexpression 
promotes angiogenesis in HUVECs in vitro.

3.4. IGF2BP2 binds to FGF2 mRNA and inhibits its degradation

We investigated the molecular mechanisms by which IGF2BP2 promotes angiogenesis in HUVECs. Initially, bioinformatics analysis 
was conducted by searching the GeneCards database (https://www.genecards.org/) for the top 100 genes associated with angio-
genesis. Simultaneously, the RNAct database (http://rnact.crg.eu/) was used to screen for mRNAs that could potentially bind to the 
IGF2BP2 protein, leading to the identification of 125 candidate targets. By integrating candidate genes obtained from the two data-
bases, we identified three potential targets. These included the Wnt family member 1 (WNT1), mitogen-activated protein kinase 3 
(MAPK3), and fibroblast growth factor 2 (FGF2) (Fig. 4A). IGF2BP2 serves as an m6A recognition protein that binds to and inhibits the 
degradation of m6A-modified mRNAs. Therefore, it functions as a post-transcriptional mechanism to increase the mRNA expression. Of 
the three potential mRNA targets, significant upregulation was observed only for FGF2 mRNA (Fig. 4B). To explore this mechanism in 
more depth, actinomycin D and RT-qPCR were employed to demonstrate that IGF2BP2 overexpression significantly inhibited the 
degradation of FGF2 mRNA, thereby prolonging its half-life (Fig. 4C). Actinomycin D is a transcriptional inhibitor that was used in this 
study to block new RNA synthesis, allowing for the measurement of mRNA decay rates. These results suggest that IGF2BP2 stabilizes 
FGF2 mRNA by binding to it, thereby preventing its degradation. Furthermore, to test whether the IGF2BP2 protein could bind to the 
FGF2 mRNA transcript, we utilized established online databases that catalog RNA-binding protein (RBP) interaction sites on tran-
scripts. Subsequently, we corroborated these findings by analyzing relevant sequencing datasets to validate the potential binding 
interactions. For both human and mouse species, results from DeepBind [19], FIMO (https://meme-suite.org/meme/doc/fimo.html? 
man_type=web), and TESS, as presented in the RBP Binding Sites Modual in POSTAR3 (http://111.198.139.65/RBS.html), consis-
tently reveal multiple binding sites for IGF2BP2 on the FGF2 mRNA transcript. We identified the top 10 predicted binding sites (or all 
sites, if fewer than 10 were available), sorted by score. These predictions strongly suggested that IGF2BP2 has the potential to bind to 
the FGF2 mRNA transcript at multiple loci (Supplementary Table 5). Additionally, we predicted the binding potentials between 
IGF2BP2 and FGF2 mRNA transcript using RPISeq (http://pridb.gdcb.iastate.edu/RPISeq/). Sequence-based interaction predictions 
yielded interaction probabilities of 0.7 with the RF classifier and 0.93 with the SVM classifier. According to the official explanation 
provided by RPISeq, predictions with probabilities greater than 0.5 are considered positive. Therefore, it is highly likely that IGF2BP2 
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and FGF2 mRNA transcripts interact with each other. Finally, to validate these prediction results, we sought sequencing data that could 
corroborate the binding interactions. Analysis of CLIP-seq data (GSE192792 [20]) confirmed the presence of three binding sites on the 
FGF2 mRNA transcript sourced from humans. Raw sequence data were downloaded from the GEO database and mapped onto the 

(caption on next page)

S. Ma et al.                                                                                                                                                                                                              



Heliyon 10 (2024) e37364

8

reference genome. Visualizations generated by the Integrative Genomics Viewer revealed a pronounced peak at the 5′ end of the 
sequencing data, suggesting a potential binding site (Fig. 4D). This empirical evidence supports the predicted interactions between 
IGF2BP2 and FGF2 mRNA. Consequently, this stabilization could lead to an increase in FGF2 protein translation and, ultimately, to the 

