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Introduction
Osteosarcoma (OS) is the most common primary malig-
nant bone tumor in children and adolescents [1, 2]. It 
has a tendency for local invasion and metastasis [1, 3] 
and a high risk of recurrence. The typical symptoms of 
OS are local pain, swelling, and limited joint activity [4]. 
Currently, the primary treatments include tumor resec-
tion and postoperative multi-drug chemotherapy [2]. 
Although the progression of OS has greatly improved 
with continuous improvements at the medical level, 
the prognosis of OS remains unsatisfactory [1]. There-
fore, it is necessary to identify effective strategies for OS 
treatment.
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Abstract
Purpose  Osteosarcoma (OS) is a primary bone tumor with high malignancy and poor prognosis. Ferroptosis plays 
a crucial role in OS. This study aimed to evaluate the effects of Ankyrin 1 (ANK1) on OS and to investigate its specific 
mechanisms.

Methods  Microarray datasets related to “osteosarcoma” were selected for this study. Relevant hub genes in OS were 
identified through bioinformatics analysis. Transfected U-2OS and MG-63 cells were used for in vitro experiments. 
The effects of ANK1 overexpression on cell viability, migration, and invasion were determined through CCK-8, wound 
healing, and transwell assays. An OS mouse model was established for the in vivo experiments. Hematoxylin-eosin 
staining and immunohistochemistry were conducted to observe the histological effects of ANK1 overexpression on 
mouse tumors. TUNEL staining was performed to evaluate apoptosis in mouse.

Results  There were 159 common differentially expressed genes in the GSE16088 and GSE19276 datasets. The 
hub genes ANK1, AHSP, GYPB, GYPA, KEL, and ALAS2 were identified. Pan-cancer analysis verified that ANK1 was 
closely associated with cancer prognosis and immune infiltration. Furthermore, ANK1 overexpression inhibited the 
proliferation, migration, and invasion of OS cells and promoted ferroptosis, while ferroptosis inhibitor (fer-1) weakened 
these effects. Moreover, ANK1 overexpression suppressed tumor growth, promoted apoptosis, reduced the number of 
Ki67 positive cells, and elevated the number of caspase-3 positive cells in vivo.

Conclusions  ANK1 is a prognosis biomarker of OS that can alleviate the progression of OS by promoting ferroptosis.
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Ankyrin 1 (ANK1), a member of the ankyrin family, is 
expressed in various biological systems and is a mem-
brane-associated cytoskeletal protein [5]. The methyla-
tion of RHBDF2, ANK1, BIN1, and other loci may play a 
role in the onset of Alzheimer’s disease [6]. ANK1 meth-
ylation regulates microRNA-486-5p expression, which 
distinguishes lung tumors based on smoking history 
and histology [7]. Importantly, co-mutations of ANK1 
and IFITM2 are detected in all patients with multiple 
myeloma, and the interaction between malignant plasma 
cells and the microenvironment during clonal evolution 
is well understood [8]. However, studies on the mecha-
nism of action of ANK1 in OS are scarce.

Ferroptosis is an iron-dependent cell death process 
with complex mechanisms mainly involving iron, amino 
acid, and lipid metabolism [9, 10]. It is of vital impor-
tance in many diseases, particularly in the progression 
of tumors such as colorectal cancer, gastric cancer, and 
triple-negative breast cancer [11–14]. The induction of 
ferroptosis has become an effective therapeutic target 
for inhibiting tumor development [14]. The inhibition of 
ferroptosis inhibitory protein 1 promotes ferroptosis and 
plays an anti-tumor role in liver cancer [15]. Apolipo-
protein L3 enhances anti-tumor immunity in colorectal 
cancer by promoting LDHA-mediated ferroptosis [16]. 
In addition, recent studies have shown that ferroptosis 
has great therapeutic potential for OS treatment [17]. 
Differentiation therapy promotes ferroptosis and ampli-
fies apoptosis, effectively combating OS and inhibiting 
its progression [18]. In OS, gambogenic acid, a bioac-
tive ingredient isolated from gamboge, induces oxidative 
stress that causes ferroptosis and apoptosis in OS cells 
through the P53/SLC7A11/GPX4 axis while slowing 
tumor growth [19]. Nonetheless, the role of ANK1 in fer-
roptosis remains elusive.

