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ABSTRACT
Background: Lung adenocarcinoma (LUAD) is a fatal disease with metabolic abnormalities. The dysregulation of S100 calcium-
binding protein A2 (S100A2), a member of the S100 protein family, is connected to the development of various cancers. The 
impact of S100A2 on the LUAD occurrence and metastasis, however, has not yet been reported. The functional mechanism of 
S100A2 on LUAD cell metastasis was examined in this article.
Methods: The expression of TFAP2A and S100A2 in LUAD tissues and cells was analyzed by bioinformatics and qRT-PCR, 
respectively. The enrichment pathway analysis was performed on S100A2. Bioinformatics analysis determined the binding re-
lationship between TFAP2A and S100A2, and their interaction was validated through dual-luciferase and chromatin immuno-
precipitation experiments. Cell viability was determined using cell counting kit-8 (CCK-8). A transwell assay was performed to 
analyze the invasion and migration of cells. Immunofluorescence was conducted to obtain vimentin and E-cadherin expression, 
and a western blot was used to detect the expression of MMP-2, MMP-9, GLS, and GLUD1. The kits measured the NADPH/
NADP ratio, glutathione (GSH)/glutathione disulfide (GSSG) levels, and the contents of glutamine, α-KG, and glutamate.
Results: S100A2 was upregulated in LUAD tissues and cells, and S100A2 mediated glutamine metabolism to induce LUAD 
metastasis. Additionally, the transcriptional regulator TFAP2A was discovered upstream of S100A2, and TFAP2A expression 
was upregulated in LUAD, which indicated that TFAP2A promoted the S100A2 expression. The rescue experiment found that 
upregulation of S100A2 could reverse the inhibitory effects of silencing TFAP2A on glutamine metabolism and cell metastasis.
Conclusion: In conclusion, by regulating glutamine metabolism, the TFAP2A/S100A2 axis facilitated LUAD metastasis. This 
suggested that targeting S100A2 could be beneficial for LUAD treatment.

1   |   Introduction

One of the most prevalent and deadly cancers, lung cancer, is 
the primary cause of cancer-related mortality [1]. Furthermore, 
lung adenocarcinoma (LUAD), which makes up about 40% of 
all lung cancer cases, is the most prevalent pathological kind of 
disease [2]. It is usually found at a late stage due to the absence 
of early diagnostic criteria. Currently, available treatments for 
LUAD primarily consist of radiotherapy, chemotherapy, molec-
ular targeted therapy, and surgery. However, the survival rate of 

patients remains extremely low because of the high metastasis 
rate of LUAD and resistance to chemotherapy and radiother-
apy [3, 4]. Therefore, investigating the regulatory mechanism 
of LUAD development may lead to novel approaches for LUAD 
patient diagnosis and treatment.

The S100 protein family can regulate different cellular re-
actions by acting as an intracellular Ca2+ sensor. Based on 
some research, the S100 protein family is connected to the 
occurrence and progression of many tumor types [5]. S100 
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protein is crucial in regulating cell differentiation, prolifera-
tion, migration, and other biological functions by interacting 
with various signaling proteins such as P53 and nuclear factor 
kappa B (NF-κB), thereby participating in tumor occurrence 
and development [6, 7]. Pulmonary fibrosis (PF) is a common 
outcome of various interstitial lung diseases, and Huang et al. 
demonstrated that low S100A2 expression inhibits the Wnt/β-
catenin signaling pathway by inhibiting the transduction of 
the Wnt/β-catenin signaling pathway and thereby inhibit-
ing the process of epithelial–mesenchymal transition in PF 
[8]. S100A2, a protein belonging to the S100 family, is essen-
tial in several cancers [9]. Previous studies have shown that 
S100A2 is highly expressed in NSCLC, and its high mRNA 
expression level can lead to low survival in NSCLC patients 
[7]. In HCC, upregulated expression of S100A2 resulted in low 
patient survival, and low expression of S100A2 significantly 
inhibited the proliferation and migration of HepG2 cells [10]. 
However, the S100A2 impact on different tumors is inconsis-
tent. Research has revealed that endometrial cancer (EC) tis-
sue exhibits significantly higher levels of S100A2 mRNA and 
protein compared to normal tissue, and this is associated with 
a poor survival rate [11]. Han et al. [12] evidenced that in col-
orectal cancer (CRC), the tumor-associated transcription fac-
tor NFYA can be delivered by the S100A2/KPNA2 cotransport 
complex. NFYA is transported to the nucleus and inhibits the 
transcriptional activity of E-cadherin, thereby promoting CRC 
metastasis. In a study of breast cancer (BC), however, S100A2 
expression was found to be greatly downregulated in BC tis-
sues and cell lines, and overexpression of miR-325-3p may en-
hance BC cell invasion and proliferation by downregulating 
S100A2 expression [13]. Although S100A2 exhibits various 
physiological and pathological effects in tumors, the mecha-
nism of S100A2 in LUAD cell metastasis is still unclear. Thus, 
further exploration into the function mechanism of S100A2 
in the LUAD occurrence and metastasis is necessary to de-
velop new therapies. Glutamine is an essential nitrogen donor 
for intracellular metabolism and maintenance of the intes-
tines, immune cells, and muscles [14]. Numerous studies have 
demonstrated how glutamine metabolism influences tumor 
growth. For instance, studies have found that LINC01614 can 
directly interact with ANXA2 and p65 to promote the acti-
vation of NF-κB, leading to the upregulation of glutamine 
transporters SLC38A2 and SLC7A5, ultimately enhancing the 
metabolic uptake of glutamine in LUAD cells and promoting 
the LUAD progression [15]. A study on BC discovered that glu-
tamine transporter SLC38A2 knockdown reduces glutamine 
metabolism and inhibits BC cell growth [16]. Therefore, future 
tumor diagnosis and treatment could be guided by exploring 
the possible mechanisms and molecular targets regulating 
glutamine metabolism in LUAD cells.

