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This study investigates the molecular mechanism of HMGA2-mediated regulation of IGFBP2 expression in the PI3K/
AKT/VEGFA signaling pathway, which is involved in angiogenesis and LUAD metastasis. Target genes with prognostic 
implications for LUAD patients were selected using bioinformatics, and previously published literature was referenced to 
predict the molecular regulatory mechanisms. A549 cells were used for in vitro validation. Cell proliferation and viability 
were assessed using CCK-8 and EdU assays, while cell migration ability was evaluated using Transwell and wound healing 
assays. Changes in angiogenesis were examined using an angiogenesis assay. The targeted binding of HMGA2 with the 
IGFBP2 promoter was confirmed through dual luciferase reporter gene experiments and ChIP assays. In vivo validation was 
performed using a xenograft mouse model, and changes in angiogenesis and tumor metastasis were observed using western 
blot, immunofluorescence, and H&E staining. Bioinformatics analysis revealed that HMGA2 was one of the AAGs that 
differed between normal individuals and LUAD patients and could serve as a critical mRNA for predicting LUAD prognosis. 
Results from in vitro experiments demonstrated that the expression of the HMGA2 gene was significantly upregulated 
in LUAD cell lines. Through mediating the expression of IGFBP2, the HMGA2 gene activated the PI3K/AKT/VEGFA 
signaling pathway, promoting the proliferation, migration, and angiogenesis of A549 cells. In vivo, animal experiments 
further confirmed that HMGA2 facilitated angiogenesis and the development and metastasis of LUAD through mediating 
IGFBP2 expression and activating the PI3K/AKT/VEGFA signaling pathway. HMGA2 promotes angiogenesis and healthy 
growth and metastasis of LUAD by activating the PI3K/AKT/VEGFA signaling pathway by mediating IGFBP2 expression. 
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Lung adenocarcinoma (LUAD) is one of the most 
common types of lung cancer worldwide, originating from 
the transformation of lung alveolar epithelial cells. Due to its 
lack of obvious early symptoms, it has been a focal point of 
concern for the World Health Organization. LUAD accounts 
for over 25% of global cancer-related deaths and is a signifi-
cant cause of mortality, with a 5-year survival rate of only 
18%. In comparison to squamous cell carcinoma and small 
cell lung cancer, LUAD has a higher propensity for metas-
tasis, excessive proliferation, and immune evasion [1], 
which is associated with its highly migratory and angiogenic 
capabilities. Abnormal angiogenesis and excessive vascular-
ization are crucial for the growth and metastasis of LUAD. 
Neoangiogenesis, or neovascularization, refers to forming a 
new vascular network through endothelial cell proliferation, 

migration, and differentiation from pre-existing blood vessel 
walls. It is an essential biological process in tumor develop-
ment closely related to tumor initiation, growth, metastasis, 
and prognosis. Consequently, LUAD cells continuously 
promote angiogenesis during their growth and metastatic 
processes to meet their demands for sustained proliferation, 
survival, and dissemination, thereby driving their progres-
sion [2]. Exploring the mechanisms of neovasculariza-
tion and metastasis in LUAD can contribute to discovering 
new preventative and therapeutic approaches, ultimately 
improving the quality of life and overall survival of LUAD 
patients.

The PI3K/AKT signaling pathway is an important 
signaling pathway that regulates a series of physiological 
processes, including cell growth, proliferation, migration, and 
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angiogenesis [3, 4]. As an essential member of the vascular 
endothelial growth factor family, VEGFA is a crucial effector 
of the PI3K/AKT pathway, activating endothelial cell migra-
tion and proliferation and promoting neovascularization 
[5]. VEGFA has been proven to be overexpressed in many 
diseases, especially tumors, suggesting its potentially pivotal 
role in tumor angiogenesis and metastasis [6]. However, how 
VEGFA is regulated and affects angiogenesis and metastasis 
of LUAD through the PI3K/AKT signaling pathway remains 
to be investigated.

High Mobility Group A2 (HMGA2) is a member of the 
HMGA family associated with the occurrence, development, 
and metastasis of many tumors [7, 8]. Previous studies have 
shown that HMGA2 is upregulated in LUAD and is associ-
ated with poor patient prognosis [9]. However, the exact 
impact of HMGA2 on the vascular formation and metastasis 
mechanisms in LUAD is still unclear. IGFBP2 is a member of 
the insulin-like growth factor binding protein family, and it is 
also overexpressed in many tumors, especially in LUAD [10]. 
Some studies have confirmed that IGFBP2 could regulate 
angiogenesis through the PI3K/AKT signaling pathway, but 
the specific mechanism and possible intermediaries are still 
unclear [11, 12].

To this end, we utilize bioinformatics methods to screen 
critical genes that may affect the prognosis of LUAD patients 
from many genes and then further validate their functions 
and mechanisms through in vitro and in vivo experiments. 
The purpose of this study is to investigate how HMGA2 
activates the PI3K/AKT/VEGFA signaling pathway by 
mediating the expression of IGFBP2, thereby promoting 
neovascularization and the growth and metastasis of LUAD, 
to provide a new theoretical basis and therapeutic strategies 
for the treatment of LUAD.

Materials and methods

Bioinformatics methods. A total of 600 transcriptome 
data samples related to LUAD were downloaded from The 
Cancer Genome Atlas (TCGA) database (https://portal.gdc.
cancer.gov/). This dataset comprised 59 normal samples 
and 541 tumor samples. The “limma” package in R language 
was utilized for performing differential expression analysis 
of mRNA. The criteria for the selection of differentially 
expressed genes were set as |LogFC| > 2 and p<0.05. Subse-
quently, volcano plots were generated using the ggplot2 
package, and heatmaps were constructed using the pheatmap 
package. Additionally, Venn diagrams were created using the 
jvenn database (http://jvenn.toulouse.inra.fr/app/example.
html). Furthermore, the “clusterProfiler”, “org.Hs.eg.db”, 
“enrichplot”, “DOSE”, and “ggplot2” packages in R language 
were employed for conducting GO and KEGG pathway 
analysis [13, 14].

Establishment of a mouse xenotransplantation model. 
A total of 40 BALB/c nude male mice, aged 4–6 weeks, were 
raised and purchased from Beijing Vital River Laboratory 

Animal Technology Co., Ltd. in Beijing, China. They were 
subjected to a 24 h light/dark cycle and maintained at 25 °C. 
After one week of adaptation, the mice were randomly 
divided into four groups, with 10 animals in each group. 
A549 cells were inoculated in the logarithmic growth phase 
with lentivirus using Genechem (Shanghai, China) and 
diluted to a concentration of 1 × 107 cells/ml with PBS. To 
establish a xenograft model in mice, 0.1 ml of cell suspension 
was injected under the armpit of each mouse. Three weeks 
later, euthanasia was performed on the mice to collect tumors 
and lung tissues. The lung tissue was fixed with 4% polyform-
aldehyde (Merck Life Science, 30525-89-4) and embedded in 
paraffin for further experiments. The tumor tissue was stored 
in a freezer at –80 °C and used to make frozen sections [15]. 
All experiments involving mice were approved by the Animal 
Ethics Committee of Quzhou People’s Hospital.

