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Abstract 

Background  Mitochondria, which serve as the fundamental organelle for cellular energy and metabolism, are 
closely linked to the growth and survival of cancer cells. This study aims to identify and assess Sideroflexin1 (SFXN1), 
an unprecedented mitochondrial gene, as a potential prognostic biomarker for lung adenocarcinoma (LUAD).

Methods  The mRNA and protein levels of SFXN1 were investigated based on the Cancer Genome Atlas (TCGA) LUAD 
dataset, and then validated by real-time quantitative PCR, Western Blotting and immunohistochemistry from our clini-
cal samples. The clinical correlation and prognostic value were evaluated by the TCGA cohort and verified via our clini-
cal dataset (n = 90). The somatic mutation, drug sensitivity data, immune cell infiltration and single-cell RNA sequenc-
ing data of SFXN1 were analyzed through public databases.

Results  SFXN1 was markedly upregulated at both mRNA and protein levels in LUAD, and high expression of SFXN1 
were correlated with larger tumor size, positive lymph node metastasis, and advanced clinical stage. Furthermore, 
SFXN1 upregulation was significantly associated with poor clinical prognosis. SFXN1 co-expressed genes were 
also analyzed, which were mainly involved in the cell cycle, central carbon metabolism, DNA repair, and the HIF-1α 
signaling pathway. Additionally, SFXN1 expression correlated with the expression of multiple immunomodula-
tors, which act to regulate the tumor immune microenvironment. Results also demonstrated an association 
between SFXN1 expression and increased immune cell infiltration, such as activated CD8 + T cells, natural killer cells 
(NKs), activated dendritic cells (DCs), and macrophages. LUAD patients with high SFXN1 expression exhibited height-
ened sensitivity to multiple chemotherapies and targeted drugs and predicted a poor response to immunotherapy. 
SFXN1 represented an independent prognostic marker for LUAD patients with an improved prognostic value for over-
all survival when combined with clinical stage information.

Conclusions  SFXN1 is frequently upregulated in LUAD and has a significant impact on the tumor immune environ-
ment. Our study uncovers the potential of SFXN1 as a prognostic biomarker and as a novel target for intervention 
in LUAD.
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Background
 Lung cancer continues to be the foremost cause of 
cancer-related morbidity across the globe, as evidenced 
by the recent data presented by Siegel et al. [1]. Adeno-
carcinoma, squamous cell carcinoma, and large cell 
carcinoma are subtypes of non-small cell lung cancer 
(NSCLC), which accounts for more than 85% of lung 
cancer cases [2]. Adenocarcinoma is the most commonly 
diagnosed subtype of NSCLC, and its incidence rate is on 
the rise [3]. The significant advances in genetic diagno-
sis and molecular targeted therapy have greatly improved 
the effectiveness of treatment, particularly for LUAD. 
The advent of EGFR-TKIs has led to the emergence of 
precision medicine based on tumor molecular alteration 
profile as opposed to tumor histology or anatomy [4, 5]. 
However, the 5-year overall survival rate remains below 
20%, largely due to resistance to targeted drugs and inad-
equate identification of additional mutant driver genes 
[6]. As a result, identifying additional essential genes and 
prognostic biomarkers is crucial at this time to improve 
early diagnosis, customized treatment plans, and overall 
prognosis.

Abnormal energy metabolism is a pivotal feature of 
cancer [7]. Mitochondria, by regulating cellular energy 
and metabolism, play a vital role in the growth and sur-
vival of cancer cells [8]. Furthermore, mitochondria have 
been recently identified as key regulators of immune cells, 
controlling both innate and adaptive immune responses 
through their role in the establishment and maintenance 
of immune cell phenotypes [9]. Although mitochondrial 
dysfunction is a shared characteristic of most cancers, 
the underlying mechanisms of these phenomena remain 
unresolved [10]. While some drugs targeting mitochon-
drial metabolism have shown promising effects in treat-
ing cancer, their clinical application is currently limited 
[11]. The identification of genetic alterations in mito-
chondria is critical for a comprehensive understanding of 
tumor metabolism. Additionally, this knowledge could be 
utilized in developing mitochondrial metabolism-based 
therapies for lung cancer [10, 12].

The SFXN family is a conserved group of mitochon-
drial proteins in humans [13]. It is composed of SFXN1, 
also known as the tricarboxylate carrier protein [14], 
SFXN2, SFXN3, SFXN4 and SFXN5. SFXN2 is primar-
ily expressed in the kidney, SFXN3 in the retina, SFXN4 
in the pancreas, and SFXN5 in the brain, while SFXN1 
is ubiquitously expressed as a multi-pass protein on the 
inner membrane of mitochondria [15]. Recently, Nora 
Kory and colleagues verified that SFXN1 serves as a mito-
chondrial serine transporter in the process of one-carbon 
metabolism and is highly expressed in many cancers 
[15]. Studies have shown that SFXN1 was upregulated in 
LUAD and may promote the proliferation and metastasis 

through mTOR signaling pathway [16, 17]. However, to 
the best of our knowledge, there are relatively few stud-
ies on the research of SFXN1 mutational expression pro-
file and its relationship with drug sensitivity and immune 
infiltration in LUAD.

To elucidate the possible relevance between the SFXN 
family and LUAD, we conducted an integrative analysis 
of the SFXN family, particularly SFXN1, through various 
cancer-related databases such as TCGA, Gene Expres-
sion Omnibus (GEO), and Clinical Proteomic Tumor 
Analysis Consortium (CPTAC), and deeply investigated 
the relationship between SFXN1 expression and various 
immune cell infiltrations and clinical drug sensitivity. 
We validated the prognostic value of SFXN1 in LUAD 
using our clinical data with the hope of providing useful 
insights into the mitochondrial genetic etiology of lung 
cancer.