This study showed that the target gene S100A2 predicted by bio-
informatics was highly expressed in LUAD tissues and cells, and 
S100A2 was significantly enriched in the glutamine metabolic 
pathway. S100A2 could promote the transmission of the gluta-
mine metabolic pathway and, thus, the LUAD metastasis. In 
addition, TFAP2A, an upstream transcription factor of S100A2, 
was predicted by bioinformatics methods, and further rescue ex-
periments confirmed that TFAP2A transcriptionally activated 
S100A2 expression to promote glutamine metabolism-induced 
metastasis of LUAD cells. However, the intrinsic molecular 

mechanism underlying the regulation of glutamine metabolism 
by the TFAP2A/S100A2 axis to promote the metastasis of LUAD 
cells has not been proposed yet; thus, the present study provides 
a new idea and theoretical basis for the theory. In conclusion, 
the TFAP2A/S100A2 regulatory axis has a broad development 
prospect in the field of LUAD metastasis research.

2   |   Materials and Methods

2.1   |   Sample Collection

Ten pairs of samples of LUAD and its adjacent paracancerous 
tissues were collected from Sichuan Mianyang 404 Hospital 
during the period from May 2023 to November 2023. None of the 
patients from whom the samples were obtained had received ra-
diotherapy or chemotherapy, and the related research was con-
ducted in strict accordance with the requirements of the Medical 
Ethics Committee of Sichuan Mianyang 404 Hospital and was 
approved by the committee.

2.2   |   Immunohistochemistry (IHC)

Ten pairs of LUAD patients' tissues and their adjacent 
paracancerous tissues collected from the clinic were made 
into 5-μm-thick tissue sections, which were deparaffinized 
by formalin-fixed paraffin-embedded (FFPE) twice for 10 min 
each time, washed three times with PBS, and then sealed with 
a 5% BSA (Solarbio, China) solution at room temperature for 
30 min to seal the nonspecific binding sites. After three washes 
with PBS, the tissue sections were incubated with primary an-
tibody at 4°C overnight and with secondary antibody at room 
temperature for 30 min. The sections were washed with PBS, 
and the staining was visualized under a microscope using di-
aminobenzidine (DAB) (Lab Vision, Fremont, CA). Primary 
antibody rabbit anti-human S100A2 and secondary antibody 
goat anti-rabbit IgG H&L (HRP) were purchased from Abcam 
(United Kingdom).

2.3   |   Bioinformatics Analysis

The LUAD mRNA expression data (“normal”: 59, “tumor”: 535) 
was obtained from The Cancer Genome Atlas (TCGA) database. 
The “edgeR” package was used to perform differential analysis 
(|logFC| > 1.5, FDR < 0.05), and differentially expressed genes 
(DEGs) were screened. The target gene was identified based on 
the literature. Kaplan–Meier was used to analyze LUAD patient 
survival. The data were grouped by the median expression of 
the target gene. Enrichment analysis was performed by gene set 
enrichment analysis (GSEA) software. Upstream regulatory fac-
tors of the target gene were predicted using the hTFtarget data-
base. The JASPAR database was used to indicate the binding site 
at 2000 bp upstream of S100A2 with TFAP2A.