In our study, bioinformatics analysis was used to inves-
tigate the hub genes involved in OS, and pan-cancer anal-
ysis of the key gene ANK1 was conducted. Subsequently, 
an OS mouse model was constructed to evaluate the 
effect of ANK1 on tumor growth. The role of ANK1 in 
the proliferation, migration, and invasion of OS cells was 
explored in vitro. In addition, owing to the importance of 
ferroptosis, the effect of ANK1 on this process was inves-
tigated, offering a new potential option for the treatment 
of OS.

Materials and methods
Screening of differentially expressed genes (DEGs)
The gene expression profiles analyzed in this study were 
downloaded from the GEO database of the National Cen-
ter for Biotechnology Information (https://www.ncbi.
nlm.nih.gov/geo/). Two microarray datasets related to 
“osteosarcoma,” GSE16088 and GSE19276, were selected 
and analyzed using GEO2R (www.ncbi.nlm.nih.gov/geo/

geo2r). The GSE16088 and GSE19276 datasets were ana-
lyzed to identify DEGs (Tumor vs. Control) according 
to p < 0.05 and |logFC|≥1.25. The DEGs were visualized 
using volcano plots, and the datasets were normalized 
and corrected utilizing box plots. Pathway enrichment 
analysis of DEGs was performed employing GSEA. In 
addition, a Venn diagram of the DEGs in the two datas-
ets and a heat map of the common DEGs in the datasets 
were produced.

Functional analysis of common DEGs
Gene Ontology (GO) analysis (molecular function, MF, 
biological process, BP, and cell component, CC) and 
Kyoto Encyclopedia of Genes and Genomes (KEGG) 
pathway analysis were performed through annotation, 
visualization, and integration of the screened overlapping 
DEGs using DAVID (https://david.ncifcrf.gov/summary.
jsp), and GO-KEGG data were obtained. Statistical sig-
nificance was set at p < 0.05. GO and KEGG enrichment 
analysis of DEGs were analyzed with R language pack-
age, and the p-value minimum was selected to display the 
most significant enrichment. Histograms and bubble dia-
grams of the enrichment analyses were generated.

Protein-protein interaction (PPI) network
STRING (https://www.string-db.org/) database was used 
to construct the PPI network, which was employed to 
analyze common DEGs and predict interactions between 
proteins encoded by genes that may be involved in OS. 
Regarding the significance criteria, the confidence score 
was set to 0.4. Subsequently, the PPI network was visu-
alized using Cytoscape (www.cytoscape.org/), and the 
hub gene module was identified from the PPI network 
of common DEGs with MCODE. Target genes were 
screened comprehensively.

Analysis of hub genes
Enrichment chord and ridgeline diagrams of the hub 
genes were drawn using R. The expression of hub genes 
in the original sample data was selected as a variable 
for principal component analysis. After processing in R, 
two principal component variables, PC1 and PC2, were 
obtained. The correlation between genes in the expres-
sion profile matrix was visualized using a matrix heat 
map. A receiver operating characteristic (ROC) curve 
was drawn employing gene expression profile interaction 
analysis (http://gepia.cancer-pku.cn/), and the diagnostic 
accuracy of the selected genes was evaluated using the 
corresponding area under the ROC curve.

Analysis of target gene in pan-cancer
Sangerbox (http://sangerbox.com/home.html) was uti-
lized to analyze the differences in the target genes in 
pan-cancer. The standardized pan-cancer dataset was 
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downloaded from UCSC (https://xenabrowser.net/), and 
samples with expression levels > 0 were retained. Log2 
(x + 0.001) transformation was performed on the expres-
sion values to screen for cancer species with more than 
three samples in a single cancer species. R language was 
used to calculate the differences in expression between 
normal and tumor samples in each tumor.

TIMER (https://cistrome.shinyapps.io/timer/) was 
employed to re-evaluate the B cells, neutrophils, macro-
phages, T cell CD8+, T cell CD4+, and DC infiltration 
scores of each patient for each tumor according to gene 
expression. R language was used to analyze the relation-
ship between gene expression and prognosis in each 
tumor, and the log-rank test was performed to obtain 
prognostic significance.

Cell culture and transfection
The human osteoblast cell line hFOB1.19 and human 
OS cell lines MG-63 and U-2OS were purchased from 
the National Collection of Authenticated Cell Cultures 
(Shanghai, China). hFOB1.19, MG-63, and U-2OS cells 
were grown in DMEM containing 1% penicillin-strepto-
mycin (Beyotime, Shanghai, China) and 10% fetal bovine 
serum (Biosera, France). All cells were grown in an incu-
bator with 5% CO2 and 95% humidity at 37 °C.