H&E staining. Mouse lung tissue paraffin sections were 
sequentially immersed in xylene I for 10 min, xylene II for 
10 min, absolute ethanol I for 5 min, absolute ethanol II for 
5 min, 95% ethanol for 5 min, 90% ethanol for 5 min, 80% 
ethanol for 5 min, 70% ethanol for 5 min, and finally rinsed 
with distilled water. After dewaxing and dehydration, the 
sections were soaked in Harris hematoxylin staining solution 
for 3–8 min, followed by rinsing with tap water. Differ-
entiation was performed in 1% hydrochloric acid alcohol 
solution for a few seconds, followed by rinsing with tap water 
and counterstaining in 0.6% ammonia water solution. The 
sections were then rinsed with tap water. Subsequently, the 
sections were stained with eosin for 1–3 min. Dehydration 
and clearing were carried out by sequentially immersing the 
sections in 95% ethanol I for 5 min, 95% ethanol II for 5 min, 
absolute ethanol I for 5 min, absolute ethanol II for 5 min, 
xylene I for 5 min, and xylene II for 5 min. The sections were 
removed from xylene, air-dried slightly, and then mounted 
with neutral resin. The lung tissue sections were examined 
using a Nikon TE200 microscope, and images were collected 
and analyzed to assess the pathological features of the lung 
tissue and record relevant data. All reagents used in the 
experiments were purchased from Guangzhou Sagong 
Biotechnology Co., Ltd. (Sangon, Guangzhou, China) [16].

Immunofluorescent staining. The tumor tissue was sliced 
into 10 µm thin sections using a cryostat. Subsequently, the 
sections were blocked with 5% goat serum (Boster, C-0005) 
and incubated for 1 h. PECAM primary antibody from 
Merck Life Science was added and incubated overnight 
at 4 °C, followed by a 30 min wash with PBS. Afterward, 
the sections were incubated with a fluorescent secondary 
antibody for 1 h. Vascular formation was observed using a 
fluorescence microscope (model DM2500, Olympus Instru-
ments, Shanghai) [17].

Cell culture. A549 human LUAD cell line, BEAS-2B 
normal human lung epithelial cells, HCC827 and H1299 
human non-small cell lung cancer cell lines were all 
purchased from ATCC (USA). The cells were divided into 4 
groups, each containing 6 cells. They were then cultured in 
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complete media containing 10% fetal bovine serum (FBS). 
For A549 cells, the medium used was Ham’s F-12K+10% 
FBS. For HCC827 and H1299 cells, RPMI-1640+10% FBS 
was used. For BEAS-2B cells, DMEM+10% FBS (Gibco, 
USA, 11965092, 21127022, 31870074) was used. The cultures 
were maintained in an incubator at 37 °C with 5% CO2 and 
saturated humidity.

For cell counting purposes, cells were completely digested 
using trypsin and then added to a complete culture medium 
containing 10% FBS to terminate the digestion. A 10 μl cell 
sample was taken using a Countess cell counter (model 
AMQAX2000, Invitrogen, USA). The sample was mixed with 
10 μl of 0.4% trypan blue, and then 10 μl of the mixture was 
added to a Countess cell counting chamber (model C10228, 
Invitrogen, USA) for cell counting. Subsequent experimenta-
tion and cell passage were performed based on the counted 
cell numbers.

For slow virus infection, the cells that were infected need 
to be seeded into a cell culture dish or a 6-well plate 24 h 
in advance. The cell density should reach approximately 50% 
confluence on the day of infection. The target cells and control 
cells were infected with viral solution carrying the target 
vector, and after 24 h, the fresh culture medium was replaced 
and further incubated for 48 h for subsequent experiments. 
If inhibition of the PI3K/AKT pathway is required, MK-2206 
(Shanghai YuanYe Biotechnology, S80038) is added to the 
culture medium at a final concentration of 10 μmol/l.

The passaged cells were treated with OE-HMGA2, 
sh-HMGA2, OE-IGFBP2, sh-IGFBP2, and OE-HMGA2+sh-
IGFBP2 plasmids or their control groups. The sequences 
of three sh-HMGA2 were as follows: sh-HMGA2-1: 
5’-AGTCCCTCTAAAGCAGCTCAA-3’; sh-HMGA2-2: 
5’-AGGAGGAAACTGAAGAGACAT-3’; sh-HMGA2-3: 
5’-GCCACAACAAGTTGTTCAGAA-3’.  The three 
sh-IGFBP2 sequences were as follows: sh-IGFBP2-1: 
5’-CAACCTCAAACAGTGCAAGAT-3’; sh-IGFBP2-2: 
5’-CGTGGACAGCACCATGAACAT-3’; sh-IGFBP2-3: 
5’-ACAGTGCAAGATGTCTCTGAA-3’.

The lentiviral vector used was pCDH-CMV-MCS-EF1-
GFP+Puro (Changsha Abway Biotech, HG-VMS0751), 
and the sequence information is shown in Supplementary 
Figure  S1. The shRNA plasmid vector was pLKO.1, and 
plasmid and lentivirus packaging services were provided by 
Guangzhou Bioscience Biotechnology (Guangzhou, China). 
The constructed plasmid with a single luciferase reporter 
gene was co-transfected with the auxiliary plasmid into 293T 
cells (ATCC, CRL-3216). After verification, amplification, 
and purification, packaged lentiviruses were obtained. For 
slow virus-mediated cell infection, 5×105 cells were inocu-
lated into a 6-well plate. When the confluence of the cells 
reaches 70–90%, culture medium containing an appropriate 
amount of packaged lentivirus (MOI=10, working titer 
approximately 5×106 TU/ml) and 5 μg/ml polybrene (Merck, 
TR-1003, USA) should be added to the cells for infection. 
After 4 h of infection, an equal amount of a medium was 

added to dilute the polybrene. After 24 h of infection, a 
medium was changed for a fresh one. After 48 h of infection, 
the infection using a luciferase reporter gene was observed 
and a resistance selection was performed using an appro-
priate concentration of puromycin (A1113803, Gibco, Grand 
Island, NY, USA) to obtain a stably transfected cell line. Cells 
surviving in the purine nucleoside medium were collected 
and the efficiency was verified through RT-qPCR [18].