2.4   |   Cell Cultivation

293 T cells, human LUAD cell lines NCI-H1975, PC-9, and 
Calu-3, and the normal human lung epithelial cell line 
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BEAS-2B were all from BNCC (China). NCI-H1975 was cul-
tivated in 90% Roswell Park Memorial Institute (RPMI)-1640 
medium, PC-9 and BEAS-2B were cultured in 90% Dulbecco's 
modified Eagle's medium (DMEM)-H medium, and Calu-3 
was cultured in 90% Eagle's minimal essential medium 
(EMEM) supplemented with 10% fetal bovine serum (FBS) 
and 1% penicillin/streptomycin (Beyotime, China). 293 T cells 
were cultivated in a medium containing 90% DMEM-H and 
10% FBS with 2 mM L-glutamine. The cultivation environ-
ment was maintained at 37°C and 5% CO2.

2.5   |   Cell Transfection

si-S100A2, oe-S100A2, si-TFAP2A, and corresponding neg-
ative controls were purchased from GeneChem (China) 
and transfected into LUAD cells using Lipofectamine 2000 
(Thermo Scientific, United States). GPNA was purchased from 
MCE (United States), and LUAD cells were treated with 2 mM 
GPNA [17].

2.6   |   Quantitative Reverse Transcription 
Polymerase Chain Reaction (qRT-PCR)

Total RNA was extracted from cells using TRIzol reagent 
(Beyotime, China). RNA concentration and purity were de-
termined using a NanoDrop ND-1000 spectrophotometer 
(Thermo Fisher Scientific, United States). cDNA was syn-
thesized using the QuantiTect Reverse Transcription Kit 
(QIAGEN, Japan). qRT-PCR was performed on an Applied 
Biosystems™ 7500 real-time PCR system (Thermo Fisher 
Scientific, United States) by AceQ qPCR SYBR Green Master 
Mix (Vazyme, China). The expression of TFAP2A and S100A2 
was analyzed using the 2-ΔΔCt method. GAPDH was selected 
as a reference gene. The primer sequences are indicated in 
Table 1.

2.7   |   Cell Counting Kit-8 (CCK-8) Assay

Cell viability was detected using the CCK-8 kit (Beyotime, 
China). Cells were seeded in 96-well plates and cultured at 37°C 

for 0, 24, 48, and 72 h with the addition of 10 μL of CCK-8 solu-
tion in each well. Then, cells were incubated at 37°C for 2 h, and 
the absorbance at 450 nm at each time point was measured using 
a microplate reader.

2.8   |   Immunofluorescence (IF)

The cells were placed on a glass slide and cultured, and they 
were washed twice with Tris-buffered saline (TBS) after dis-
carding the cultivation medium. Then, cells were fixed with 
4% paraformaldehyde fixative (prepared with TBS buffer) at 
4°C for 30 min. The fixative was removed, and cells were rinsed 
three times with 4°C precooled TBS buffer for 5 min each and 
then blocked with 5% bovine serum albumin (BSA) (Solarbio, 
China) containing 0.1% TritonX-100 for 30 min. After washing 
three times with PBS, the slides were incubated with primary 
antibodies overnight at 4°C. Following PBS rinses, slides were 
incubated with fluorescent-conjugated secondary antibodies at 
37°C for 2 h. DAPI (Solarbio, China) was used for nuclear DNA 
staining after three times washing with PBS. After cleaning, 
the slides were placed in antifluorescence quenching mounting 
fluid (Beyotime, China) and observed with a confocal micro-
scope (Nikon, Japan). The primary antibodies are as follows: 
rabbit anti-human vimentin and E-cadherin. The secondary an-
tibody is as follows: goat anti-rabbit immunoglobulin G (IgG). 
All antibodies in this work were purchased from Abcam (United 
Kingdom).

2.9   |   Transwell Assay

The uncoated 8-μm-pore transwell chambers were used in the 
in vitro cell migration assay. In vitro cell invasion was measured 
using transwell chambers that had been precoated with 50 μL of 
Matrigel (Corning, United States). Cells in serum-free medium 
were placed in the upper chamber, and medium containing 10% 
FBS was placed in the lower chamber. Nonmigrated cells in the 
upper chamber were wiped off after 48 h of culture. The cells 
that migrated to the lower chamber were first fixed with 4% 
paraformaldehyde for 5 min and then stained with 0.5% crystal 
violet for 5 min at 25°C, and the cell migration and invasion were 
photographed.