MG-63 and U-2OS cells were divided into Con-
trol, pcDNA-NC (transfected with the empty vector 
pcDNA3.1-NC), and pcDNA-ANK1 (transfected with 
pcDNA3.1-ANK1 to overexpress ANK1) groups. The 
vectors (600 ng/µL) were transfected into the cells using 
Lipo6000™ (Invitrogen, USA). Additionally, MG-63 and 
U-2OS cells were treated with the ferroptosis inhibitor 
ferrostatin-1 (Fer-1, 2 µM) for 48 h.

Real-time fluorescence quantitative PCR (RT-qPCR)
The TRIZOL reagent (Invitrogen) was used to extract 
total RNA. RNA sample (5 µL) was extracted and diluted 

with RNase free water, and the concentration of RNA 
and the absorption values at 260  nm and 280  nm were 
measured through a UV spectrophotometer. Hiscript II 
QRT Supermix (Vazyme, Nanjing, China) was employed 
to synthesize cDNA). Subsequently, RT-qPCR was per-
formed using AceQ qPCR SYBR Green Master Mix 
(Vazyme) with an ABI7500 quantitative PCR (Applied 
Biosystems, Inc., USA) under the following conditions: 
pre-denaturation at 95 °C for 30 s, denaturation at 95 °C 
for 10  s, and annealing at 60  °C for 30  s for 40 cycles; 
GAPDH was used as an internal reference, and this 
experiment was repeated 3 times. The primer sequences 
are listed in Table 1.

Cell counting kit-8 (CCK-8) assay
MG-63 and U-2OS cells (1.2 × 104/well) were inoculated 
in 96-well plates and incubated for 24  h. Subsequently, 
the proliferation of MG-63 and U-2OS cells was detected 
through the CCK-8 assay. After incubation with 10% 
CCK-8 solution in the dark for 2  h at 37  °C, the opti-
cal density (OD) value was measured in each well every 
1 h. Optimal incubation time was determined using OD. 
The OD of the samples was measured at 450 nm using a 
microplate reader.

Wound healing assay
Migration of MG-63 and U-2OS cells was assessed using 
a wound healing assay. Transfected cells (1 × 105/well) 
were seeded in 6-well plates and cultured until they 
reached 90% confluence. Subsequently, a wound gap was 
created using a pipette tip. Cells were then washed with 
PBS to remove cell debris and were continuously cultured 
for 24 h at 37℃, 5% CO2. The wound distance was pho-
tographed and measured under a microscope (Olympus, 
Tokyo, Japan) at 0 and 24 h post-wounding. ImageJ soft-
ware was used to analyze the migration ability.

Transwell assay
The invasion of MG-63 and U-2OS cells was detected 
utilizing a transwell assay. Briefly, 100 µL transfected 
cells (1 × 105/mL) were plated into the upper chamber 
of 24-well plate, and DMEM (containing 20% FBS) was 
filled in the lower chamber. After incubation for 24 h, the 
cells were fixed in paraformaldehyde (4%) for 30 min and 
stained with crystal violet (0.1%) for 20 min. The stained 
cells were washed with PBS and photographed under a 
microscope (Olympus, Japan).

Western blotting (WB)
MG-63 and U-2OS cells were subjected to RIPA to iso-
late the total protein samples. Proteins were separated 
on a 10% SDS-PAGE gel and transferred onto a PVDF 
membrane. Subsequently, the membrane was sealed in 
skimmed milk (5%) and then incubated with primary 

Table 1  Primer sequences in this study
Name Sequences (5’-3’)
GAPDH-F ​A​A​C​T​T​T​G​G​C​A​T​T​G​T​G​G​A​A​G​G
GAPDH-R ​A​C​A​C​A​T​T​G​G​G​G​G​T​A​G​G​A​A​C​A
ANK1-F ​G​G​T​C​A​G​C​T​G​T​C​A​G​A​A​C​G​T​G​A
ANK1-R ​C​G​T​G​A​A​T​T​G​C​T​C​C​T​C​T​G​T​C​A
AHSP-F ​T​T​A​C​A​G​G​C​A​G​C​A​G​G​T​G​A​C​A​G
AHSP-R ​A​G​G​A​G​C​A​C​A​G​C​C​T​A​A​G​G​A​C​A
GYPB-F ​T​T​T​T​G​T​G​T​G​T​G​A​T​G​G​C​T​G​G​T
GYPB-R ​A​G​G​G​G​C​A​T​A​A​G​C​A​A​A​G​G​A​A​T
GYPA-F ​C​A​A​A​C​G​G​G​A​C​A​C​A​T​A​T​G​C​A​G
GYPA-R ​T​C​C​A​A​T​A​A​C​A​C​C​A​G​C​C​A​T​C​A
KEL-F ​T​T​C​C​C​T​G​G​A​T​G​A​A​T​G​A​G​G​A​G
KEL-R ​G​G​A​C​A​C​C​T​T​C​C​A​C​C​T​G​T​G​T​T
ALAS2-F ​A​T​G​C​T​G​C​A​G​G​C​T​T​C​A​T​C​T​T​T
ALAS2-R ​G​A​G​C​T​T​G​C​T​G​T​T​G​A​G​T​G​C​T​G