EdU experiment. The cells were inoculated into 24-well 
plates and the operations on each group of cells in 3 different 
wells were performed. 5-ethynyl-2’-deoxyuridine (C0071S) 
was added to the culture medium at a concentration of 50 
µmol/l and incubated in a CO2 incubator for 2 h. After-
ward, the culture medium was removed and the cells were 
rinsed twice with PBS for 5 min each time. Subsequently, the 
samples were fixed in a PBS solution containing 4% formal-
dehyde at room temperature for 30 min, then neutralized 
excess aldehyde with a 2 mg/ml glycine solution. Finally, the 
samples were washed with PBS for 5 min, incubated at room 
temperature with PBS containing 0.5% Triton-X-100 for 
15 min, and then washed again with PBS for 5 min.

The samples were incubated at room temperature under 
light-protected conditions, 100 µl of staining solution was 
added to each well and incubated for 30 min. After incuba-
tion, the staining solution was discarded and Hoechst 33342 
staining solution was added to stain the nuclei for 30 min, 
followed by another 5 min of washing. Using a fluores-
cence microscope (Leica DM2500, Chengguan Instruments 
(Shanghai) Co., Ltd.), four fields of view were randomly 
selected in each sample and the number of positive cells 
in each field was recorded. The EdU labeling rate (%) was 
calculated: number of positive cells/number of cells with 
nuclei × 100%. The experiment was repeated three times 
each time [19].

CCK-8. The CCK-8 assay kit (C0037, Bi Yun Tian) could 
be used for evaluating cell proliferation. The cells were 
inoculated into a 96-well plate and incubated for a suitable 
period for lentiviral infection. Next, 10 µl of CCK-8 reagent 
was added to each well and incubated for 1 h. Finally, the 
absorbance was measured at a wavelength of 450 nm using 
an enzyme-linked immunosorbent assay (ELISA) analyzer to 
obtain the results [20].

Scratch experiment. After 24 h of infection by lentivirus, 
the cells were refreshed and further cultured for 48 h before 
proceeding to the following experimental procedure. During 
the scratch experiment, a 200 μl pipette tip was used to draw 
a line inside the well and the cell debris was washed away 
with PBS. Then, a culture medium was added, and the images 
were observed and captured with a microscope. Next, the 
samples were placed in the incubator for further cultivation. 
During the experiment, we recorded the initial width of each 
group’s scratches at 0 h, 6 h, 12 h, and 24 h and measured 
them using ImageJ software [21].

Transwell invasion experiment. The working solution of 
Matrigel matrix gel with a concentration of approximately 
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Western blot. The cells were digested in RIPA lysis buffer 
containing 1% protease inhibitor and phosphatase inhibitor 
(P0013B, Beyotime Biotechnology, Shanghai, China). The 
BCA assay kit was used to quantify the total protein concen-
tration (A53226, Thermo Fisher Scientific, Rockford, IL, 
USA). After separation by SDS-PAGE electrophoresis, the 
protein was transferred onto a PVDF membrane (IPVH85R, 
Millipore, MA, USA) using the wet transfer method. 
Blocking was performed with 5% BSA at room temperature 
for 1 h, and then the membranes were incubated overnight 
at 4 °C with the following primary antibodies: HMGA2, 
IGFBP2, p-PI3K, PI3K, p-AKT, AKT, VEGFA, VEGFC, 
FGF2, ANGPT1, and GAPDH. The details of the primary 
antibodies used were as follows: HMGA2 (ab97276, 1:1000, 
Abcam), IGFBP2 (ab188200, 1:1000, Abcam), p-PI3K 
(ab278545, 1:1000, Abcam), PI3K (ab227204, 1:1000, 
Abcam), p-AKT (ab38449, 1:1000, Abcam), AKT (#9272, 
1:1000, CST), VEGFA (ab46154, 1:1000, Abcam), VEGFC 
(ab83905, 1:1000, Abcam), FGF2 (ab208687, 1:1000, Abcam), 
ANGPT1 (ab183701, 1:10000, Abcam), and GAPDH 
(ab181602, 1:10000, Abcam).

The membrane was washed with TBST 3 times, 5 min 
each, and incubated with HRP-conjugated secondary 
antibody IgG (ab6721, 1:5000, Abcam) at room temperature 
for 2 h. Then, the membrane was washed with TBST 3 times, 
5 min each, the ECL staining solution was added and a signal 
was detected with a chemiluminescence analyzer. ImageJ 
1.48u software (V1.48, National Institutes of Health, USA) 
was used for protein quantification analysis, which involved 
quantitative analysis by calculating the ratio of grayscale 
values of each protein to the reference GAPDH. The experi-
ment was repeated three times [25].

Dual-luciferase reporter gene experiment. In the experi-
ment of dual-luciferase reporter genes, the promoter region 
of the IGFBP2 gene was amplified from genomic DNA and 
subcloned into the pGL4-Basic luciferase reporter vector 
(Promega, USA). Simultaneously, a mutant expression vector 
was constructed and subcloned into the pGL4-Basic vector 
(Promega, USA). The construction of the wild-type (WT) 
and mutant (MT) constructs was confirmed by sequencing. 
A transcription factor LHX9 expression plasmid was also 
constructed. HEK-293T cells were seeded in a 24-well plate 
at a density of 2.0×105 cells/well and transfected with the 
transcription factor HMGA2 expression plasmid and IGFBP2 
reporter gene plasmid using X-tremeGENE 9 (Roche, USA) 
at a concentration of 50 ng/well according to the manufac-
turer’s instructions. After 24 h post-transfection, the cells 
were collected and lysed with a lysis buffer from Promega 
(USA), and the luciferase enzyme activity was measured 
using the dual-luciferase reporter analysis system (Promega, 
USA). The experiment was repeated three times [26].

Chromatin immunoprecipitation (ChIP). ChIP was 
performed in A549 cells. HUVECs (1×107/ChIP) were cross-
linked with 18.5% formaldehyde in 15 cm culture dishes, 
followed by quenching with glycine. EDTA was used to 

200 μg/ml was prepared in advance (Solarbio, 356234). 
100 μl of this liquid was added to the upper chamber of the 
Transwell and incubated at 37 °C in a CO2 incubator for 30 
min to allow the matrix to solidify. The infected cells were 
inoculated at a density of 5×104/well in the upper chamber 
of Transwell plates. A serum-free culture medium was used 
as the upper chamber medium. 650 μl of medium containing 
20% FBS was added to the lower chamber and incubated 
in a cell culture incubator for 24 h. The next day, the upper 
chamber was removed, the culture medium was drained, 
washed three times with physiological saline, and gently 
wiped with a cotton swab. Crystal violet (Solarbio, G1062) 
was used to stain the samples with for 5 to 10 min, followed 
by a rinse with physiological saline. Randomly selected fields 
of view under the microscope were photographed and ImageJ 
software was used to calculate the number of cells crossing 
the membrane in each group [22].