2.10   |   Western Blot (WB)

Cells were harvested and washed with PBS before being 
lysed using radioimmunoprecipitation assay (RIPA) buffer 
(PERFEMIKER, China) containing protease inhibitors, and 
the sample protein concentration was determined using a bicin-
choninic acid (BCA) protein concentration assay kit (Thermo 
Fisher Scientific, United States). The extracted total protein was 
separated on a SDS-PAGE polyacrylamide gel and then trans-
ferred to a polyvinylidene fluoride (PVDF) membrane. The 
membrane was blocked for an hour with skim milk and incu-
bated at 4°C with the primary antibody overnight. After being 
washed three times with TBS Tween-20 (TBST) buffer, the mem-
brane was incubated for 2 h with horseradish peroxidase-labeled 
secondary antibodies. After TBST washing, the bands were im-
aged using electrochemiluminescence (ECL) immunoblotting 

TABLE 1    |    qRT-PCR primers.

Gene Sequence

TFAP2A Forward 
primer

5′-AGGTCAATCTCCCTACACGAG-3′

Reverse 
primer

5′-GGAGTAAGGATCTTGCGACTGG-3′

S100A2 Forward 
primer

5′-TGCCAAGAGGGCGACAAGTTCA-3′

Reverse 
primer

5′-AAGTCCACCTGCTGGTCACTGT-3′

GAPDH Forward 
primer

5′-GGAGCGAGATCCCTCCAAAAT-3′

Reverse 
primer

5′-GGCTGTTGTCATACTTCTCATGG-3′
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chemiluminescence solution and a chemiluminescence imag-
ing system (Clinx, China), and the relative expressions of pro-
teins were analyzed. The primary antibodies are as follows: 
rabbit anti-human TFAP2A, S100A2, matrix metallopeptidase 
2 (MMP-2), matrix metallopeptidase 9 (MMP-9), glutaminase 
(GLS), glutamate dehydrogenase 1 (GLUD1), and GAPDH. The 
secondary antibody is as follows: goat anti-rabbit IgG H&L 
(HRP). The MMP-9 antibody was purchased from Cell Signal 
(United States), and all other antibodies were purchased from 
Abcam (United Kingdom).

2.11   |   Glutamine Metabolite Measurement

Glutamine metabolic levels were assessed using glutamine up-
take, glutamate production, and alpha-ketoglutarate (α-KG) pro-
duction. The Glutamine Assay Kit (Abcam, ab197011) was used 
for glutamine uptake. Cells were collected in a centrifuge tube 
and centrifuged at 4°C for 5 min at 10 000 g. Twenty microliters 
of the supernatant was collected and added to the corresponding 
well of the 96-well plate. ddH2O was added to adjust the vol-
ume to 40 μL/well. Two microliters of the hydrolase mixture was 
added and thoroughly mixed. Cells were incubated in the dark 
for 60 min at 37°C. The microplate reader was used to measure 
the absorbance at 450 nm. Glutamate and α-KG production were 
measured using the Glutamate Assay Kit (Abcam, ab83389) and 
α-KG Assay Kit (Abcam, ab83431), respectively.

2.12   |   GSH/GSSG and NADP/NADPH

GSH/GSSG and NADP/NADPH were determined using the 
GSH and GSSG assay kits (Beyotime, China) and the NADP/
NADPH assay kit (Abbkine, United States), respectively.

2.13   |   Dual-Luciferase Reporter Assay

pGL3-S100A2-promoter-WT and pGL3-S100A2-promoter-MUT 
luciferase reporter vectors (BersinBio, China) were constructed, 
and the two vectors were cotransfected with si-NC or si-TFAP2A 
into 293 T cells using Lipofectamine™ 2000 (Invitrogen, United 
States), respectively. After 48 h of cultivation, luciferase activity 
was measured.

2.14   |   Chromatin Immunoprecipitation (ChIP)

ChIP experiments were performed utilizing anti-IgG and anti-
TFAP2A antibodies (Invitrogen, United States) and the ChIP 

assay kit (Merck, Germany). The precipitated DNA was tested 
by ChIP-qPCR. The primers are displayed in Table 2.

2.15   |   Data Analysis

Every group conducted at least three separate experiments, 
and the data were represented as mean ± standard deviation. 
Experimental data were analyzed using GraphPad Prism 8.0 for 
one-way ANOVA or t-test analysis. p < 0.05 was considered sta-
tistically significant.