https://xenabrowser.net/
https://cistrome.shinyapps.io/timer/
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antibodies at 4 °C for a night, including anti-ANK1 (PA5-
114853, 1:1000, Thermo Fisher scientific, Waltham, MA, 
USA), anti-Caspase-3 (ab32351, 1:1000, Abcam, Shang-
hai, China), anti-PTGS2 (ab179800, 1:1000, Abcam), 
anti-GPX4 (ab125066, 1:1000, Abcam), anti-FTH 
(ab183781, 1:1000, Abcam), and anti-GAPDH (ab9485, 
1:1000, Abcam). Subsequently, the cells were incubated 
with a goat anti-rabbit antibody (1:5000, Abcam) for 1 h 
at 20℃-25℃. Finally, the membrane was placed on a 
Tanon 5200 Chemiluminescent Imaging System incuba-
tion plate, and ECL solution was added for development. 
The results were calculated using the ImageJ software.

Enzyme linked immunosorbent assay (ELISA)
The levels of MDA, GSH, and Fe in transfected OS 
cells were evaluated using the corresponding ELISA kit 
according to the manufacturer’s instructions (Esebio, 
Shanghai, China). Total 50 µL of diluted samples and 
standards were added to the wells of the microtiter plate. 
Subsequently, 100 µL of HRP-labeled antibody was added 
to each well, and the plates were incubated for 60  min 
at 37℃. The OD of each well was determined at 450 nm 
within 15 min. The sample levels were calculated using a 
standard curve.

Establishment of OS mouse model
Twelve female BALB/c nude mice (6–8 weeks old, 
18–20  g) were purchased from SiPeiFu Biotechnology 
Co., Ltd (Beijing, China) and randomly assigned to the 
oe-NC and oe-ANK1 groups (n = 6). Mice were subcu-
taneously inoculated with 0.1 mL of transfected MG-63 
cells (1 × 107/mL), individually. After 4 weeks, the mice 
were euthanized by isoflurane inhalation followed by cer-
vical dislocation. Subsequently, the tumor tissues were 
obtained and weighed. The tumor volume was measured 
weekly and calculated as (length × width2)/2. All animal 
experiments were approved by Scientific Research Eth-
ics Committee of the First Affiliated Hospital of Gannan 
Medical University (No. LLSC-2024-236). Humanitarian 
endpoint: Tumor weight did not exceed 10% of the body 
weight of the mice.

Hematoxylin-eosin (HE) staining
HE staining was performed to observe pathological 
changes in the tumor tissues of the mice. The tissues were 
fixed in 4% paraformaldehyde solution and dehydrated 
using an ethanol gradient. The tissues were embedded 
in paraffin and cut into 4  μm thick slices. The paraffin 
slices were dewaxed in xylene and ethanol (Sigma, USA). 
The slices were then stained with hematoxylin and eosin. 
Finally, the slices were dehydrated and sealed with neu-
tral gum. The staining results were observed under an 
optical microscope.

TUNEL staining
The TUNEL apoptosis assay kit (Beyotime, Shanghai, 
China) was used to assess apoptosis. The paraffin sec-
tions were deparaffinized in xylene and washed with PBS. 
Sections were then incubated with proteinase K at 37 °C 
for 30 min. The sections were washed and incubated with 
H2O2 at 20℃-25℃ for 10  min. The TUNEL reagents 
were supplemented and incubated at 37  °C in dark for 
60  min. Finally, DAB was applied for development. The 
sections were stained with hematoxylin and sealed. A 
fluorescence microscope (Olympus) was used to observe 
apoptotic cells.