In vitro angiogenesis assay. The Matrigel matrix gel 
was diluted with a 4 °C serum-free medium at a volume 
ratio of 1:9, then added 150 μl/well onto a 24-well plate and 
incubated under UV light overnight. The culture medium 
of A549 cells infected with lentivirus from various groups 
after continuous cultivation for 2 days was collected. After 
centrifugation, the supernatant was mixed with a fresh 
complete culture medium at a ratio of 1:1. Then, it was added 
to a 24-well plate coated with matrix gel, with 3 ml of the 
mixture to each well. HUVEC cells (ATCC, PCS-100-013) 
with a density of 5×105 were seeded in the aforementioned 
24-well plate. After culturing for 72 h, the formation of new 
blood vessels, defined as HUVECs surrounding a circular 
tubular structure, was examined. Finally, photos were taken 
under a fluorescent microscope and statistical analysis was 
performed [23].

RT-qPCR. Total RNA from tissues and cells was extracted 
using Trizol (16096020) from Thermo Fisher Scientific (New 
York, USA). Reverse mRNA transcription to cDNA was 
performed using the Reverse Transcription Kit (RR047A) 
from Japan Macro Image. The reaction system was prepared 
using the Japan Macrographic SYBR® Premix Ex TaqTM II 
Kit (DRR081) and loaded into an ABI 7500 real-time fluores-
cence quantitative PCR instrument (ABI, Foster City, CA, 
USA). The RT-qPCR reaction was performed according to 
the following protocol: initial denaturation at 95 °C for 10 
min, followed by 35 cycles of denaturation at 95 °C for 15 s, 
annealing at 60 °C for 30 s, and extension at 72 °C for 45 s. We 
used GAPDH as an internal reference. All RT-qPCR settings 
included 3 replicates/well, with 3 experimental repetitions. 
The 2–ΔΔCt could represent the fold change in the target 
gene expression in the experimental group compared to 
the control group. The formula was as follows: ΔΔCT = ΔCt 
experimental – ΔCt control, where ΔCt = Ct target gene – 
Ct reference gene. When the real-time fluorescence signal 
intensity exceeded the threshold, the amplification cycle 
number was calculated. The design of the primer is described 
in Supplementary Table S1 [24].
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stop the reaction and the nuclear envelope was disrupted by 
sonication. After centrifugation, the supernatant containing 
chromatin was collected. The chromatin solution was 
then incubated separately with an anti-HMGA2 antibody 
(ab97296, Abcam, USA) and an anti-normal rabbit IgG 
antibody (ab172730, Abcam, USA). Finally, qRT-PCR was 
performed to detect the promoter of the IGFBP2 gene using 
the method mentioned above [26].

Statistical analysis. All data were processed using the 
SPSS 21.0 statistical software. The measurement data was 
expressed in the form of mean ± standard deviation. To 
compare two sets of samples, a t-test was used. One-way 
analysis of variance should be used for comparing multiple 
groups of samples. When the p-value was less than 0.05, it was 
considered that there was a significant difference between the 
means of the two sample groups.

Results

To identify critical mRNAs influencing the prognosis of 
LUAD patients, we downloaded the clinical and transcrip-
tomic data of LUAD patients from TCGA website. We used 
Rstudio software for differential expression analysis, heatmap 
visualization, and volcano plots, with |LogFC| >2 and p<0.05 
as the filtering criteria. A total of 2,073 differentially expressed 
genes (DEGs) were identified, including 1,734 upregulated 
genes and 339 downregulated genes (Figures 1A, 1B). We 
intersected these differentially expressed genes (DEGs) with 
angiogenesis-associated genes (AAGs) obtained from the 
GeneCards database and performed functional enrichment 
analysis for GO and KEGG pathways (Figure 1C). The results 
showed that these DEGs were mainly enriched in biological 
processes such as regulation of vasculature development, 

Figure 1. Analysis of bioinformatics to screen differential genes affecting LUAD. A) Heatmap of differentially expressed genes (DEGs) between stan-
dard control samples (Normal group, n=59) and lung adenocarcinoma (LUAD) patient samples (Cancer group, n=541) in TCGA database, showing the 
top 10 genes. The red color indicates the upregulation of the gene in the Cancer group, while the blue color indicates the downregulation. B) Volcano 
plot of DEGs between standard control samples (Normal group, n=59) and LUAD patient samples (Cancer group, n=541) in TCGA database. Red dots 
represent upregulated genes, while blue color represents downregulated genes. C) Venn diagram showing the intersection of annotated additional 
genes (AAGs) and DEGs. D) Bar graph showing the results of gene ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrich-
ment analysis for DEGs. The abbreviations in the figure stand for Biological Process (BP), Cellular Component (CC), and Molecular Function (MF). 
E) Bubble chart representing the results of GO and KEGG enrichment analysis for DEGs.
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regulation of angiogenesis, and extracellular matrix organi-
zation, as well as signaling pathways such as the PI3K-Akt 
signaling pathway, Protein digestion and absorption, and 
ECM-receptor interaction. The above results (Figures 1D, 
1E) indicate that these candidate DEGs mainly play roles in 
angiogenesis and endothelial cell growth.

To further identify key mRNA molecules affecting the 
prognosis of LUAD patients, we performed univariate Cox 
analysis on 2,073 DEGs and conducted Lasso risk regres-
sion analysis on the obtained results. We plotted the model 
regression coefficient graph and cross-validation graph 
(Supplementary Figures S2A, S2B) to select the genes for 
constructing the Cox model. The results show that the model 
has the highest accuracy when the number of filtered genes 
was 19 (the first dotted line on the left of the cross-validation 
plot). Therefore, we obtained 19 candidate DEGs (GCLC, 
HCN2, PLEK2, RHOV, INSL4, ADGRE3, TNS4, UNC45B, 
FCRL5, DLX1, AHSG, FAM83A, HMGA2, PLEKHG4B, 
ADRB2, GSTA3, CNTNAP2, MFSD6L, GJB3).

We randomly divided the patient samples into train and 
test groups and utilized the 19 candidate DEGs obtained 
through joint Lasso analysis to construct a Cox model. The 
calculation formula was Risk value (HR) = Gene 1 × Gene 
1 coefficient + Gene 2 × Gene 2 coefficient + ... + Gene n 
× Gene n coefficient. Further screening was performed to 
select 14 candidate Cox-DEGs, which were then visualized 
using a forest plot (Supplementary Figure S2C). We divided 
the train and test groups into the high-risk and the low-risk 
groups based on the risk scores and plotted survival and ROC 
curves. The survival curves indicate that the survival status of 
patients in both the training group and the test group align 
with the expected outcomes of the Cox model (Supplemen-
tary Figure S2D). The ROC curve demonstrates that the ROC 
curve plotted based on risk scores has a good area under the 
curve (AUC=0.854, AUC=0.629), which could effectively 
differentiate patients’ prognoses (Supplementary Figure S2E). 
Finally, we plotted risk curves for the train and test groups 
(Supplementary Figures S2F, S2G), and the results indicated 
that 14 candidate DEGs were associated with the prognosis of 
patients. Overall, the Cox model has specific guidance impli-
cations for the prognosis assessment of patients with LUAD.