3   |   Results

3.1   |   Upregulation of S100A2 Expression in LUAD

Based on the mRNA expression data of LUAD downloaded 
from the TCGA database, several DEGs were analyzed, and 
we selected S100A2 as the target gene in this study combined 
with the literature report [7] (Figure  1A). To study the im-
pact of S100A2 on LUAD, we first used bioinformatics analy-
sis to obtain the upregulated expression of S100A2 in LUAD 
(Figure 1B). Kaplan–Meier analysis of high S100A2 expression 
was positively correlated with poor prognosis in patients with 
LUAD (Figure  1C). IHC assay results showed that S100A2 
was upregulated in LUAD tissues compared to normal tissues 
(Figure 1D). The qRT-PCR results indicated that the expression 
of S100A2 in LUAD cell lines (NCI-H1975, PC-9, and Calu-3) 
was much higher than that in normal human lung epithelial 
cells (BEAS-2B) (Figure  1E). The above research results sug-
gested that S100A2 expression was upregulated in LUAD tissues 
and cells.

3.2   |   S100A2 Enhances LUAD Metastasis

To verify the influence of S100A2 on LUAD metastasis, 
S100A2 knockdown and overexpression cell groups were 
constructed based on PC-9 and Calu-3 cells. Through 
qRT-PCR, it was found that si-S100A2 greatly inhibited the 
S100A2 expression in PC-9 cells, and oe-S100A2 notably pro-
moted the S100A2 expression in Calu-3 cells (Figure  2A). 
CCK-8 experiment results demonstrated that si-S100A2 
greatly inhibited cell viability, while oe-S100A2 did the op-
posite (Figure  2B). Transwell assay results indicated that 
PC-9 cell migration and invasion capabilities were markedly 
decreased in the si-S100A2 group, while Calu-3 cell capacity 
for migration and invasion in the oe-S100A2 group was no-
ticeably enhanced (Figure 2C). Next, the expression of EMT-
related proteins vimentin and E-cadherin was determined 
by IF. The results suggested that the expression of vimentin 
was reduced and the expression of E-cadherin was increased 
in PC-9 cells of the si-S100A2 group, while the reverse trend 
was observed in the oe-S100A2 group (Figure  2D). MMP-2 
and MMP-9 are members of the matrix metalloproteinase 
(MMP) family, collectively known as gelatinases. In previ-
ous studies, gelatinases and other MMPs were commonly 
associated with invasion, metastasis, and angiogenesis in 
solid tumors [18]. Therefore, MMP-2 and MMP-9 are called 
metastasis-associated proteins. Finally, the expression of 

TABLE 2    |    ChIP-qPCR primers.

Gene Sequence

Site Forward 
primer

5′-GTCTGGGGAGGACATGTGTG-3′

Reverse 
primer

5′-CCAAGGCTGAAAACACCAGC-3′
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metastasis-related proteins (MMP-2 and MMP-9) was de-
tected by WB. S100A2 knockdown inhibited the expression of 
MMP-2 and MMP-9 in PC-9 cells, while S100A2 overexpres-
sion stimulated MMP-2 and MMP-9 expression in Calu-3 cells 
(Figure 2E). These results proved that S100A2 could promote 
LUAD metastasis at the cellular level.

3.3   |   S100A2-Mediated Glutamine Metabolism 
Affects LUAD Metastasis

To investigate the regulatory effect of S100A2 on LUAD metas-
tasis, S100A2 was found to be enriched in the glutamine meta-
bolic pathway through bioinformatics analysis (Figure 3A), and 

FIGURE 1    |    S100A2 expression in LUAD. (A) Volcano plot based on mRNA differential analysis in the TCGA-LUAD dataset. (B) Bioinformatics 
analysis of S100A2 expression in LUAD tissues. (C) Kaplan–Meier analysis of S100A2 expression in relation to survival in LUAD patients. (D) S100A2 
expression in LUAD tissues. (E) S100A2 expression in LUAD cells. * represents p < 0.05.