Immunohistochemistry (IHC)
The paraffin-embedded sections were dewaxed, rehy-
drated, and then incubated with anti-Ki67 (ab15580, 
1:400, Abcam) and anti-caspase-3 (ab184787, 1:400, 
Abcam) antibodies overnight at 4 °C. The slices were then 
incubated with HRP-labeled secondary antibody at 37 °C 
for 1 h. They were then stained with DAB and hematoxy-
lin and photographed under a microscope.

Statistical analysis
All data were processed using GraphPad Prism 9.0 sta-
tistical software and are expressed as means ± SD. Com-
parisons between multiple groups were performed using 
a one-way ANOVA and Tukey’s test. A t-test was applied 
for comparisons between the two groups. Statistical sig-
nificance was set at p < 0.05.

Results
Screening of DEGs
A total of 4271 DEGs were screened from GSE16088, 
which included six normal samples (Control) and 14 OS 
samples (Tumor). There were 606 DEGs in GSE19276, 
including five normal samples (Control) and 44 OS 
samples (Tumor). The DEGs in the two datasets were 
analyzed, and a volcano map of the DEGs was obtained 
(Fig.  1A-B). After GEO2R analysis, the data correction 
results of 20 samples from the GSE16088 dataset and 49 
samples from the GSE19276 dataset were obtained. The 
standardization and cross-comparability of the data were 
evaluated, showing that most of the selected samples 
were centered, and the numerical distribution met the 
standard, indicating cross-comparability in the microar-
ray data (Fig. S1). The top three pathways with the most 
significant p values were selected for display (Fig. 1C-D). 
The top 15 DEGs with the smallest p-values were selected 
(Tables S1 and S2) and visualized using R language 
(Fig. 1E-F). Finally, 159 common DEGs were identified in 
the GSE10688 and GSE19276 dataset (Fig. S2).
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GO and KEGG enrichment analysis
GO and KEGG functional analyses were performed on 
159 common DEGs. The top five GO terms with the 
smallest p-values in each GO classification were selected 
for display (Table S3). The DEGs were mainly enriched in 
response to axon injury and hypoxia in BP, extracellular 

exosomes and specific granule lumen in CC, and protein 
binding and calcium ion binding in MF (Fig. 2A-B).

KEGG enrichment was assessed using -log10 (p-value), 
count value, and the number of genes enriched in each 
term. Based on the change in the p-value, the 10 most 
significantly enriched KEGG terms were selected for 

Fig. 1  A, B. Volcano map of differentially expressed genes (DEGs) in GSE10688 and GSE19276 dataset. The abscissa is log2FoldChange, and the ordinate is 
-log10(p-value). The red dot indicates the up-regulated gene in this group, and the blue dot indicates the down-regulated gene in this group. C, D. GSEA 
enrichment analysis. The related pathway enrichment analysis was performed using the total differential genes in the GSE16088 and GSE19276 datasets, 
respectively. E, F. Heat map of DEGs in GSE10688 and GSE19276 dataset. Genes are represented horizontally, and each column is a sample. Red indicates 
high expression genes, and blue indicates low expression genes
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display (Table S4). The results showed that DEGs were 
mainly enriched in small cell lung cancer, cancer path-
ways, and amino acid biosynthesis (Fig. 2C-D).

PPI network
A PPI network based on DEGs was constructed using 
STRING, and a PPI network panorama was obtained 
(Fig. S3A). The Cytoscape software was used to visualize 
the PPI network model (Fig. S3B), and MCODE was used 
to identify a highly interconnected cluster as a potential 
functional molecular complex of OS, including ANK1, 
OSBP2, AHSP, GYPB, CA1, GYPA, KEL, ALAS2, RHAG 
(Fig. S3C).

Analysis of hub genes
Based on the gene expression in the original data samples 
of GSE16088, an enrichment string diagram was drawn 
using R language. The results showed that the DEGs were 
mainly enriched in protein binding, plasma membrane, 

and membrane biological processes (Fig. 3A). The ridge-
line map was drawn using the R language, and the peak 
represented the concentration of the data distribution 
(Fig.  3B). Based on the expression of the selected genes 
in the original sample data of GSE16088, principal com-
ponent analysis was performed as a variable. After pro-
cessing with the R language function, PC1 and PC2 were 
obtained. These components provide a 95% explanation 
rate and can be used to distinguish between control and 
OS samples (Fig. 3C). Based on expression profile data in 
GSE16088, a matrix heat map was constructed for visual-
ization (Fig. 3D).