Materials and methods
Samples and cell lines
In the training set, we downloaded transcriptome expres-
sion data and corresponding clinical samples from the 
TCGA database (https://​portal.​gdc.​cancer.​gov/), includ-
ing 492 LUAD and 59 adjacent normal tissue samples. 
Patients included in the study needed to have complete 
gene expression data, follow-up information, and TNM 
staging. The gene expression data values were converted 
into log2(TPM + 1) format. LUAD patients were divided 
into high and low groups by the median expression of 
SFXN1 mRNA. In the validation set, 20 adjacent non-
tumor samples and 90 LUAD samples that underwent 
surgery between December 2012 and February 2014 
were obtained from Tianjin Cancer Institute and Hospi-
tal, which was approved by the ethics committee of the 
Tianjin Medical University Cancer Institute and Hospital 
(bc2023085) and adhered to the ethical guidelines of the 
Helsinki Declaration. Termination time of follow-up of 
our clinical data was May 15, 2023. Cell lines used in this 
study, including BEAS-2B, NCI-H1299, A549, and NCI-
H1975 were provided by American Type Culture Collec-
tion (ATCC) cell bank.

Gene expression analysis by real‑time quantitative PCR 
(qRT‑PCR)
The total RNA was extracted using the Trizol reagent fol-
lowing the product protocol (Invitrogen, No.15596026). 
The reverse transcription reaction and qPCR were per-
formed based on our previous study [18]. SFXN1 prim-
ers followed the 5’ to 3’ direction: ACC AGT CCT TCA 
ATG CCG TCG T (forward) and GAG TCC TAG AGC 
TGT TGC TAC G (reverse) (CAT#: HP214538). We used 
GAPDH as the reference primer (Forward: GTC TCC 
TCT GAC TTC AAC AGC G; Reverse: ACC ACC CTG 

https://portal.gdc.cancer.gov/
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TTG CTG TAG CCA A (CAT#: HP205798). The experi-
ment was repeated three times. Other primers are shown 
in the Supplementary Table 1.

Western blotting (WB)
The protein extraction and western blotting processes 
were performed as described in our previous publica-
tion [19]. Protein concentration was quantified with BCA 
protein assay (Solarbio, PC0020). Subsequently, 30–50 µg 
of proteins were separated by 10% SDS-polyacrylamide 
gel electrophoresis (PAGE) and then transferred onto 
polyvinylidene fluoride (PVDF) membranes. After block-
ing the membranes with blocking buffer (EpiZyme, Cat#: 
PS108P, Shanghai, China) for 30  min, the primary anti-
bodies were added and the membranes were incubated 
overnight at 4  °C. The membranes were then washed 
three times (10 min each) with Tris-buffered saline con-
taining 0.1% Tween-20 (TBST) (EpiZyme Biotech, Cat#: 
PS103S). Horseradish peroxidase (HRP)-conjugated 
secondary antibodies (CST) were incubated with the 
membranes for 1 h at room temperature, followed by an 
additional three washes with TBST. Protein signals were 
detected by chemiluminescence using Super ECL Detec-
tion Reagent (Cat.No. WBKLS0500, Millipore, USA). The 
primary antibodies were listed below: β-Actin (1:1000 
dilution, CST Cat#3700), SFXN1 (1:1000 dilution, Pro-
teintech Cat#12296-1-AP). Western blot stripping buffer 
(P0025) was purchased from Beyotime Biotechnology 
(Shanghai, China). Note: To detect protein expression on 
the same membrane, under the premise of ensuring the 
integrity of the target proteins, we hybridized with two 
different antibodies successively on the same blotting 
membrane, using the stripping buffer in the process.

Immunohistochemistry (IHC)
The detailed IHC procedures and SFXN1 staining score 
criteria were followed by our previous study [18]. Antigen 
retrieval was performed with pressure cooking in tris-
EDTA (pH = 9.0). We used a rabbit polyclonal antibody 
against SFXN1 (Proteintech Cat#12296-1-AP; RRID: AB 
2,185,814) at a dilution of 1:200. The IHC score no more 
than seven was regarded as low expression and vice versa 
for high expression.

Cell counting Kit‑8 assay (CCK8)
To assess the inhibitory effect of drugs on cell prolif-
eration, A549 cells infected with control lentivirus and 
SFXN1-overexprssion lentivirus were seeded into 96-well 
plates at a density of 2000 cells per well. At 24, 48, 72 h 
after the cells were seeded, CCK-8 reagent (Zeta, France) 
was mixed with the cells for 2 h incubation at 37 °C in the 
dark. The absorbance value was measured at 450 nm with 
Microplate reader.

Expression landscape and prognostic value of SFXN family 
genes
We utilized multiple bioinformatic databases to investi-
gate the expression and prognostic value of SFXN1 and 
other SFXN family genes across different cancer types. 
The differential expression of SFXN1 in pan-cancer-
ous tissues and normal tissues was examined using the 
ULCAN database (https://​ualcan.​path.​uab.​edu/​index.​
html) [20]. The prognostic value of SFXN family genes in 
LUAD patients was evaluated by univariate Cox regres-
sion analysis. Differences in SFXN family genes expres-
sion between LUAD and adjacent normal tissues were 
obtained from the GEPIA database (http://​gepia.​cancer-​
pku.​cn/) [21]. The correlation between SFXN1 mRNA 
expression and protein expression was analyzed by the 
cProSite database (https://​cpros​ite.​ccr.​cancer.​gov/) and 
protein expression differences of SFXN1 in LUAD and 
normal tissue were accessed via the CPTAC database 
(https://​hupo.​org/​Clini​cal-​Prote​ome-​Tumor-​Analy​sis-​
Conso​rtium-​(CPTAC)). The prognostic value of SFXN1 
at the pan-carcinoma level was evaluated using the 
GEPIA2.0 database (http://​gepia2.​cancer-​pku.​cn/#​index) 
[22]. Correlations between SFXN1 expression and clin-
icopathological features in LUAD patients were analyzed 
using the ANOVA or Wilcoxon test followed by visuali-
zation through the “ggplot2” package.