To obtain AAGs associated with LUAD prognosis, we 
applied the Venn diagram to intersect DEGs, AAGs, and 
Cox-DEGs. The results indicate that HMGA2 was simulta-
neously present in all three subsets (Supplementary Figure 
S2H). We extracted the expression of HMGA2 in LUAD 
patients and conducted a joint analysis with survival rate. 
The results showed that the survival rate of patients with low 
expression of HMGA2 was significantly better than that of 
patients with high expression (Supplementary Figure S2I). 
Therefore, we consider HMGA2 a key AAG associated with 
LUAD prognosis.

In vitro cell experiments have shown that HMGA2 was 
involved in cell proliferation, migration, and angiogenesis. 
We used normal human lung epithelial cells (BEAS-2B) as the 

control group to select the appropriate cell lines for further 
experiments. We detected HMGA2 mRNA and protein 
expression levels in three different LUAD cell lines (A549, 
HCC827, H1299) using qPCR and western blot techniques. 
The results showed that HMGA2 mRNA and protein expres-
sion levels were highest in the human LUAD cell line A549, 
so we chose the A549 cell line for subsequent experiments 
(Figures 2A, 2B). To investigate the effects of HMGA2 on 
A549 cells, we achieved overexpression and knockdown 
of HMGA2 by infecting A549 cells with lentiviruses. The 
results showed that the expression level of HMGA2 mRNA 
in the OE-HMGA2 group significantly increased, while it 
decreased in the three sh-HMGA2 groups. We selected the 
most efficient sh-HMGA2-1 for subsequent experimental 
validation (Figure 2C).

The deterioration of lung cancer is usually accompanied 
by excessive proliferation, migration, and invasion of cells 
[27]. Therefore, we used the CCK-8 method to determine the 
absorbance of A549 cells infected with lentivirus at 36 h and 72 
h at a wavelength of 450 nm. We found that the absorbance of 
the OE-HMGA2 group was significantly increased compared 
to the control group at 36 h and 72 h, while the absorbance 
of the sh-HMGA2 group was significantly decreased (Figure 
2D). Next, to investigate whether HMGA2 was involved 
in regulating proliferation in A549 cells, we used the EdU 
method to detect cell proliferation after lentiviral infection. 
The results showed that compared to the control group, the 
proportion of EdU-positive cells in the OE-HMGA2 group 
significantly increased, while it decreased in the sh-HMGA2 
group (Figure 2E). In addition, we also investigated the 
regulatory role of HMGA2 on the migration and invasion of 
A549 cells through the Transwell invasion experiment and 
scratch assay. The results showed that the number of A549 
cells passing through the pores in the OE-HMGA2 group 
significantly increased while the scratch width significantly 
decreased. On the other hand, the sh-HMGA2 group showed 
the opposite effect (Figures 2F, 2G). The above results indicate 
that HMGA2 has a positive regulatory effect on the prolifera-
tion, migration, and invasion of A549 cells.

The occurrence, development, and metastasis of lung 
cancer were closely associated with angiogenesis. Studies 
have shown that lung cancer cells activate angiogenesis 
pathways by infiltrating surrounding tissues and metasta-
sizing to distant sites, thereby promoting tumor growth and 
metastasis [28]. Therefore, we utilized qPCR and western blot 
to detect the mRNA and protein expression of angiogenesis-
related genes VEGFA, VEGFC, FGF2, and ANGPT1 after 
HMGA2 overexpression and found a significant increase 
in their expression. Conversely, the knockdown of HMGA2 
resulted in a decrease in their expression (Figures 2H, 2I). 
We also collected the culture supernatant of different groups 
of A549 cells after 48 h of cultivation. After centrifugation, 
the supernatant was mixed with a complete culture medium 
at a 1:1 ratio for the angiogenesis assay of HUVEC cells. 
The result shows that the blood vessel length significantly 
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Figure 2. HMGA2 promotes cell proliferation, migration, and angiogenesis. A) mRNA expression levels of HMGA2 in four different cell lines; B) 
protein expression levels of HMGA2 in four different cell lines with statistical graph; C) efficiency of HMGA2 overexpression and knockdown detec-
tion by qPCR; D) proliferation ability of A549 cells transfected with different lentiviruses detected by CCK-8 assay; E) fluorescence images and sta-
tistical graph of EdU assay in A549 cells transfected with different lentiviruses, 4 random fields were selected for photography and analysis, scale bar 
represents 100 μm (200×); F) Transwell invasion assay to detect cell invasion ability, scale bar represents 50 μm (400×); G) scratch assay to detect cell 
migration ability, scale bar represents 100 μm (200×); H–I) mRNA expression and protein expression changes of angiogenesis-related genes VEGFA, 
VEGFC, FGF2, and ANGPT1 detected by qPCR and western blot; J) angiogenesis assay to detect angiogenesis in each group and statistical graph, scale 
bar represents 100 μm (200×); Notes: *indicates a significant difference between the two groups with p<0.05, each group had 6 replicate wells for all 
cells, and the experiment was repeated 3 times; for experiments that required field selection for photography and statistical analysis, 4 random fields 
were selected for analysis and the average value was used for differential analysis, and subsequent experiments were conducted in the same manner.

increased in the OE-HMGA2 group, while it significantly 
decreased in the sh-HMGA2 group (Figure 2J). It indicates 
that HMGA2 could promote the proliferation, migration, 
and angiogenesis of A549 cells.

In vitro cell experiments have shown that IGFBP2 
was involved in cell proliferation, migration, and angio-
genesis. We designed the following experiments to investi-
gate whether IGFBP2 regulates LUAD progression and the 
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potential association between HMGA2 and IGFBP2. First, 
we achieved overexpression and knockdown of IGFBP2 in 
A549 cells by transfecting them with lentivirus. We selected 
the most efficient sh-IGFBP2-1 for subsequent experiments 
using qPCR detection (Figure 3A). We used the CCK-8 
method to measure the absorbance at 450 nm in A549 cells 
infected with lentivirus at 0 h, 36 h, and 72 h. We found 

that the absorbance in the OE-IGFBP2 group was signifi-
cantly higher than the control group at 36 h and 72 h, while 
the absorbance in the sh-IGFBP2 group was significantly 
lower than the control group at 36 h and 72 h (Figure 3B). 
Through EdU experiments, we found that the proportion of 
EdU-positive cells in the OE-IGFBP2 group was significantly 
increased compared to the control group, while the propor-