ROC curve
After a literature review and screening, ANK1, AHSP, 
GYPB, GYPA, KEL, and ALAS2 were selected as hub 
genes for further research, and the key gene, ANK1, was 
chosen as the research target gene. To verify the classi-
fication effect of ANK1 expression between OS samples 

Fig. 2  Functional enrichment analysis of common DEGs. A. Histogram of GO enrichment analysis. The abscissa is GO term, and the ordinate is the num-
ber of genes enriched for each term. B. Bubble diagram of GO enrichment analysis. The color depth of the node represents the corrected p-value, and 
the size of the node refers to the number of genes involved. C. Histogram of KEGG enrichment analysis. D. Bubble diagram of KEGG enrichment analysis
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and healthy controls, the ROC curves of ANK1, AHSP, 
GYPB, GYPA, KEL, and ALAS2 were drawn using the 
original sample data of GSE16088 with the R language 
(Fig. S4). The results showed that the false-positive rate of 
ANK1 was 1.1%, while the true-positive rate was 98.9%, 
demonstrating that ANK1 is an excellent indicator for 
distinguishing OS patients from healthy controls.

Pan-cancer analysis of ANK1
ANK1 was significantly upregulated in 14 tumors and 
downregulated in 12 tumors (Fig. S5A). ANK1 expres-
sion in 44 cancers and the overall survival rates of the 
corresponding samples were obtained. Finally, according 
to the log-rank test, high expression in two tumor types 
was associated with poor prognosis, and low expression 
in four tumor types was linked to poor prognosis (Fig. 
S5B). The B cell, neutrophil, macrophage, T cell CD8+, T 
cell CD4+, and DC infiltration scores of each patient for 

Fig. 3  Analysis of hub genes. A. String diagram. LogFC is the fold change of the gene, which is used for sorting and gene color. The remaining columns 
are signaling pathways, and different links of the gene indicate whether the gene is in the pathway. B. Ridgeline map. The abscissa is the amount of gene 
expression, the shape of the peak represents the dispersion between a set of data, and its height is the number of samples corresponding to the amount 
of gene expression. C. Principal component analysis of hub genes. The coordinate axes PC1 and PC2 are the first and second principal components (i.e., 
the explanatory rate of potential variables to the difference). Points represent samples, and different colors represent different groups. D. Matrix correla-
tion analysis. Matrix analysis is used to perfectly display the correlation of genes between matrices and visualize them
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each tumor were evaluated using TIMER based on gene 
expression. In addition, ANK1 expression was signifi-
cantly associated with immune infiltration in 35 tumors 
(Fig. S5C).

Validation of hub genes via RT-qPCR
RT-qPCR showed that compared with hFOB1.19, the 
expression of ANK1, AHSP, GYPB, GYPA, KEL, and 
ALAS2 in human OS cells (MG-63 and U-2OS) was sig-
nificantly reduced (Fig. 4).

Overexpression of ANK1 inhibits the proliferation, 
migration, and invasion of OS cells
In OS cells, the expression of ANK1 in the pcDNA-ANK1 
group was significantly higher than that in the pcDNA-
NC group (Fig. 5A). In addition, CCK-8, wound healing, 
and transwell assays verified that ANK1 overexpression 
suppressed the proliferation, migration, and invasion of 
OS cells (Fig.  5B-D). The protein expression of ANK1 
and Caspase-3 was detected through WB, indicating that 
compared with the pcDNA-NC group, overexpression of 
ANK1 significantly increased the Caspase-3 level in OS 
cells, demonstrating that ANK1 promoted cell apoptosis 
(Fig. 5E).

Overexpression of ANK1 promotes ferroptosis in OS cells
WB was performed to detect the expression of ferrop-
tosis-related proteins in MG-63 and U-2OS cells. In 
OS cells, compared to the pcDNA-NC group, the lev-
els of PTGS2 and FTH in the pcDNA-ANK1 group 

were significantly increased, while GPX4 was reduced 
(Fig. 6A). The MDA, GSH, and Fe contents were detected 
using ELISA. Furthermore, compared to the pcDNA-
NC group, ANK1 overexpression significantly elevated 
the levels of MDA and Fe, whereas GSH was decreased 
(Fig.  6B). Thus, overexpression of ANK1 promoted fer-
roptosis in OS cells.