Functional enrichment analysis
To explore the biological function of SFXN1, a total of 
296 differentially expressed genes in LUAD patients 
with low and high SFXN1 expression using the “limma” 
package, applying a screening criterion of |LogFC|>0.7. 
Meanwhile, the gene ontology (GO) analysis was per-
formed to validate the role of SFXN1 in LUAD and then 
the Gene Set Enrichment Analysis (GSEA) was used to 
identify enriched pathways. The first eight enriched path-
ways are shown in the figure. Additionally, protein-pro-
tein interaction (PPI) analysis was performed to identify 
co-expressed genes of SFXN1, using a correlation index 
greater than 0.4 as the criterion, and the PPI networks 
was generated from the STRING database (https://​cn.​
string-​db.​org/) [23, 24]. The most correlated subnetworks 
were identified using the Mcode plugin of Cytoscape and 
their biological functions were visualized through the 
Cluego plugin.

Somatic mutation analysis
Somatic mutation data for LUAD patients were obtained 
from the TCGA database. The correlation between 
SFXN1 expression and tumor mutational burden (TMB) 
value was analyzed by pearson correlation test. TMB was 
subsequently calculated for each LUAD patient using the 
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“maftools” package, which was also utilized to generate 
mutant waterfall plots and enrichment pathways for both 
low and high SFXN1 expression groups.

Immune infiltration analysis
The “ESTIMATE” package was utilized to calculate the 
estimate score, immunity score, stroma score, and tumor 
purity for every LUAD sample. To investigate the impact 
of SFXN1 on the composition of tumor-infiltrating 
immune cells, we utilized the “GSVA” package along with 
the single-sample GSEA (ssGSEA) algorithm to evaluate 
the immune scores of 28 immune cell types. A Wilcoxon 
test was then employed to assess the correlation between 
SFXN1 and immune checkpoints by comparing low and 
high SFXN1 expression groups. To evaluate the differen-
tiation between tumor immune dysfunction and exclu-
sion (TIDE) scores, we uploaded the normalized gene 
expression matrix to the TIDE website (http://​tide.​dfci.​
harva​rd.​edu) and the Wilcoxon test was utilized to com-
pare the estimates of different SFXN1 expression groups. 
Futhermore, we analyzed the correlation between 
SFXN1 expression and immune microenvironment fac-
tors through TISIDB [25]  (http://​cis.​hku.​hk/​TISIDB/​
index.​php), including lymphocytes, immunostimulators, 
immunoinhibitors, MHC molecules, chemokines and 
chemokine receptors, which is an integrated database for 
tumor–immune system interactions.

Drug sensitivity analysis
The chemotherapy response of LUAD patients from the 
TCGA database was evaluated based on the drug sensi-
tivity data from the Cancer Genome Project (CGP) data-
base. The half-maximal inhibitory concentrations (IC50) 
values of 251 antitumor drugs were estimated using the 
“pRRophetic” package, which utilized the gene expres-
sion matrix from individual LUAD patient. Compara-
tive analysis of drug sensitivity was performed on the 
high and low SFXN1 expression groups. Additionally, 
the correlation coefficient was calculated by the Spear-
man correlation test between drug sensitivity and SFXN1 
expression.

Analysis of SFXN1 expression in single‑cell level of NSCLC
The multidimensional features of NSCLC-infiltrating lym-
phocytes were identified using the Peking University data-
base (http://​lung.​cancer-​pku.​cn/​index.​php). This database 
contained advanced deep single-cell RNA sequencing 
data and comprehensive T-cell receptor (TCR) informa-
tion. The single-cell level data regarding SFXN1-related 
functional status was obtained from the Cancer SEA data-
base (http://​biocc.​hrbmu.​edu.​cn/​Cance​rSEA/).

Prognostic analysis
The Kaplan–Meier (KM) analysis was conducted 
based on the survival time in the low and high group 
of SFXN1 expression (training set and validation 
set). Univariate and multivariate Cox regression 
analysis was performed to examine the correlation 
between survival time, clinical prognostic indicators 
and SFXN1 expression using the “survival” package. 
Nomograms were constructed based on the independ-
ent factors of Cox multivariate analyses in the TCGA 
database by “rms” package. The concordance index 
(C-index) and calibration were assessed to effectively 
measure the performance of constructed nomograms. 
The “SurvivalROC” package was applied to gener-
ate receiver operating characteristic (ROC) curves to 
assess predictive performance.

Statistical analysis
R programming language (Version 4.0.4) and GraphPad 
Prism 9 were utilized for statistical analysis. A signifi-
cance level of P < 0.05 was applied with bilateral detection 
for all statistical analyses.

Results
Expression and prognostic value of SFXN1 across cancers
Our analysis of the GEPIA database revealed that 
SFXN4, another member of the SFXN family, was 
overexpressed in lung adenocarcinomas (Fig. 1A). Sub-
sequently, univariate Cox regression of the five genes 
of SFXN family using 495 LUAD patients within the 
TCGA database revealed that only high expression 
level of SFXN1 were associated with poor patient prog-
nosis within LUAD (Fig.  1B). Analysis of the TCGA 
database suggested that the expression of SFXN1, a 
member of the SFXN family of genes, was significantly 
upregulated in several types of cancer, including lung 
cancer, hepatocellular carcinoma, and breast cancer, 
as compared to paracancerous tissues (Fig.  1C). The 
clinical characteristics of the LUAD patients analyzed 
within the TCGA database are presented in Table  1. 
TCGA and CPTAC database analysis indicated that 
the abundance of SFXN1 protein was significantly 
higher in LUAD patients as compared to normal lung 
tissues (Fig.  1D, E). We observed a clear correlation 
between the abundance of SFXN1 protein and its 
mRNA expression levels, which was able to effectively 
distinguish between LUAD and paraneoplastic tissues 
(R = 0.7931, P < 0.001) (Fig. 1F). Lastly, we assessed the 
potential prognostic value of SFXN1 expression in a 
range of cancer types within the TCGA database. Our 
results indicated that high expression levels of SFXN1 

http://tide.dfci.harvard.edu
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were associated with improved prognosis in kid-
ney renal clear cell carcinoma (KIRC), but with poor 
prognosis in several other cancers, including LUAD, 

adrenocortical carcinoma (ACC), breast invasive car-
cinoma (BRCA), acute myeloid leukemia (LAML), and 
mesothelioma (MESO) (Fig. 1G).