Figure 3. IGFBP2 promotes cell proliferation, migration, and angiogenesis. A) qPCR was used to detect the overexpression and knockdown efficiency 
of IGFBP2; B) CCK-8 assay was performed to evaluate the proliferation ability of A549 cells transfected with different lentiviruses; C) EdU staining was 
used to observe the fluorescent images and statistics of A549 cells transfected with different lentiviruses. Scale bar: 100 μm (200×); D) Transwell inva-
sion assay was conducted to assess the invasive ability of cells. Scale bar: 50 μm (400×); E) scratch assay was performed to evaluate the migration ability 
of cells. Scale bar: 100 μm (200×); F, G) qPCR and western blot were used to measure the mRNA and protein expression changes of angiogenesis-related 
genes VEGFA, VEGFC, FGF2, and ANGPT1; H) angiogenesis assay was conducted to examine the angiogenesis status of each group, and statistics were 
generated. Scale bar: 100 μm (200×); Notes: *indicates a significant difference between the two groups with p<0.05. All cell experiments were repeated 
three times.
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Figure 4. HMGA2 mediates regulating cell proliferation, migration, and angiogenesis by IGFBP2. A) The protein expression levels were assessed using 
a western blot, and the corresponding statistical graph was generated. B) A schematic diagram of the IGFBP2 promoter was provided. C) The targeting 
binding between HMGA2 and the IGFBP2 promoter was verified using a dual luciferase reporter gene experiment. D) ChIP analysis was conducted to 
determine whether HMGA2 directly binds to the IGFBP2 promoter. E) The proliferation ability of A549 cells in each group was examined using CCK-8 
assay. F) The fluorescence images and corresponding statistical graph of A549 cells after transfection were obtained using an EdU assay. The scale bar 
indicates 25 μm (400×). G) Cell invasion capability was assessed using the Transwell invasion assay. The scale bar indicates 50 μm (200×). H) Cell mi-
gration ability was evaluated using the scratch assay. The scale bar indicates 100 μm (100×). I, J) The mRNA expression and protein expression changes 
of VEGFA, VEGFC, FGF2, and ANGPT1, which are associated with angiogenesis, were determined using qPCR and Western blot. K) The angiogenesis 
of each group was assessed and represented using an angiogenesis assay. The scale bar indicates 50 μm (200×).
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tion of EdU-positive cells in the sh-IGFBP2 group was signif-
icantly decreased (Figure 3C).

We performed further Transwell invasion experiments 
to explore the regulation of IGFBP2 on LUAD. The results 
showed that the number of cells traversing the pores signifi-
cantly increased after overexpression of IGFBP2, while the 
number of cells traversing the pores significantly decreased 
after the knockdown of IGFBP2 (Figure 3D). In the scratch 
experiment, compared to the control group, the OE-IGFBP2 
group showed a significant decrease in scratch width at 
6 h, 12 h, and 24 h, while the sh-IGFBP2 group showed the 
opposite effect (Figure 3E). By using qPCR and western blot, 
we detected the mRNA and protein expression changes of 
vascular endothelial growth factor A (VEGFA), vascular 
endothelial growth factor C (VEGFC), fibroblast growth 
factor 2 (FGF2), and angiopoietin 1 (ANGPT1) related to 
angiogenesis. We found that overexpression of IGFBP2 signif-
icantly promoted these genes’ mRNA and protein expres-
sion, while knockdown of IGFBP2 had the opposite effect 
(Figures 3F, 3G). We also collected the conditioned medium 
from different groups of A549 cells after 48 h of culture. After 
centrifugation, the supernatant was mixed with a complete 
culture medium at a 1:1 ratio and used for the angiogenesis 
assay of HUVEC cells. The results of the angiogenesis assay 
showed that, compared to the control group, the vascular 
length was significantly increased in the OE-IGFBP2 group 
while significantly reduced in the sh-IGFBP2 group (Figure 
3H). The overall results indicate that IGFBP2 could also 
promote the proliferation, migration, and angiogenesis of 
A549 cells, similar to the regulatory effect of HMGA2 on 
A549 cells.

HMGA2 mediates the involvement of IGFBP2 in cell 
proliferation, migration, and angiogenesis. In previous 
studies, we have confirmed that HMGA2 and IGFBP2 
positively regulate the proliferation, migration, and angio-
genesis of A549 cells. Therefore, we could reasonably specu-
late that HMGA2 may be involved in the proliferation, 
migration, and promotion of angiogenesis in A549 cells by 
mediating IGFBP2. To verify this hypothesis, we conducted 
the following experiments.

When HMGA2 was overexpressed, the expression of 
IGFBP2 protein increased significantly, while the opposite 
occurred when HMGA2 was inhibited (Figure 4A). In Figures 
4B and 4C, we demonstrated the influence of HMGA2 on 
the transcriptional activity of the IGFBP2 gene by using the 
luciferase assay. Additionally, in Figure 4D, we confirmed the 
binding of HMGA2 to the promoter region of the IGFBP2 
gene through ChIP validation. Next, we set up six different 
treatment groups: OE-NC, OE-HMGA2, sh-NC, sh-IGFBP2, 
OE-HMGA2+sh-NC, and OE-HMGA2+sh-IGFBP2. 
The absorbance at 450 nm of A549 cells transfected with 
OE-HMGA2 was significantly higher than that of the control 
group at 36 h and 72 h, as detected by the CCK-8 assay.

On the other hand, the absorbance of the sh-IGFBP2 
group was significantly lower than that of the control group 

at 36 h and 72 h, consistent with the previous experimental 
results. However, the absorbance of the OE-HMGA2+sh-
IGFBP2 group was significantly lower than that of the 
OE-HMGA2+sh-NC group (Figure 4E). Through EdU 
experiments, it could be observed that compared to the 
control group, the proportion of EdU-positive cells signifi-
cantly increased in the OE-HMGA2 group, while it signifi-
cantly decreased in the sh-IGFBP2 group. Furthermore, the 
proportion of EdU-positive cells in the OE-HMGA2+sh-
IGFBP2 group also significantly decreased and was compa-
rable to that of the sh-NC group (Figure 4F).

In the Transwell invasion experiment, the cell counts of 
the OE-HMGA2 group significantly increased, while the cell 
counts of the sh-IGFBP2 group significantly decreased. The 
cell counts of the OE-HMGA2+sh-IGFBP2 group also signif-
icantly decreased to a level similar to that of the sh-NC group 
(Figure 4G). In the scratch experiment, the scratching width 
of the OE-HMGA2 group significantly decreased at 6 h, 
12 h, and 24 h. The scratching width of the sh-IGFBP2 group 
significantly increased at 6 h, 12 h, and 24 h. The scratching 
width of the OE-HMGA2+sh-IGFBP2 group also signifi-
cantly increased at 6 h, 12 h, and 24 h, and the width was 
close to that of the sh-IGFBP2 group (Figure 4H). Changes 
in mRNA and protein expression of vascular-related genes 
(VEGFA, VEGFC, FGF2, ANGPT1) were determined by 
qPCR and western blot. It was observed that the OE-HMGA2 
group significantly promoted the mRNA and protein expres-
sion of these genes, while the sh-IGFBP2 group had the 
opposite effect.