Overexpression of ANK1 suppresses tumor growth 
and promotes ferroptosis in OS
Overexpression of ANK1 retarded tumor growth and 
significantly reduced tumor volume and weight in OS 
mice (Fig.  7A-D). HE staining revealed a dense tumor 
tissue structure in the oe-NC group; conversely, the tis-
sue structure in the oe-ANK1 group was more loosely 
arranged (Fig.  7E). TUNEL staining demonstrated that 
ANK1 overexpression significantly promoted the apopto-
sis of OS cells (Fig. 7F). IHC verified that in comparison 
with the oe-NC group, oe-ANK1 significantly reduced 
the number of Ki67 positive cells and increased the num-
ber of caspase-3 positive cells in OS (Fig. 7G-H). Further-
more, WB was performed to evaluate the levels of ANK1 
and ferroptosis-related proteins, which showed that com-
pared to the oe-NC group, ANK1 overexpression sig-
nificantly increased the levels of PTGS2 while inhibiting 
FTH and GPX4 (Fig. 7I).

To further explore the role of ferroptosis in OS, a fer-
roptosis inhibitor (Fer-1) was applied to OS cells. In OS, 
ANK1 overexpression significantly suppressed cell via-
bility, migration, and invasion, whereas fer-1 weakened 

Fig. 4  RT-qPCR was used to detect the mRNA expression level of hub genes in human osteoblasts hFOB1.19, and human OS cells MG-63 and U-2OS. 
**p < 0.01 ***p < 0.001 vs. hFOB1.19 (n = 3)
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these effects (Fig. 8A-C). Furthermore, fer-1 also signifi-
cantly attenuated the stimulatory effects of ANK1 on fer-
roptosis (Fig. 8D).

In summary, ANK1 overexpression promoted ferropto-
sis and significantly inhibited OS progression.

Discussion
OS is the most common malignant bone tumor with a 
low survival rate [20]. Therefore, it is necessary to iden-
tify more effective therapeutic targets for OS to improve 
the survival rate. In this study, the hub gene ANK1 was 
identified through bioinformatics analysis, and pan-can-
cer analysis was performed. ANK1 was found to exhibit 
a correlation with the prognosis of various cancers. Fur-
thermore, through in vitro and in vivo experiments, we 
found that ANK1 inhibited the proliferation, migration, 

and invasion of OS cells; suppressed tumor growth; and 
promoted ferroptosis in OS.

With the advent of big data, the use of bioinformatics 
technology to analyze the mechanism of disease in medi-
cal research has become increasingly prevalent. Identify-
ing disease-related marker genes provides a direction for 
targeted disease therapy. The circular RNA circ_001422 
was identified using bioinformatics analysis and high-
throughput sequencing, revealing that it could interact 
with miR-195-5p and promote OS progression through 
the FGF2-PI3K-AKT axis [21]. Chen et al. selected 
microarray datasets to identify hub genes and found that 
myofascial fibrosarcoma oncogene homolog B is a key 
transcriptional regulator in OS [22]. Shi et al. explored 
hub genes and pathways of OS with lung metastasis using 
microarray datasets to identify potential therapeutic 

Fig. 5  A. RT-qPCR detection of transfection rate. B. CCK8 assay was used to detect cell viability. C. Wound healing assay was used to detect cell migra-
tion ability. D. Transwell assay was used to detect cell invasion. E. Western blot was performed to evaluate the levels of ANK1 and Caspase-3. **p < 0.01 
***p < 0.001 vs. pcDNA-NC (n = 3)
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Fig. 6  The effect of ANK1 on ferroptosis. A Western blot was used to detect the expression of ferroptosis-related proteins PTGS2, FTH and GPX4. B ELISA 
was used to detect the contents of MDA, GSH and Fe. **p < 0.01 ***p < 0.001 vs. pcDNA-NC (n = 3)
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Fig. 7  The effect of ANK1 on tumor. A. The weight change of mice. B. Tumor weight of mice. C. Tumor volume of mice. D. Tumor map of mice. E. HE stain-
ing was used to observe the changes of tissue morphology. F. TUNEL staining was executed to observe apoptosis level. G. Immunohistochemistry was 
used to detect the expression of Ki67. H. The expression of caspase-3 was detected by immunohistochemistry. I. Western blot was performed to detect 
the expression of ferroptosis-related proteins PTGS2, FTH and GPX4 in vivo. **p < 0.01 ***p < 0.001 vs. oe-NC (n = 6)
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targets [23]. Herein, DEGs in the microarray datasets 
were screened through bioinformatics analysis, and hub 
genes closely related to OS, ANK1, AHSP, GYPB, GYPA, 
KEL, and ALAS2, which may play a role in OS progres-
sion, were identified using the PPI network. AHSP, 
alpha-hemoglobin-stabilizing protein, is a red blood cell-
specific chaperone protein that can be used to stain and 
identify erythroid precursors in bone marrow biopsies 
of leukemia, metastatic cancer, and other diseases [24, 
25]. GYPA and GYPB belong to a small gene family on 
the chromosome and are responsible for encoding the 
glycoproteins GPA and GPB on the erythrocyte mem-
brane [26]. Wang et al. identified that HBG1, SNCA, and 
GYBP are significantly associated with atrial fibrillation, 
are involved in the occurrence of atrial fibrillation com-
plicated by stroke, and can be used as early therapeutic 
targets [27]. KEL is an oncogenic gene that plays a role 
in the immune escape of tumor cells, thus expanding 
our understanding of the pathogenesis of acute eryth-
roleukaemia [28]. ALAS1 is a rate-limiting enzyme in 
haeme biosynthesis [29], and haeme isolation inhibits 
the development of lung adenocarcinoma and squamous 
cell carcinoma [30]. ANK1 is associated with malignant 
progression of Down syndrome in children and acute 