Fig. 1  SFXN1 expression levels and prognostic value in different cancers, specifically in LUAD. A SFXN family genes expression in LUAD (T) 
and normal lung tissues (N). B Univariate Cox regression of SFXN family genes for OS in LUAD. C SFXN1 expression levels in tumors (red) and normal 
tissues (blue) from TCGA. D SFXN1 protein abundance in TCGA LUAD and healthy tissue. E SFXN1 protein expression in normal and LUAD 
from CPTAC database. F Correlation between mRNA level and the protein abundance of SFXN1. G Correlation between the SFXN1 expression 
and OS in pan-cancers based on the TCGA data
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Relationship between SFXN1 and clinicopathologic 
features of LUAD patients
In this research, we investigated SFXN1 gene expression 
profiles in 492 LUAD patients from the TCGA database 
and analyzed their correlation with age, gender, smoking 
history, and TNM stage (Fig. 2A). Our data revealed that 
high SFXN1 expression was strongly associated with 
larger tumor sizes (P = 0.0055), lymph node involve-
ment (P = 0.0096), distant organ metastasis (P = 0.0322), 
and advanced TNM staging (P < 0.0001) among these 
patients (Fig. 2B-E).

Differentially expressed genes of SFXN1 by functional 
enrichment analysis
To establish the potential functions of SFXN1 in LUAD, 
we conducted a comprehensive analysis of signal-
ing pathways and biological functions of SFXN1 co-
expressed genes in LUAD. Our GO analysis discovered 
that SFXN1 high expression related genes were promi-
nently enriched in cell cycle-related biological processes 
(BP), such as mitosis and chromosome segregation. 
Additionally, molecular functions (MF) were enriched 
in antigen binding, immunoglobulin binding, and 
microtubule binding activities (Fig. 3A). KEGG pathway 
enrichment analysis revealed that SFXN1-associated 
genes were significantly enriched in numerous cancer-
related pathways, such as central carbon metabolism, 
cell cycle regulation, cellular senescence, DNA repair, 
HIF-1α signaling, p53 signaling, and glycolysis/ gluco-
neogenesis (Fig.  3B, all P < 0.05). Among them, the top 
five pathways linked with SFXN1 upregulated genes 
enriched the cell cycle, TCA cycle, DNA repair, mis-
match repair, and proteasome pathways (Fig. 3C), while 
downregulated genes were mainly enriched in the path-
ways outlined in Fig.  3D. Subsequently, the PPI net-
work revealed CCNB1, CCNA2, BRCA1, and DHX15 as 
the top four proteins that significantly interacted with 
SFXN1 (Fig.  3E). Previous research has demonstrated 
that CCNB1 plays a crucial role in mediating cell cycle 
progression by reprogramming energy metabolism in 
tumor adaptive resistance [26]. Furthermore, CCNB1 
and CCNA2 were vital in regulating cell cycle progres-
sion, while BRCA1 was involved in DNA repair, damage, 
and chromatin remodeling [27] and DHX15 overex-
pression has been shown to promote proliferation and 
tumor metastasis, particularly in lung cancers [28]. Fig-
ure  3  F illustrated the interrelationships between the 
enriched signaling pathways associated with SFXN1-
related genes.

We analyzed the correlation between SFXN1 and these 
genes in TCGA database. The results showed that SFXN1 
was related to cell cycle genes and DNA damage repair 
genes (Fig.  4A-C). Therefore, we detected key genes of 
the above pathways in A549 cell. First, we evaluated the 
efficiency of SFXN1 overexpression by RT-qPCR and 
western blot. The SFXN1 expression at mRNA and pro-
tein levels was higher by overexpression vector (Fig. 4D). 
qRT-PCR results showed that the mRNA levels of DNA 
damage repair genes CHEK1, CHEK2, ATR, ATM, 
RAD50, RAD51 and PARP1 were increased in SFXN1 
overexpression group (Fig.  4E). Then, CDK1, CDK4, 
CDK6, CCND1 and CCNB1 in SFXN1 overexpres-
sion group were significantly higher than those in con-
trol group (Fig. 4F). Also, DHX15 was upregulated after 
SFXN1 overexpression in A549 cell (Fig. 4G). The results 

Table 1  The clinical characteristics of LUAD patients from the 
TCGA database

Clinical variables N = 492 %

Age (years)
  Mean (SD) 65.4 (10.0) –

  Median (Min, Max) 66 (33, 88) –

  < 60 134 27.23

  ≥ 60 358 72.76

Gender
  Female 264 53.66

  Male 228 46.34

Race
  White 385 78.25

  Non-White 59 12.00

  Unknown 48 9.75

Smoking history
  Non-smoker 71 14.43

  Smoker 407 82.72

  Unknown 14 2.85

Clinical stage
  I 266 54.07

  II 120 24.39

  III 80 16.26

  IV 26 5.28

Tumor size (cm)
  T1 (≤ 3) 169 34.35

  T2 (3–5) 258 52.44

  T3 (5–7) 44 8.94

  T4 (> 7) 18 3.66

  Unknown 3 6.10

Lymph node metastasis
  Negative 317 64.43

  Positive 165 33.54

  Unknown 10 2.03

Distant metastasis
  Negative 328 66.67

  Positive 25 5.08

  Unknown 139 28.25
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indicated that SFXN1 might interact with these genes to 
promote the development of LUAD.