FIGURE 2    |    S100A2 promotes LUAD metastasis. (A) S100A2 expression detection. (B) Cell viability determination. (C) Cell migration and 
invasion ability determination. The scale bar was 50 μm. (D) EMT-related protein expression detection. The scale bar was 50 μm. (E) Metastasis-
related protein expression detection. * represents p < 0.05.
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Pearson's correlation analysis demonstrated that S100A2 was 
positively correlated with the key gene SLC38A5 in glutamine 
metabolism (Figure 3B). Subsequently, S100A2 knockdown and 
overexpression cell lines were constructed. GLS and GLUD1 
are glutamine metabolism-associated proteins, and it has been 
demonstrated that IGF2BP3 stabilizes the gene expression 
of GLS and GLUD1 through m6A modification and promotes 
glutamate and glutamine metabolism in human cervical can-
cer cells [19]. The expression of glutamine metabolism-related 
proteins GLS, GLUD1, and SLC38A5 was determined by WB. 
The results indicated that the expression of SLC38A5, gluta-
mine metabolism-related proteins GLS, and GLUD1 in PC-9 
cells of the si-S100A2 group was greatly reduced. In contrast, 
the expression of SLC38A5, GLS, and GLUD1 in Calu-3 cells 
in the oe-S100A2 group was noticeably increased (Figure 3C). 
The metabolic level of glutamine was then evaluated, and it 
was found that glutamine consumption, glutamate, and α-KG 
production were reduced in PC-9 cells in the si-S100A2 group, 
while the opposite trend was observed in the oe-S100A2 group 
(Figure 3D–F). The NADP/NADPH and GSH/GSSG ratios were 
further measured, and it was found that the NADP/NADPH 
ratio increased and the GSH/GSSG ratio decreased in PC-9 cells 
of the si-S100A2 group, while the opposite trend was observed in 

the oe-S100A2 group (Figure 3G,H). Groups were reestablished 
based on Calu-3 cells: oe-NC + DMSO, oe-S100A2 + DMSO, and 
oe-S100A2 + GPNA (selective inhibitor of glutamine transporter 
alanine–serine–cysteine transporter 2 [ASCT2]). The CCK-8 de-
tection results suggested that Calu-3 cell viability was greatly in-
creased by overexpressing S100A2, and when GPNA was added, 
cell viability returned to the control level (Figure 3I). According 
to transwell results, overexpression of S100A2 enhanced Calu-3 
cell capacities for migration and invasion, while the addition of 
GPNA reduced the effect of overexpression of S100A2 on these 
capacities (Figure  3J,K). Vimentin expression was enhanced, 
and E-cadherin expression was suppressed by upregulation 
of S100A2, according to IF results. After adding GPNA, the 
expressions of vimentin and E-cadherin returned to the con-
trol level (Figure  3L). Finally, the expression of SLC38A5 and 
metastasis-related proteins (MMP-2 and MMP-9) was detected 
by WB. SLC38A5, MMP-2, and MMP-9 expressions were found 
to be substantially elevated by upregulating S100A2, whereas 
the addition of GPNA inhibited the promoting effect of S100A2 
overexpression on MMP-2 and MMP-9 protein expression with-
out impact on SLC38A5 protein expression (Figure 3M). These 
results indicated that S100A2 mediated glutamine metabolism 
to enhance the LUAD progression.

FIGURE 2    |    Continued.
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3.4   |   The Regulatory Relationship Between 
TFAP2A and S100A2 in LUAD

To study the potential mechanism of S100A2 affecting 
LUAD, bioinformatics analysis and correlation analysis were 

performed. The expression of the upstream transcription factor 
TFAP2A was positively correlated with S100A2 (Figure 4A,B). 
There was a potential binding site between the TFAP2A and 
S100A2 transcripts at 2000 bp upstream in the JASPAR data-
base (Figure 4C). Bioinformatics analysis revealed that LUAD 

FIGURE 3    |    S100A2-mediated glutamine metabolism affects LUAD metastasis. (A) Enrichment pathway analysis. (B) Correlation analysis 
of S100A2 and glutamine metabolic marker genes. (C) SLC38A5, GLS, and GLUD1 expression detection. (D–F) Determination of glutamine 
consumption, glutamate content, and α-KG content. (G, H) NADP/NADPH and GSH/GSSG ratios. (I) Cell viability detection. (J, K) Cell migration 
and invasion determination. The scale bar was 50 μm. (L) Vimentin and E-cadherin expression detection. The scale bar was 50 μm. (M) MMP-2 and 
MMP-9 expression detection. * represents p < 0.05.
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tissues had high levels of TFAP2A expression (Figure 4D), and 
TFAP2A was also found to be highly expressed in LUAD cells 
by qRT-PCR detection (Figure 4E). Next, dual luciferase assay 
results suggested that TFAP2A silencing could reduce the lucif-
erase activity of wild-type S100A2 but had no discernible im-
pact on mutant S100A2 (Figure 4F). ChIP results demonstrated 
that anti-TFAP2A could greatly increase S100A2 enrichment 
(Figure 4G). According to the results above, TFAP2A facilitated 
S100A2 expression.