myeloid leukemia in older patients [31, 32]. Herein, 
ANK1 was identified as a hub gene for OS. Meanwhile, 
through pan-cancer analysis, we found that ANK1 was 
related to various cancers and closely correlated with 
immune infiltration in 35 tumors. Thus, ANK1 appears 
to participate in OS progression. Namløs et al. identified 
that miRr-486-5p, encoded in the last intron of the ANK1 
gene, highly correlates with cancers and is regulated by 
DNA methylation in OS [33]. Another study reported 
that nine representative genes, including ANnK1, asso-
ciated with OS (screened through random forest and 
artificial neural networks) can serve as new targets for 
the early diagnosis and effective treatment of OS [34]. In 
this study, in vivo and in vitro assays demonstrated that 
ANK1 was downregulated in OS and that overexpression 
of ANK1 inhibited the proliferation, migration, and inva-
sion of OS cells and suppressed tumor growth. Hence, 
ANK1 plays a pivotal role in alleviating OS progression.

Reportedly, ferroptosis is of vital significance in OS. 
FANCD2 silencing can suppress the viability, invasion, 
migration, and tumor growth of OS cells by regulating 
the JAK2/STAT3 axis and induce ferroptosis [35]. Good 
results have been achieved in the exploration of drugs 
that target ferroptosis to alleviate OS. Baicalin promotes 

Fig. 8  Fer-1 attenuated the inhibitory effect of ANK1 on OS. A. CCK8 assay was used to detect cell viability. B. Wound healing assay was used to detect cell 
migration ability. C. Transwell assay was used to detect cell invasion. D. Western blot was performed to evaluate the levels of ferroptosis-related proteins 
PTGS2, FTH and GPX4. ***p < 0.001 vs. pcDNA-NC, ###p < 0.001 vs. pcDNA-ANK1 (n = 3)
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ferroptosis and exerts anti-OS activity via the Nrf2/xCT/
GPX4 regulatory axis [36]. β-Phenethyl Isothiocyanate 
induces oxidative stress to trigger ferroptosis in OS cells, 
retarding tumor growth in OS [37]. Zoledronic acid pro-
motes ferroptosis by reducing ubiquinone and promoting 
HMOX1 in OS cells while inhibiting their growth [38]. 
Similar to the above studies, herein, overexpression of 
ANK1 significantly suppressed the proliferation, migra-
tion, and invasion of OS cells and promoted ferroptosis, 
while the ferroptosis inhibitor (fer-1) weakened these 
effects, demonstrating that ANK1 can alleviate OS pro-
gression by accelerating ferroptosis.

However, this study had some limitations. We did not 
explore the effect of fer-1 on ANK1 overexpression in 
OS mice, which should be explored further in the future. 
Furthermore, to prove the specificity of ANK1 overex-
pression-induced antitumor effects, we will conduct in 
vitro assays in the future to show that ANK1 inhibition 
can result in increased proliferation, migration, and inva-
sion of OS cells.

Conclusion
In this study, the hub genes ANK1, AHSP, GYPB, GYPA, 
KEL, and ALAS2 were identified using bioinformatics 
analysis. ANK1 was proved to be associated with progno-
sis and immune cell infiltration. Overexpression of ANK1 
can promote ferroptosis and alleviate OS progression, 
offering a novel prognostic biomarker and therapeutic 
option for OS.
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