Mutational expression profile of SFXN1 in LUAD
Somatic SFXN1 gene mutations were detected in 243 
patients with LUAD from the TCGA database. Waterfall 
plot revealed 93.83% (228/243) somatic mutation rate in 
patients with high expression, TP53 and TTN exhibited 
higher mutation frequency. The low expression group had 
a somatic mutation rate of 87.24% (212/243), with MUC16 
and TTN exhibiting higher mutation frequency apart 
from TP53 (Fig. 5A, B). Various SFXN1 expression groups 
showed significant enrichment of pathways, with SFXN1 
exhibiting somatic gene mutations in cancer-related sign-
aling pathways like RTK-RAS, WNT, NOTCH, Hippo 
and PI3K which indicates its critical role in cancer devel-
opment (Fig. 5C, D). Notably, patients with high SFXN1 
expression exhibited a significantly higher TMB than 
those with low expression (P < 0.001). Furthermore, the 
TMB displayed a positive correlation with the prognostic 

risk score of LUAD patients (Fig. 5E, F), indicating poorer 
prognosis in the SFXN1 overexpression group.

SFXN1 involved in regulating the immune 
microenvironment of LUAD
Patients with SFXN1 high expression have relatively 
lower stromal score, immune score, and estimate score 
compared with the low expression group, which was 
consistent with the observation that patients with high 
SFXN1 expression had higher tumor purity (P < 0.001, 
Fig. 6A-D) and SFXN1 upregulation may increase malig-
nancy in patients. Then, we used the CIBERSORT algo-
rithm to analyze immune cell infiltration in different 
SFXN1 expression groups from the TCGA database. The 
results manifested that activated CD8 + T cells, activated 
B cells, natural killer cells (NKs), activated dendritic cells 
(DCs), macrophages, myeloid-derived suppressor cells 
(MDSCS) and mast cells (MCs) were considerably upreg-
ulated in the high SFXN1 expression group (Fig.  6E). 
We also explored the relationship between differential 

Fig. 2  Associations of SFXN1 expression with clinicopathological characteristics in LUAD patients. A Distribution of SFXN1 expression in patients 
with age, gender, smoking history, clinical stage and patient status. B-E SFXN1 differential expression in T-stage, N-stage, M-stage and TNM-stage
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Fig. 3  Functional enrichment analysis of SFXN1 in LUAD. A Top 8 terms of SFXN1 co-expressed genes based on the GO analysis, 
including biological process (BP), cellular component (CC), and molecular function (MF) terms. B KEGG enrichment pathways of SFXN1 associated 
genes. C-D Top 5 pathways of SFXN1 upregulated or downregulated related genes. E PPI network of SFXN1 co-expressed genes. F Enriched 
signaling pathways of SFXN1 related genes and the interrelationship among pathways
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Fig. 4  Association of SFXN1 with genes related to cell cycle and DNA repair pathways in vitro. A-C Correlation between SFXN1 and genes 
expression in TCGA database. D The efficiency of SFXN1 overexpression in A549 cell line. E, F qRT-PCR analyses of cell cycle and DNA repair related 
genes expression in A549 cell infected with control or SFXN1-overexpression lentivirus. G Validation of PPI results by qPR-PCR in A549 cell. Note: 
the blot was cropped at appropriate molecular size markings place in Fig. 4D
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SFXN1 expression and inhibitory immune molecules in 
LUAD and observed significant upregulation of CD274, 
IDO1, and TGFBR1 in the high SFXN1 expression group 
(Fig.  6F). Furthermore, we analyzed the correlation 

between SFXN1 expression and the efficacy of immu-
notherapy and found no significant difference in TIDE 
score between the differential SFXN1 expression groups 
(Fig. 6G). However, T-cell dysfunction score was lower in 
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the high SFXN1 expression group (Fig. 6I). Interestingly, 
patients with high SFXN1 expression had a significantly 
higher T-cell exclusion rate (Fig. 6H).

To comprehensively investigate the role of SFXN1 in 
the LUAD immune microenvironment, we analyzed the 
correlation between SFXN1 expression and immune 
microenvironment factors through TISIDB. Supple-
mentary Fig.  1 presents the molecules with the strong-
est correlation with SFXN1: Lymphocyte: activated 
CD4 + T cell (R = 0.246, P = 4.68e-18), Eosinophil (R=-
0.338, P = 3.893e-15) (Fig. S1A); Immunostimulator: 
PVR (CD155) (R = 0.246, P = 1.69e-08), TNFSF13 (R=-
0.367, P < 2.2e-16) (Fig. S1B); Immunoinhibitor:CD274 
(R = 0.196, P = 7.61e-06), VTCN1(R=-0.266, P = 8.82e-
10) (Fig. S1C); MHC molecular: TAP1(R = 0.205, 

P = 2.85e-06), HLA-DBP1(R=-0.274, P = 2.83e-10) 
(Fig. S1D); Chemokine: CCL26(R = 0.236, P = 6e-08), 
CCL14 (R=-0.398, P < 2.2e-16) (Fig. S1E); Chemokine 
receptor:CX3CR1 (R=-0.32, P = 1.2e-13), CCR7 (R=-
0.222, P = 3.45e-07) (Fig. S1F). These results indicated 
that SFXN1 may play a complex regulatory role in the 
immune microenvironment of LUAD.