3.5   |   TFAP2A Enhances S100A2 Expression to 
Induce LUAD Metastasis Through Glutamine 
Metabolism

Based on PC-9 cells, we constructed knockdown TFAP2A cells 
and TFAP2A knockdown combined with S100A2 overexpression 

cells to further investigate the influence of TFAP2A on LUAD 
metastasis by enhancing S100A2 expression. First, qRT-PCR 
was used to detect the S100A2 expression level in each group. 
The results indicated that si-TFAP2A greatly inhibited S100A2 
expression in PC-9 cells. Knockdown of TFAP2A and over-
expression of S100A2 in PC-9 cells restored the expression of 
S100A2 to the control level (Figure  5A). CCK-8 results sug-
gested that si-TFAP2A inhibited PC-9 cell viability, while oe-
S100A2 could reverse the inhibitory effect of si-TFAP2A on 
cell viability (Figure 5B). According to transwell assay results, 
PC-9 cell invasion and migration were dramatically suppressed 
by si-TFAP2A. Knockdown of TFAP2A and overexpression of 
S100A2 restored the migration and invasion abilities of cells 
to the control level (Figure 5C). IF detection results indicated 
that si-TFAP2A greatly decreased vimentin expression and dra-
matically increased E-cadherin expression in PC-9 cells, but 
simultaneously overexpressing S100A2 restored the expression 

FIGURE 3    |    Continued.
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FIGURE 4    |    TFAP2A affects the S100A2 expression in LUAD. (A) Upset plot of S100A2 predicted upstream target genes and differentially 
expressed genes. (B) Expression correlation between TFAP2A and S100A2. (C) TFAP2A and S100A2 target binding sites. (D) TFAP2A expression 
in LUAD tissue. (E) TFAP2A expression in LUAD cells. (F, G) Verification of the TFAP2A and S100A2 binding relationship. * represents p < 0.05.
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of vimentin and E-cadherin to the control level (Figure  5D). 
According to WB detection, the expression of the metastasis-
related proteins MMP-2 and MMP-9 was markedly decreased 
by si-TFAP2A in PC-9 cells, but simultaneously overexpress-
ing S100A2 could reverse this inhibitory effect (Figure  5E). 

Measurement of glutamine metabolism levels in LUAD found 
that after knocking down TFAP2A, glutamine was consumed, 
glutamate and α-KG were reduced, but simultaneously upregu-
lating S100A2 could reverse this effect (Figure 5F–H). NADP/
NADPH and GSH/GSSG were evaluated, and it was found that 

FIGURE 5    |    TFAP2A increases S100A2-mediated glutamine metabolism to induce LUAD metastasis. (A) S100A2 expression in LUAD. (B) Cell 
viability determination. (C) Cell migration and invasion determination. The scale bar was 50 μm. (D) Vimentin and E-cadherin expression detection. 
The scale bar was 50 μm. (E) MMP-2 and MMP-9 expression detection. (F–H) Glutamine consumption, glutamate content, and α-KG content 
determination. (I) NADP/NADPH and GSH/GSSG ratio determination. (J) GLS and GLUD1 expression detection. * represents p < 0.05.
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silencing TFAP2A tended to favor NADP and GSSG, while the 
two ratios returned to the control level with concurrent trans-
fection of oe-S100A2 (Figure  5I). Finally, the expression of 
glutamine metabolism-related proteins GLS and GLUD1 was 
detected by WB. It was found that si-TFAP2A greatly reduced 

the expression of GLS and GLUD1 in PC-9 cells, but simulta-
neously overexpressing S100A2 restored the expression of GLS 
and GLUD1 to the control group level (Figure 5J). In summary, 
TFAP2A could upregulate S100A2 to mediate glutamine metab-
olism to induce LUAD metastasis.