Moreover, the OE-HMGA2+sh-IGFBP2 group showed 
a significant decrease in expression levels, similar to the 
sh-NC group (Figures 4I, 4J). Similarly, in the angiogenesis 
assay, the regulation of angiogenesis by each group yielded 
similar results (Figure 4K). Based on the above experiments, 
we found that overexpression of HMGA2 could promote 
the proliferation, migration, and angiogenesis of A549 
cells. When HMGA2 was overexpressed while IGFBP2 was 
knocked down, the favorable regulatory effect of HMGA2 on 
A549 cells was reversed, and various proliferation, migration, 
and angiogenesis indicators were similar to the sh-NC group. 
Indicates that HMGA2 regulates the proliferation, migration, 
and angiogenesis of A549 cells by mediating IGFBP2.

HMGA2 activates the PI3K/AKT/VEGFA pathway to 
regulate cell proliferation, migration, and angiogenesis. 
To verify the hypothesis above, we conducted a western blot 
analysis to assess the protein expression of the PI3K/AKT/
VEGFA signaling pathway. The results revealed that overex-
pression of HMGA2 led to an upregulation of phosphory-
lation levels of PI3K and AKT, as well as an increase in 
VEGFA protein expression. Conversely, when HMGA2 was 
overexpressed along with IGFBP2 knockdown, we observed 
a downregulation in the phosphorylation levels of PI3K and 
AKT, as well as a decrease in VEGFA protein expression. 
Additionally, in the absence of HMGA2 expression, both the 
phosphorylation levels of PI3K and AKT, as well as VEGFA 
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Figure 5. HMGA2 activates the PI3K/AKT/VEGFA pathway to regulate cell proliferation, migration, and angiogenesis. A) Western blot was performed 
to measure the protein changes in the PI3K/AKT/VEGFA pathway and generate statistics; B) western blot was performed to measure the protein 
changes in each group and generate statistics; C) CCK-8 assay was conducted to evaluate the proliferation ability of cells; D) EdU staining was used 
to observe the fluorescent images and statistics of cell proliferation. Scale bar: 100 μm (200×); E) Transwell invasion assay was conducted to assess the 
invasive ability of cells. Scale bar: 50 μm (400×); F) scratch assay was performed to evaluate the migration ability of cells. Scale bar: 100 μm (200×); 
G) angiogenesis assay was conducted to examine the angiogenesis status of each group, and statistics were generated. Scale bar: 100 μm (200×); Notes: 
*indicates a significant difference between the two groups with p<0.05. All cell experiments were repeated three times.



HMGA2 ACTIVATION OF THE PI3K/AKT/VEGFA 33

protein expression, were downregulated (Figure 5A). Next, 
we added the PI3K/AKT pathway inhibitor MK-2206 
during the cell culture process. The experimental results 
show that the phosphorylation levels of PI3K and AKT in 
the OE-HMGA2+MK-2206 group significantly decreased, 
as well as the protein expression of VEGFA, VEGFC, FGF2, 
and ANGPT1. However, MK-2206 did not significantly affect 
the protein expression of HMGA2 and IGFBP2 (Figure 5B).

Through CCK-8 and EdU assays, it was found that the 
overexpression of HMGA2 significantly increased cell prolif-
eration. However, this effect was significantly reduced in the 
presence of MK-2206. Meanwhile, Transwell and scratch 
assays were performed to assess the migration ability of cells. 
It was found that the invasion and migration ability of cells 
in the OE-HMGA2+MK-2206 group showed a significant 
decrease (Figures 5C–5F). Finally, the results of the angio-
genesis experiment indicate that overexpression of HMGA2 
significantly inhibits the positive regulation of angiogenesis 
after the addition of MK-2206 (Figure 5G). These experi-

mental results indicate that HMGA2 promotes cell prolif-
eration, migration, and angiogenesis by activating the PI3K/
AKT/VEGFA pathway.

Internal experiments have shown that HMGA2 
promotes angiogenesis, tumor development, and metas-
tasis. To validate the regulation of HMGA2 on LUAD, we 
established a xenograft mouse model by injecting logarithmic 
phase A549 cells into the armpits of mice and subsequently 
injecting various concentrations of lentivirus through the 
tail vein. The tumor growth curve shows that overexpression 
of HMGA2 significantly promotes the volume and weight 
increase of the tumor. On the contrary, tumor volume 
and weight were suppressed in the sh-HMGA2 group 
(Figures 6A, 6B). Through qPCR and western blot analysis of 
tumor tissue samples, it was found that in the OE-HMGA2 
group, compared to the control group, the mRNA and 
protein expression of HMGA2, IGFBP2, VEGFA, VEGFC, 
FGF2, and ANGPT1 were significantly increased, and 
the PI3K/AKT/VEGFA signaling pathway was activated. 

Figure 6. HMGA2 promotes angiogenesis, tumor development, 
and metastasis in mice. A) Tumor growth curve after injection of 
A549 cells into mice; B) tumor weight in each group of mice; C, 
D) qPCR and western blot were used to measure the mRNA and 
protein expression changes in each group of mice; E) immunoflu-
orescence staining and statistics were performed to evaluate the 
blood vessel density in tumor tissues. Scale bar: 100 μm (200x); 
(F) H&E staining of lung tissues and statistics of lung metastasis 
area in each group of mice. Scale bar: 25 μm; Notes: *indicates a 
significant difference between the two groups with p<0.05. Six 
mice were used in each group.
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In contrast, the results of the sh-HMGA2 group were 
opposite (Figures 6C, 6D). Immunofluorescence staining of 
tumor tissues revealed that the OE-HMGA2 group exhib-
ited higher vascular density, while the sh-HMGA2 group 
showed significantly lower vascular density (Figure 6E). In 
addition, H&E staining of lung tissues revealed a significant 
increase in lung metastasis area in the OE-HMGA2 group 
compared to the OE-NC group, while the lung metastasis 
area was significantly decreased in the sh-HMGA2 group 
compared to the sh-NC group (Figure 6F). In summary, 
the above results indicate that overexpression of HMGA2 
promotes the activation of the PI3K/AKT/VEGFA signaling 
pathway, thereby promoting angiogenesis, tumor growth, 
and metastasis.

Discussion

LUAD was a common malignant tumor from lung alveolar 
epithelial cell transformation. The global mortality rate of 
LUAD accounts for over 25% and is also one of the leading 
causes of cancer-related deaths worldwide. Compared to 
squamous cell carcinoma and small cell lung cancer, LUAD 
was more prone to metastasis, excessive growth, and immune 
evasion [1, 29]. Abnormal and excessive vascularization was 
crucial for the growth and metastasis of LUAD because 
of its highly vascularized nature. During the growth and 
metastasis of LUAD cancer cells, they promote angiogenesis 
continuously to meet their needs for continuous prolifera-
tion, survival, and metastasis, thus facilitating their further 
development [2, 30].