SFXN1 overexpression is associated with efficacy of various 
antitumor Drugs
To investigate the clinical relevance of SFXN1 expression, 
we examined the correlation of its expression with the 
IC50 values of chemotherapy and targeted drugs in the 
TCGA database (screening criteria: P < 0.05, |R| > 0.20). 
The results proved that upregulated SFXN1 expression 

Fig. 6  Correlation of SFXN1 expression with immune cell infiltration, inhibitory immune molecules, and immunotherapy response in the TCGA 
LUAD dataset. A-B The difference of stroma score (A), immune score (B), estimate score (C) and tumor purity (D) between low and high SFXN1 
expression group. E-F The 28 immune cell composition (E) and immune exhaustion molecules (F) expression in different SFXN1 expression in LUAD 
patients. G-I Immunotherapy response biomarkers, including tumor immune dysfunction and exclusion (TIDE) score (G), T-cell exclusion score (H) 
and T-cell dysfunction score (I), between SFXN1 low and high expression group
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was significantly associated with lower IC50 values for 
almost all clinical chemotherapy drugs and targeted ther-
apies, except for erlotinib, indicating that patients with 
upregulated SFXN1 expression are presumably more 
receptive to anti-tumor drugs (Fig. 7A, B). Further analy-
sis revealed a significant negative correlation between 
SFXN1 expression levels and IC50 values for almost 
all drugs, except for erlotinib (Fig. 7C, D). To verify the 
above results, we tested the sensitivity of erlotinib and 
cisplatin in A549 cells overexpressing SFXN1 by CCK8 
assay. The results showed that the inhibition of the drug 
on the cells was time-dependent and dose-dependent. 
In addition, compared with control cells, SFXN1 overex-
pressed cells were relatively sensitive to cisplatin, while 
Erlotinib had a higher IC50 in SFXN1 overexpression cell 
than the control group (Fig.  7E), which was consistent 
with the results of drug sensitivity analysis.

Visualization SFXN1 expression in immune cells of LUAD
We examined the expression of SFXN1 in the tumor 
microenvironment by analyzing single-cell sequenc-
ing data from an online database of LUAD patients 
(Fig. 8A). We then investigated the expression of CD274 
and SFXN1 across various immune cell populations. The 
results showed that SFXN1 was predominantly expressed 
in CD4 + effector memory T cells (CD4 + Tem), 
CD4 + central memory T cells (CD4 + Tcm), CD8 + cen-
tral memory T cells (CD8 + Tcm), CD8 + naive T cells, 
endothelial cells, macrophages, and natural killer (NK) 
cells, which was consistent with the distribution pattern 
of CD274 expression (Fig. 8B, C), suggesting that SFXN1 
may be implicated in tumor immune evasion mecha-
nisms. Additionally, we observed that SFXN1 expression 
was positively associated with several cellular pathways 
involved in cell cycle, DNA repair, proliferation, inva-
sion, DNA damage, and stemness, which were consist-
ent with our previous analysis using KEGG enrichment 
(Fig. 8D). Notably, SFXN1 expression showed significant 
positive correlations with DNA repair (R = 0.51, P < 0.01) 
and cell cycle (R = 0.50, P < 0.01) signal enrichment scores 
(Fig. 8E, F).

SFXN1 expression independently predicts survival 
prognosis of LUAD patients
To analyze the prognostic significance of SFXN1 expres-
sion in LUAD patients, we conducted Kaplan-Meier sur-
vival and Cox regression analyses based on the TCGA 
database. Our findings revealed that increased SFXN1 
expression was associated with significantly lower over-
all survival (OS) among patients. Additionally, multivari-
ate Cox regression analysis demonstrated that SFXN1 
expression and TNM stage were independent predictors 
of patient survival regardless of age, gender and smoking 

history (Fig.  9A, B). We also constructed a predictive 
nomogram model that integrated SFXN1 expression and 
TNM stage to forecast patients’ 1-year, 3-year, and 5-year 
OS (Fig. 9C). ROC curve analyses further indicated that 
the predictive accuracy of our model was superior to that 
of TNM stage alone (Fig. 9D), with the area under curve 
(AUC) values for ROC based on SFXN1 expression and 
TNM stage at 1-year, 3-year, and 5-year being 77.2, 70.8, 
and 69.9, respectively.

Expression and clinical value of SFXN1 in validation set
We conducted experiments using qRT-PCR and WB to 
validate the results obtained from the TCGA database, 
using both normal and LUAD cells. Our findings indi-
cated a statistically significant increase in SFXN1 expres-
sion in LUAD cells compared to BEAS-2B (P = 0.0001 
for A549 vs. BEAS-2B; P < 0.0001 for H1299 vs. BEAS-
2B), but not in H1975 (P = 0.79) (Fig.  10A). WB results 
showed that SFXN1 was upregulated in all LUAD cells 
at the protein level (Fig.  10B). Moreover, IHC results 
also verified a considerably higher SFXN1 expression in 
LUAD samples compared to adjacent normal lung tis-
sues (P < 0.0001) (Fig. 10C, D). The baseline information 
of our clinical data showed in Table 2. Furthermore, we 
analyzed the association between SFXN1 expression and 
clinical characteristics of LUAD patients. The results 
showed that SFXN1 expression was significantly higher 
in patients with locally advanced stage (P < 0.0001), 
lymph node metastasis (P < 0.0001), and larger tumor size 
(P = 0.0123) than in patients with early-stage disease, no 
lymph node metastasis, and T1 stage disease (Fig.  10E-
G). Our analysis of clinical data produced results iden-
tical to the TCGA cohort, showing that LUAD patients 
with high SFXN1 expression (n = 40) had significantly 
shorter OS and disease-free survival (DFS) than those 
with low expression (n = 50) (Fig. 10H, I). Univariate and 
multivariate analysis revealed that SFXN1 was an inde-
pendent prognostic factor for OS in LUAD patients, but 
not DFS (Table 3 and Supplementary Table 2).

Finally, a nomogram comprised of SFXN1 expression 
and TNM staging, underscored the benefits of combin-
ing these factors to better predict the survival of LUAD 
patients (OS:C-index = 0.685; DFS:C-index = 0.674) 
(Fig.  11A, B, Fig. S2). ROC curve analyses showed that 
the AUC values based on SFXN1 IHC score and clinical 
stage at 1-year, 3-year, and 5-year OS being 63.6, 76.6, 
and 77.9, respectively (Fig. 11C).