FIGURE 5    |    Continued.
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4   |   Discussion

S100A2 dysregulation is linked to the etiology of many cancers. 
Studies have evidenced that S100A2 is abnormally expressed 
in various cancer tissues and cells. Li et al. found that S100A2 
expression is markedly upregulated in CRC [20]. In an investi-
gation on EC, it was discovered that EC has noticeably higher 
levels of S100A2 expression [11]. Consistent with the previous 
conclusion, this investigation demonstrated the substantial up-
regulation of S100A2 in LUAD tissues and cells. Tumor invasion, 
metastasis, and proliferation are typically associated with abnor-
mal expression of S100A2. Studies have validated that S100A2 
expression is enhanced by DNA methylation-related hypoxia/
HIF-1α signaling in hepatocellular carcinoma (HCC). Under hy-
poxic conditions, HCC cell proliferation and invasion are mark-
edly suppressed by S100A2 knockdown [10]. A study on papillary 
thyroid cancer (PTC) discovered that by upregulating S100A2 
expression, miR-181a can encourage PTC cell proliferation, in-
vasion, and migration [21]. Similarly, our findings revealed that 
S100A2 overexpression strongly encouraged LUAD cell migra-
tion and invasion. Based on these findings, it is possible to use 
S100A2 as a therapeutic target and diagnostic marker for LUAD, 
as it was found to have a prometastatic role in tumor mechanisms.

Glutamine is considered a substrate source for the tricarboxylic 
acid cycle and is essential for the survival and adaptation of 
cancer cells. GLS is a key enzyme in glutamine metabolism. 
Studies have found that knocking down GLS reduces the de-
composition of glutamate in triple-negative BC cells, inhibits 
glutamine metabolism, and reduces the growth and metasta-
sis of tumor cells [22]. Angiopoietin-like protein (ANGPTL) 4 
can upregulate the expression of GLS and carnitine palmito-
yltransferase I (CPT1), enhance glutamine metabolism, and 
accelerate the development of non–small cell lung cancer [23]. 
Consistent with the previous studies, the results of this study 
proved that knocking down S100A2 resulted in decreased glu-
tamine consumption and decreased expression of the proteins 
related to glutamine metabolism, GLS, and GLUD1. ASCT2 
is a key glutamine transporter. Studies have verified that 
MLN4924 regulates glutamine metabolism through ASCT2 to 
promote BC progression [24]. In this research, S100A2 over-
expression markedly increased LUAD glutamine metabolism, 
while this promotion effect was decreased by the addition of 
GPNA. In summary, tumor metabolic reprogramming is es-
sential to tumor progression. Therefore, studying the molecu-
lar mechanism by which glutamine metabolism affects tumor 
progression is of great significance for the future treatment of 
glutamine-dependent LUAD patients. Our data also further 
supported that targeting the glutamine metabolic pathway may 
be a potential therapeutic strategy to inhibit LUAD metastasis.

In this work, TFAP2A expression was upregulated in LUAD, 
and TFAP2A binding with the S100A2 promoter region stimu-
lated the S100A2 transcription. Transcription factor TFAP2A 
is an important cell-growing regulatory factor and is highly 
expressed in pancreatic cancer [25], ovarian cancer [26], basal-
squamous bladder cancer [27], and other tumors. It is reported 
that TFAP2A is highly expressed in cervical cancer, and silenc-
ing TFAP2A inhibits the proliferation and migration of cervical 
cancer cells [28]. Another research pointed out that TFAP2A 
induces ITPKA overexpression and interacts with DBN1 to 

facilitate EMT, which in turn enhances LUAD migration and 
proliferation [29]. According to our results, TFAP2A knockdown 
changed the expression of EMT-related proteins and inhibited 
the metastasis of LUAD cells, but simultaneously, overexpres-
sion of S100A2 reversed the effect of TFAP2 knockdown. These 
results suggested that TFAP2A regulated LUAD metastasis by 
regulating S100A2 transcription. These findings contributed to 
the understanding of the indirect involvement of S100A2 in the 
progression of LUAD.

In summary, this study explored TFAP2A as a transcription fac-
tor that activated the S100A2 transcription and mediated gluta-
mine metabolism to affect the LUAD progression. The results 
indicated that TFAP2A activated S100A2 to mediate glutamine 
metabolism and induce LUAD metastasis. This study suggested 
that targeting the TFAP2A/S100A2 axis may be a promising 
strategy for the LUAD treatment. However, this work still has 
shortcomings. The promoting role of the TFAP2A/S100A2 axis 
in LUAD metastasis and the potential interaction of S100A5 
with other small molecules, such as SLC38A5, have not been 
further verified through animal experiments. In the future, we 
will delve deeper into the veracity of this theory through ani-
mal models. In conclusion, our study elucidated the impact of 
the TFAP2A/S100A2 axis on LUAD metastasis and provided 
insights for developing new treatments for LUAD.
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