Fig. 2. IGF2BP2 overexpression facilitates post-ischemic blood flow recovery and angiogenesis. (A) Schematic representation of in vivo in-
jection of IGF2BP2-overexpressing AAV (oe-Igf2bp2) or control AAV (oe-Ctrl) into the gastrocnemius muscle of mice before hind-limb ischemia (HLI) 
induction. Laser Doppler imaging was performed to monitor blood flow recovery at specific time points, and samples were collected on day 21 for 
further analysis. (B) Quantification of RT-qPCR data depicting the mRNA expression level of Igf2bp2 (N = 6). (C,D) Representative images of western 
blotting and quantification of IGF2BP2 protein expression (N = 6). (E) Representative Laser Doppler images showing blood flow scans. (F) 
Quantitative analysis of blood flow recovery (N = 6). (G) Representative images of gastrocnemius immunofluorescence staining, displaying relative 
CD31 (upper panel) and α-SMA (lower panel) expression. Scale bar = 100 μm. (H) Quantitative assessment of capillary density (CD31/DAPI) and 
small artery density (α-SMA/mm2) (N = 6). Data are represented as the mean ± standard deviation (SD). Significance is indicated by *p < 0.05, and 
**p < 0.01.

Fig. 3. IGF2BP2 overexpression promotes angiogenesis in HUVECs. (A) Quantitative RT-qPCR analysis depicting IGF2BP2 expression following 
lentivirus infection (N = 4). (B,C) Representative images of western blotting and quantification (N = 4) of IGF2BP2 protein expression. (D) 
Quantification of CCK-8 showing HUVECs viability (N = 4). (E) Representative imagesof EdU staining (left panel) and quantification (right panel) of 
EdU-positive HUVECs, indicating active cell proliferation. Scale bar = 20 μm. OD, optical density. (F) Representative scratch assay images (left 
panel) and quantification (right panel) (N = 4) of scratch area, indicating cell migration. Scale bar = 100 μm. (G) Representative Transwell assay 
images (left panel) and quantification (right panel) (N = 4) of number of migrated HUVECs, indicating cell migration. Scale bar = 200 μm. (H) 
Representative tube formation assay images (left panel) and quantification (right panel) (N = 4) of tube-like structures formed by HUVECs, indi-
cating angiogenesis. Scale bar = 500 μm. All images were obtained from four random microscopic fields for each group and subsequently analyzed 
using NIH ImageJ software. Data are represented as the mean ± standard deviation (SD). Significance is indicated by *p < 0.05, and **p < 0.01.
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upregulation of FGF2 protein levels. Western blotting analysis confirmed increased protein expression of FGF2 in the IGF2BP2 
overexpression group (Fig. 4E and F). Because FGF2 is a secreted protein, we assessed its content in the extracellular medium using 
ELISA. This revealed a marked upregulation of FGF2 secretion into the extracellular medium in the IGF2BP2 overexpression group 
compared to that in the control group (Fig. 4G). Finally, RIP-qPCR was performed to validate the binding of IGF2BP2 to FGF2 mRNA. 
This confirmed that the IGF2BP2 protein effectively bound to FGF2 mRNA, resulting in a significant upregulation of bound FGF2 mRNA 
following IGF2BP2 overexpression (Fig. 4H). Collectively, these findings highlight the potential role of IGF2BP2 in regulating the 
stability and translation of FGF2 mRNA, thereby contributing to the observed increase in FGF2 protein expression.

3.5. IGF2BP2 promotes angiogenesis in HUVECs via FGF2

IGF2BP2 has been identified as a key regulator of FGF2 mRNA expression, contributing to its post-transcriptional stability. 
However, the precise mechanism through which IGF2BP2 promotes angiogenesis in HUVECs via FGF2 remains elusive. To investigate 