This study employed bioinformatics analysis to uncover 
significant differences in the expression of HMGA2 between 
normal individuals and LUAD patients. These findings 
further support the crucial role of HMGA2 in the occur-
rence and progression of LUAD, which was subsequently 
validated through in vitro and in vivo experiments. In the 
in vitro experiments, A549 cells were used, and the results 
demonstrated that HMGA2 activates the PI3K/AKT/VEGFA 
signaling pathway by mediating the expression of IGFBP2, 
thereby promoting cell proliferation, migration, and angio-
genesis. These results were further confirmed in vivo using 
a xenograft mouse model. This integrated approach, from 
computational predictions to laboratory validations, ensures 
the reliability and practicality of our research outcomes.

HMGA2, a non-histone protein, has been reported to be 
upregulated in various types of cancers, including LUAD 
[31]. Studies have shown that HMGA2 plays a role in 
regulating the development and regulation of non-small cell 
lung cancer [32]. Additionally, targeting HMGA2 leads to 
the inhibition of cancer cell proliferation [33]. However, the 
precise mechanism by which HMGA2 influences angiogen-
esis and metastasis in LUAD remains uncertain. Our bioin-
formatics analysis identified HMGA2 as an essential mRNA 
that influences the prognosis of LUAD patients, which was 
consistent with previous research. Furthermore, our study 

revealed that HMGA2 promotes the proliferation, migration, 
and angiogenesis of A549 cells, providing a theoretical basis 
for the impact of HMGA2 on angiogenesis and metastasis 
in LUAD.

IGFBP2, a member of the insulin-like growth factor-
binding protein family, is involved in the regulation and 
promotion of cancer development and metastasis [34]. 
Numerous studies indicate a significant elevation of IGFBP2 
in the serum or tissue of malignant tumor patients, where 
it plays a critical role in several vital carcinogenic processes 
[35]. Some research has confirmed that IGFBP2 regulates 
angiogenesis through the PI3K/AKT signaling pathway, 
but its specific mechanism and potential mediators remain 
unclear. Our results demonstrate that IGFBP2 also promotes 
the proliferation, migration, and angiogenesis of A549 cells, 
exhibiting similar regulatory effects to HMGA2. Addition-
ally, some reports suggest that HMGA2 can regulate the 
expression of IGFBP2. For instance, Wang et al. confirmed 
through luciferase assays that HMGA2 affects the promoter 
transcriptional activity of the IGFBP2 gene, thereby 
regulating its expression [26]. However, to date, there have 
been few studies reporting on whether HMGA2 regulates 
the expression of IGFBP2 in LUAD. Therefore, our findings 
provide a novel perspective in uncovering the role of the 
HMGA2-IGFBP2 axis in the mechanism of LUAD.

The PI3K/AKT signaling pathway is one of the crucial 
intracellular signal transduction pathways. It plays a critical 
role in cells by modulating the activation status of various 
downstream effector molecules, such as apoptosis inhibition 
and proliferation promotion. Consequently, this pathway 
is closely associated with the occurrence and development 
of various tumors. Studies indicate that the PI3K/AKT 
signaling pathway plays a significant role in the prolifera-
tion, angiogenesis, metastasis, and resistance to radiotherapy 
and chemotherapy in malignant tumor cells [36], with 
neoangiogenesis being of paramount importance for tumor 
growth and metastasis. Our research reveals the molecular 
mechanism by which HMGA2 activates the PI3K/AKT/
VEGFA signaling pathway by mediating IGFBP2 expression, 
promoting neoangiogenesis, and growth and metastasis of 
LUAD. This novel finding holds substantial scientific value. 
Firstly, it provides a new theoretical foundation and research 
perspective for understanding and investigating the occur-
rence, development, and metastasis of LUAD. Secondly, the 
research results uncover the abnormal expression of HMGA2 
and IGFBP2 in LUAD and their significant roles in LUAD 
progression, influencing the search for new targeted thera-
pies for LUAD. Lastly, by delving into the regulatory mecha-
nisms of HMGA2 and IGFBP2, reference may be provided 
for developing new anticancer strategies.

Based on the above results, we could preliminarily draw 
the following conclusions: HMGA2 activates the PI3K/
AKT/VEGFA signaling pathway by mediating the expres-
sion of IGFBP2, which promotes angiogenesis and facilitates 
the metastasis of LUAD (Supplementary Figure S3). This 
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study reveals for the first time the molecular mechanism of 
HMGA2 in promoting angiogenesis, growth, and metastasis 
of LUAD by activating the PI3K/AKT/VEGFA signaling 
pathway through mediating expression of IGFBP2. This 
new finding holds significant scientific value. Firstly, this 
provides a new theoretical foundation and research perspec-
tive for understanding and studying the occurrence, devel-
opment, and metastasis of LUAD. Furthermore, the research 
findings also revealed the aberrant expression of HMGA2 
and IGFBP2 in LUAD and their crucial roles in devel-
oping LUAD, which will have profound implications for the 
search for new targeted therapies for LUAD. Additionally, 
an in-depth investigation of the regulatory mechanisms of 
HMGA2 and IGFBP2 may provide references for developing 
new anti-cancer strategies.

From a clinical perspective, the expression of HMGA2 and 
its mediated IGFBP2 may serve as novel biomarkers for the 
prognosis of LUAD patients. On the one hand, the significant 
overexpression of these two proteins in LUAD cell lines may 
be used for early screening and diagnosis. On the other hand, 
HMGA2 and IGFBP2 play crucial roles in angiogenesis and 
the development and metastasis of LUAD, indicating their 
potential as essential targets for targeted therapy.

However, this study also has some limitations. Firstly, 
our research was conducted only in the A549 cell line and 
nude mouse models, which may not fully reflect the human 
body’s complex environment and disease states. Further-
more, although we have confirmed the impact of HMGA2-
mediated IGFBP2 expression on LUAD, further investigation 
is needed on other potential regulatory factors and mecha-
nisms of action. In addition, further validation is needed in 
large-scale clinical trials to explore the application value of 
HMGA2 and IGFBP2 as novel biomarkers and targets for 
therapy.

Despite the limitations mentioned above, our study 
provides an essential foundation for future investigations into 
the molecular mechanisms of LUAD and the development of 
novel therapeutic strategies. Firstly, the roles of HMGA2 and 
IGFBP2 in LUAD and their potential clinical applications 
need further investigation. In addition, more research must 
be conducted in multiple LUAD cell lines and models closer 
to the human body environment to improve the practicality 
and accuracy of the research. In addition, further investiga-
tions are needed to elucidate the specific molecular mecha-
nisms by which HMGA2 mediates the activation of the 
PI3K/AKT/VEGFA signaling pathway in regulating IGFBP2 
expression and to discover novel approaches to inhibit the 
development of LUAD.

Supplementary information is available in the online version 
of the paper.
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