Discussion
Given the expanding global population and increasing life 
expectancy, the alarming incidence cancer in 2030 was 
predicted to reach 20.3 million worldwide, and is poised 
to become the main cause of morbidity and mortality 
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Fig. 7  Evaluation of drug sensitivity of different SFXN1 expression groups in LUAD. A-B Comparison IC50 values between low and high SFXN1 
expression groups based on the TCGA LUAD dataset. C-D Correlation of SFXN1 expression with estimated IC50 values of chemotherapy drugs (C) 
and targeted drugs (D). E CCK-8 analyses of the cell viability of erlotinib and cisplatin in A549 cell infected with control or SFXN1-overexpression 
lentivirus at 24h, 48h and 72h
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across all regions of the world in the next decade [29]. 
Specifically, the highest lifetime risk of developing of 
cancers is lung cancer, the most common type of can-
cer death in 94 countries, in both high and low Human 
Development Index(HDI) regions [29]. What’s worse, 
despite many years of efforts, the metabolic reprogram-
ming of cancer cells is far beyond fully understanding 
and there has been limited clinical progress in addressing 
this mechanism [30] due to the complex features of aber-
rant cancer metabolism.

Recent studies have reported a significant upregulation 
of SFXN1 mRNA level in various malignancies compared 
with normal tissues [15]. Despite some studies investigat-
ing the differential expression and function of the SFXN 

family genes in cancer, no evidence regarding the associa-
tion of SFXN1 expression with immunotherapy response 
has been identified. Therefore, this study employed data 
mining techniques alongside clinical validation to iden-
tify promising prognostic biomarkers within the SFXN 
family for LUAD. By conducting a comprehensive and 
comparative analysis of the compound genes, we aim to 
unveil their interrelations and pinpoint novel biomarkers. 
Targeting a specific gene in the SFXN family aligns with 
“Precision Medicine” and has the potential to induce 
maximally synergistic effects in clinical practice. Our 
results showed a significant increase in the expression 
of SFXN1 and SFXN4 in LUAD. However, only SFXN1 
had a significant impact on the overall survival of LUAD 

Fig. 8  Visualization SFXN1 expression on immune cells in LUAD patients. A t-SNE plot of different SFXN1 expression on immune cells 
from LUAD-004-05-1A patient. B-C SFXN1 and CD274 expression on different immune cell types in LUAD-004-05-1A. D Enriched signaling pathways 
of different SFXN1 expression on immune cells. E-F Correlation of cell cycle and DNA repair with SFXN1 expression
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Fig. 9  Prognostic significance of SFXN1 in the TCGA LUAD dataset. A-B Univariate and multivariate Cox regression analyses of clinical parameters 
for OS in the TCGA LUAD cohort. C The prognostic nomogram based on SFXN1 expression and TNM stage. D The ROC curves of 1-year, 3-year, 5-year 
OS in the TCGA dataset

Fig. 10  Prognostic value of SFXN1 protein in validation set. A-B The mRNA and protein level of SFXN1 in different LUAD and normal lung cell lines. 
C The differential expression of SFXN1 in normal tissues (n = 20) and LUAD tissues (n = 90). D The typical IHC staining images of SFXN1 in normal 
lung tissues and LUAD tissues. E-G Association of SFXN1 expression with clinical features, including tumor size (E), lymph node metastasis status 
(F) and clinical stage (G). H-I The KM curves about the correlation between SFXN1 expression and overall survival (H) and disease-free survival (I). 
(*P < 0.05, **P < 0.01 and ****P < 0.0001, ns: no significant). Note: the blot was cropped at appropriate molecular size markings place in Fig. 10B
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patients. Previous research has shown that all SFXN fam-
ily members are present in pancreatic islet cells while 
SFXN3, in particular, is a crucial carrier molecule for the 
differentiation and regeneration of pancreatic β-cells [31]. 
Likewise, while many SFXN family members are highly 
expressed in LUAD, SFXN1 exerts a significant influ-
ence on the development and progression of the disease. 
Our investigation was focused on SFXN1 as a potential 
prognostic biomarker for LUAD. We found that SFXN1 
expression was correlated with clinical stage, tumor size, 
lymph node invasion, and distant metastasis. Our study 
also demonstrated that patients with high SFXN1 expres-
sion had a significantly higher TMB, which is consistent 
with previous findings linking high TMB to a poor prog-
nosis for non-small cell lung cancer [32]. Furthermore, 

both univariate and multivariate Cox regression analyses 
confirmed that SFXN1 remained a prognostic indicator 
associated with overall OS, indicating that this gene acts 
as an independent predictor for LUAD. After extending 
the follow-up period, the accuracy of nomogram based 
on the SFXN1 protein expression and clinical stage has 
significantly improved, indicating a more reliable predic-
tion of the outcome. This extension allowed for a more 
thorough analysis of the data and additional insights into 
the long-term effects of the intervention.

The KEGG pathway and GO analysis of SFXN1 inter-
active genes in this study evidenced that SFXN1 par-
ticipates in the cell cycle, including DNA replication, 
meiosis, and signaling pathways such as p53 and HIF-1 
pathways. As mitochondria carry their own DNA 

Fig. 11  Nomogram based on SFXN1 IHC score and TNM stage in validation set. A-C The nomogram, calibration curves and ROC curves for OS
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(mtDNA) in eukaryotic cells, they also regulate the cell 
cycle and mitosis through their metabolic activities [10]. 
Mutations in mtDNA can generate a more favorable met-
abolic profile in rapidly proliferating tumor cells, accel-
erating cancer progression and metastasis [33]. Thus, 
SFXN1 may exacerbate LUAD progression by promot-
ing cancer cell proliferation, inhibiting apoptosis, and 
activating invasion and metastasis pathways. Therefore, 
altered expression levels of SFXN1 in LUAD might be a 
critical factor, and further investigation is necessary to 
determine whether it acts as a driver or passenger onco-
gene. Functionally, the GO molecular function (MF) 
analysis revealed that SFXN1 has a broad function in 
cytoskeletal movement and microtubule binding, both of 
which require mitochondrial energy in process.