Fig. 4. IGF2BP2 binds to FGF2 mRNA and inhibits its degradation. (A) Venn diagram displaying the intersection between the top 100 
angiogenesis-related genes from the GeneCards database and the IGF2BP2 protein-RNA interaction candidates predicted from the RNAct database. 
(B) Quantitative analysis of RT-qPCR validation for candidate mRNA expression (N = 4). (C) Quantitative analysis of RT-qPCR data revealing the 
half-life of FGF2 mRNA by tracking transcript abundance at various time points following transcriptional inhibition with actinomycin D (N = 4). (D) 
Visualization of IGF2BP2 binding sites on FGF2 mRNA transcript using CLIP-seq data. (E,F) Representative images of western blotting and quan-
tification (N = 4) of FGF2 protein expression. (G) Quantification of extracellular FGF2 protein expression via ELISA assay (N = 4). (H) Quantifi-
cation of RIP-qPCR analysis illustrating the immunoprecipitation of FGF2 mRNA upon incubation with either anti-IgG or anti-IGF2BP2 beads (N =
4). All data presented are expressed as the mean ± standard deviation (SD). Statistical significance is indicated by **p < 0.01, while “ns” denotes no 
statistical significance.
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Fig. 5. IGF2BP2 promotes angiogenesis in HUVECs via FGF2. (A) RT-qPCR analysis validating the knock-down efficiency of three pairs of 
siRNAs targeting FGF2 mRNA (N = 4). (B) Representative images of western blotting showing the expression levels of IGF2BP2 and FGF2 proteins. 
(C) Quantification of extracellular FGF2 protein expression with ELISA assay (N = 4). (D) Quantification of CCK-8 assay indicating HUVECs viability 
(N = 4). OD, optical density. (E) Representative images of EdU staining (left panel) and quantification (right panel) (N = 4) of EdU-positive HUVECs, 
reflecting active cell proliferation. Scale bar = 20 μm. (F) Representative scratch assay images (upper panel) and quantification (lower panel) (N =
4) of the scratch area, indicating cell migration. Scale bar = 100 μm. (G) Representative Transwell assay images (upper panel) and quantification 
(lower panel) (N = 4) of the number of migrated HUVECs, reflecting cell migration. Scale bar = 200 μm. (H) Representative tube formation assay 
images (upper panel) and quantification (lower panel) (N = 4) of tube-like structures formed by HUVECs, indicating angiogenesis. Scale bar = 500 
μm. All images were obtained from four random microscopic fields for each group and subsequently analyzed using NIH ImageJ software. Data 
presented are expressed as the mean ± standard deviation (SD). Statistical significance is indicated by *p < 0.05, and **p < 0.01.

S. Ma et al.                                                                                                                                                                                                              



Heliyon 10 (2024) e37364

11

this, siRNAs targeting FGF2 mRNA were used to downregulate FGF2 expression. RT-qPCR analysis revealed that all three siRNA pairs 
significantly reduced FGF2 expression. siFGF2-#1 exhibited the best knockdown efficiency (Fig. 5A) and was therefore selected for 
subsequent experiments. Western blotting and ELISA demonstrated a substantial reduction in FGF2 protein expression in HUVECs and 
secreted FGF2 protein in the medium, respectively, following siFGF2-#1 transfection. This was observed in both the control lentivirus- 
infected and IGF2BP2 overexpressing lentivirus-infected groups (Fig. 5B and C). Nonetheless, IGF2BP2 protein overexpression was 
able to partially restore FGF2 protein expression and secretion even under FGF2 knockdown conditions (Fig. 5B and C). Further 
evaluation of the angiogenic phenotype of HUVECs revealed that FGF2 knockdown reduced cell viability (Fig. 5D), decreased the 
number of EdU-positive cells (Fig. 5E), increased the cell scratch area (Fig. 5F), reduced cell migration (Fig. 5G), and inhibited the 
tube-forming capacity (Fig. 5H). Collectively, these observations demonstrate that the pro-angiogenic effect of IGF2BP2 over-
expression in HUVECs occurs via FGF2.

4. Discussion

This is the first study to reveal a potential role of IGF2BP2 in post-ischemic blood flow recovery and angiogenesis, as well as its 
associated mechanism. We found that upregulation of IGF2BP2 in mice with HLI was strongly associated with enhanced post-ischemic 
blood flow recovery and increased capillary and small artery densities. Moreover, in vitro experiments with HUVECs demonstrated that 
overexpression of IGF2BP2 promoted endothelial cell proliferation, migration, and tube formation. The mechanism underlying 
IGF2BP2 promotion of angiogenesis appears to involve the upregulation of FGF2 mRNA stability and the subsequent expression and 
secretion of FGF2 protein (Fig. 6). These findings suggest potential targets for the pharmacological treatment of ischemic diseases.

Atherosclerosis serves as a significant pathological basis for panvascular diseases, with PAD being a vital component of these 
disorders [21–23]. Current clinical guidelines advocate for several treatments for patients with PAD, all of which aim to control 
atherosclerosis-related risk factors. These include antiplatelet treatments, statins, angiotensin-converting enzyme inhibitors, and 
angiotensin receptor blockers [24,25]. Although these interventions lead to some improvement in patient outcomes, revascularization 
or unavoidable amputation remain the only viable options once symptoms such as intermittent claudication or severe lower-limb 
ischemia occur [26,27]. Therapeutic angiogenesis involves the induction of growth and proliferation of blood vessels from the 
existing vasculature. This approach has been investigated in patients with symptomatic PAD over the last two decades. Despite 
promising preclinical studies on vascular endothelial growth factor (VEGF) and hepatocyte growth factor, large-scale clinical trials 
have yielded disappointing results [8]. Hence, there is an urgent need for innovative drug development strategies that focus on 
promoting angiogenesis and restoring blood flow to treat ischemic diseases [28].