Mitochondria serve as the primary energy-produc-
ing organelles in cells and have key roles in generat-
ing reactive oxygen and regulating iron metabolism. 
Mutation of the SFXN1 gene, which is responsible for 
facilitating the transportation of iron into the mito-
chondria, can result in pathologic accumulation of 
iron within erythrocytes, as observed in flexed-tail 
(f/f ) mice [34]. In addition, researchers discovered that 
SFXN1 is a mitochondrial iron transporting protein 
that carries excess free iron into the mitochondria, 

resulting in mitochondrial damage and subsequent 
cardiomyocyte hypertrophy in the long term [35]. 
Sousa and colleagues also demonstrated that erythro-
cytes in patients with iron overload exhibit elevated 
ATPase activity [36]. These findings highlight the 
critical role of proper regulation of iron metabolism 
in mitochondria for maintaining cellular function. 
Therefore, SFXN1 might facilitate iron transport by 
boosting the ATPase activity, which needs additional 
experimental verification. Additionally, during the 
last decade, metabolic reprogramming has been the 
most significant factor observed among the pathways 
of central carbon metabolism in cancer cells [37]. 
Our study’s KEGG enrichment analysis revealed that 
SFXN1 participated in the folate-dependent central 
carbon metabolism in cancer, which is consistent with 
the remarkable work that identified SFXN1 as the pri-
mary SFXN carrier protein for transporting serine into 
mitochondria during the one-carbon metabolism pro-
cess [15]. Our study also found that tumor purity was 
higher in LUAD patients with SFXN1 overexpression, 
indicating that there were fewer infiltrating immune 
cells in the tumor microenvironment. This may be 
one of the reasons for the poorer prognosis of patients 
with SFXN1 upregulation. A growing body of evidence 
has shown that mitochondria not only serve as the 
“energy factories” of immune cells, but also modulate 
immune responses by regulating metabolic and physi-
ological states in different types of immune cells [38, 
39]. Serine is a primary source of one-carbon units and 
abnormal metabolism of serine is closely related to 
cancer progression [40]. Studies have confirmed that 
restricting serine can inhibit tumor growth in mice 
[41]. Thus, inhibiting the expression of SFXN1, which 
is the key transporter of serine into mitochondria 
[15], may reduce tumor development. Importantly, 
our study found that a large number of MCs, eosino-
phils, macrophages, MDSCs, and Treg cells infiltrated 
the SFXN1 high-expression group, all of which can 
shape an immunosuppressive microenvironment and 
promote tumor growth under certain conditions. For 
example, MCs release FGF-2, NGF, PDGF, VEGF, IL-8, 
and IL-10, which promote the expansion of tumor cells 
[42]. Li et  al. demonstrated that eosinophils promote 
tumor cell migration and bone metastasis by secret-
ing C-C motif chemokine ligand 6 (CCL6) in mice 
[43]. MDSCs have been shown to suppress immune 
responses and protect tumor cells from attack, mak-
ing them valuable prognostic biomarkers and potential 
targets for anti-cancer therapies [44]. Macrophages 
are classified into pro-inflammatory (M1) and immu-
nosuppressive (M2) macrophages, with M2-polar-
ized macrophages associated with poorer prognosis 

Table 2  The clinical characteristics in validation set

Clinical characteristics Number (90) %

Age(year)
  Median (Min, Max) 59 (31–79) -

Gender
  Male 47 52.22

  Female 43 47.78

ECOG-PS
  0 35 38.89

  1 55 61.11

Smoking history
  Non-smoker 50 55.56

  Smoker 40 44.44

Clinical stage
  Stage I 41 45.56

  Stage II 8 8.89

  Stage III 41 45.56

Tumor size
  T1 50 55.56

  T2 36 40.00

  T3 + T4 4 4.44

Lymph node metastasis
  N0 43 47.78

  N1 7 7.78

  N2 40 44.44
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in cancer patients. Therefore, SFXN1 may modulate 
the tumor immune microenvironment by directly 
or indirectly influencing the infiltration of immune 
cells. Importantly, we found that SFXN1 overexpres-
sion was associated with higher expression of immune 
checkpoints CD274 (PD-L1) and IDO1. CD274 is 
predominantly expressed by tumor cells, binding 
with programmed cell death-1(PD-1) on the surface 
of T cells and triggering immune escape [44]. IDO1, 
indoleamine 2, 3-dioxygenase 1, is a widely expressed 
enzyme in human cancers that metabolizes tryptophan 
to kynurenine, which mainly interacts with effector 
T cells to impair their antitumor effects and facilitate 
immune escape [45, 46]. Additional studies indicated 
that IDO1 enhances the proliferation of regulatory 
T cells (Tregs) and activates MDSCs [47, 48]. There-
fore, these findings suggest that the high expression of 
SFXN1 in the tumor immune microenvironment may 
lead to immunosuppression and possibly compromise 
the efficacy of immunotherapeutic strategies.

While our research has confirmed the role of SFXN1 
in LUAD using publicly available cohorts and our own 
clinical samples, further investigations are required to 
fully understand the biological processes and onco-
genic mechanisms that involve SFXN1, both in vitro and 
in vivo.

Conclusion
This study identified a significant difference in the 
expression levels of SFXN family genes between LUAD 
and normal samples. Moreover, an analysis of the asso-
ciation between SFXN1 and clinicopathologic charac-
teristics, overall survival status, drug sensitivity, and 
immune cell infiltration demonstrated that SFXN1 
plays a pivotal role in both cancer development and 
regulation of the immune microenvironment. In sum-
mary, SFXN1 has the potential to act as a valuable 
prognostic biomarker and new therapeutic target for 
LUAD.
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