The IGF2BP family comprises RNA-binding proteins that play crucial roles in the post-transcriptional regulation of target tran-
scripts. These proteins are involved in various cellular functions and pathologies, including cancer development and progression [10,
29]. The IGF2BP family consists of three members (IGF2BP1, IGF2BP2, and IGF2BP3) involved in post-transcriptional mRNA meta-
bolism. Their functions include mRNA transport, translation, and stability regulation of N6-methyladenosine (m6A)-modified mRNA 

Fig. 6. IGF2BP2 promotes angiogenesis via FGF2 mRNA stabilization. The left side illustrates how inhibiting IGF2BP2 leads to FGF2 mRNA 
decay, reducing FGF2 protein levels and subsequently impairing cell proliferation, migration, and tube formation, which contributes to peripheral 
artery disease. Conversely, the right side shows that increasing IGF2BP2 stabilizes FGF2 mRNA, thereby upregulating FGF2 protein levels and 
enhancing proliferation, migration, tube formation, and ultimately angiogenesis, suggesting a potential treatment approach. This figure was created 
with BioRender.com.
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[30,31]. Dysregulation of IGF2BPs is linked to insulin resistance, diabetes, cancer metastasis, and the expression of oncogenic factors 
[32–34]. IGF2BP1 controls the alternative splicing of VEGFR1 in endothelial cells, thus making it a potential target for therapeutic 
angiogenesis intervention [35]. Additionally, IGF2BP3 knockdown in stomach cancer is associated with reduced hypoxia-induced 
angiogenesis [36]. In colon cancer, IGF2BP3 regulates angiogenesis by binding to VEGF mRNA, modulating its expression and sta-
bility [37]. Furthermore, some IGF2BP2-mediated tumor angiogenesis mechanisms have been reported in recent studies. A distinct 
group of lung adenocarcinoma (LUAD) cells expressing IGF2BP2 is an important drivers of angiogenesis and metastasis [38]. The 
proposed mechanism is that LUAD cell-derived exosomes transfer IGF2BP2 to endothelial cells present in the local microenvironment, 
thereby stabilizing FLT4 and activating the PI3K-Akt signaling pathway for angiogenesis [38]. The m6A-mediated 
HNF1A-AS1/IGF2BP2/CCND1 pathway stabilizes CCND1 mRNA, thereby promoting cell cycle progression and tumor angiogenesis in 
colorectal cancer [39]. Moreover, knockdown or knockout of IGF2BP2 could potentially inhibit cancer cell growth and regulate the 
tumor microenvironment [40]. IGF2BP knockdown in an m6A-dependent manner suppresses MYC mRNA stability and translation in 
HeLa cells and hepatocellular carcinoma cells [41]. Based on these findings, we hypothesized that IGF2BP2 plays a crucial regulatory 
role in angiogenesis. Herein, IGF2BP1 and IGF2BP3 expression remained unchanged following the induction of HLI in mice through 
femoral artery ligation, but IGF2BP2 expression was significantly decreased. The progressive increase in IGF2BP2 expression 
post-ischemia was significantly and positively correlated with the degree of blood flow recovery. These observations highlight the 
distinct expression and regulatory patterns of IGF2BP family members in various disease states. In addition, they emphasize the po-
tential value of targeting IGF2BP2 up-regulation in ischemic diseases, particularly in PAD, for future therapeutic applications.

FGF2 has been extensively studied because of its crucial role in angiogenesis through the promotion of endothelial cell prolifer-
ation, survival, and sprouting, thereby contributing to both normal and pathological angiogenesis [35]. Although FGF2 is not the sole 
angiogenic growth factor, it has therapeutic potential for various diseases and conditions such as age-related macular degeneration, 
achondroplasia, lung cancer, and cancer pain [42]. In the present study, we screened IGF2BP2 candidate targets by combining the 
GeneCards and RANct databases to identify angiogenesis-related genes and IGF2BP2 protein-RNA interaction candidates. Among the 
three candidate targets identified, FGF2 emerged as the most promising, mainly because it was significantly upregulated in HUVECs 
that overexpress IGF2BP2. Furthermore, the half-life of FGF2 mRNA was significantly prolonged by IGF2BP2, resulting in both 
intracellular and extracellular increases in FGF2 protein levels. Direct binding of IGF2BP2 to FGF2 mRNA was confirmed using 
RIP-qPCR. Importantly, the downregulation of FGF2 reversed angiogenesis in HUVECs, thus providing compelling evidence for the 
mechanism by which IGF2BP2 regulates angiogenesis in these cells.

Furthermore, the effective concentration of FGF2 for HUVECs is widely utilized in current tissue engineering studies. The efficacy of 
FGF2 is closely related to its isolation and purification methods. Commercial FGF2 (produced in E. coli, GenScript, Cat. No. Z03116-1) 
and its recombinant version (derived from P. pastoris KM71H by Antonín Sedlář et al.) can enhance HUVEC proliferation in a dose- 
dependent manner, ranging from 5 ng/mL to 250 ng/mL [43]. This finding aligns with FGF2 being a key ingredient in multiple 
growth media for endothelial cells, and it appears to stimulate HUVEC proliferation more effectively than VEGF-A165 [43,44]. 
Moreover, in biomaterials science and tissue engineering, growth factors are frequently attached to various biomaterials to enhance 
their bioactivity and mimic extracellular matrix-bound growth factors. The proliferation of HUVECs in 96-well plates pre-coated with 
recombinant FGF2 at concentrations ranging from 0.01 μM to 10 μM (approximately 0.172–172 μg/mL) was comparable to the growth 
observed when the growth factors were diluted in the culture media [43]. On day 7 after seeding, HUVECs exhibited the high cell 
numbers and metabolic activity at 1–10 μM. This increase was more pronounced in wells pre-adsorbed with recombinant FGF2 
(compared to VEGF-A165), particularly in terms of cell number [43]. Moreover, FGF2 promotes the growth of both endothelial and 
stem cells. These cells can differentiate into various types used in cardiovascular tissue engineering, such as vascular smooth muscle 
cells and endothelial cells [45]. Moreover, the immobilization of VEGF-A165 and FGF2 onto surfaces of diverse synthetic and natural 
biomaterials boosts cell adhesion and proliferation, particularly for endothelial cells, and enhances material biocompatibility [46–49]. 
For example, FGF-2 and VEGF-A165 were recently used to functionalize a fibrin/heparin coating on the interior surface of an ePTFE 
vascular graft to facilitate endothelialization [50]. However, the specific application mode of the IGF2BP2-FGF2 axis in PAD therapy 
remains unknown.

Our study had certain limitations. Using flow cytometry for cell sorting or immunofluorescence colocalization based on endothelial 
cell markers (CD31 or VE-cadherin) and IGF2BP2 for gastrocnemius tissue can provide further validation of the effects of injecting 
IGF2BP2-overexpressing AAV virus into the gastrocnemius muscle of mice. However, as outlined in our methodology, the AAV vector 
was constructed using the a Tie1 promoter, which specifically targets endothelial cells. We used an endothelial-selective Tie1 promoter 
to induce IGF2BP2 expression in vivo and observed the pro-angiogenic effect of IGF2BP2 overexpression in HUVECs in vitro. 
Furthermore, western blotting and RT-qPCR analyses confirmed successful overexpression of IGF2BP2. Subsequent experiments were 
primarily conducted using HUVECs. We believe that these approaches are sufficient for substantiating our conclusions. However, 
further studies are required to confirm the feasibility of IGF2BP2 as a potential therapeutic target.

5. Conclusions

Our findings demonstrate that IGF2BP2 promotes blood flow recovery and angiogenesis post-ischemia. Additionally, IGF2BP2 
plays a crucial role in inhibiting the degradation of FGF2 mRNA, thereby extending its half-life through direct binding. This mechanism 
ultimately promotes the protein expression and extracellular secretion of FGF2, thereby contributing to enhanced angiogenesis in 
HUVECs. These findings significantly advance our understanding of the intricate molecular mechanisms underlying angiogenesis. 
Furthermore, our findings suggest potential therapeutic strategies for targeting these pathways in ischemic-related disorders.
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