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Abstract 

Non-small cell lung cancer (NSCLC) is characterized by a high incidence rate and poor prognosis worldwide. A deeper 
insight into the pathogenesis of NSCLC and identification of novel therapeutic targets are essential to improve 
the prognosis of NSCLC. In this study, we revealed that fibrinogen-like protein 1 (FGL1) promotes proliferation, 
migration, and invasion of NSCLC cells. Mechanistically, we found that Stat3 acts as a transcription factor and can be 
recruited to the FGL1 promoter, enhancing FGL1 promoter activity. Lysine-specific demethylase 4A (KDM4A) interacts 
with Stat3 and facilitates the removal of methyl groups from H3K9me3, thereby enhancing Stat3-mediated transcrip-
tion of FGL1. Furthermore, we observed that Stat3 and KDM4A promote NSCLC cell proliferation, migration, and inva-
sion partly by upregulating FGL1 expression. Additionally, the expression of FGL1 was significantly higher in cancer 
tissues (n = 90) than in adjacent non-cancerous tissues (n = 90). Furthermore, patients with high FGL1 expression 
had a shorter overall survival (OS) compared to those with low FGL1 expression. We measured the expression levels 
of FGL1 on circulating tumor cells (CTCs) in 65 patients and found that patients with a dynamic decrease in FGL1 
expression on CTCs exhibited a better therapeutic response. These findings suggest that the dynamic changes 
in FGL1 expression can serve as a potential biomarker for predicting treatment efficacy in NSCLC. Overall, this study 
revealed the significant role and regulatory mechanisms of FGL1 in the development of NSCLC, suggesting its poten-
tial as a therapeutic target for patients with NSCLC. Future studies should provide more personalized and effective 
treatment options for patients with NSCLC to improve clinical outcomes.
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Introduction
Lung cancer ranks first in terms of mortality rate among 
all malignancies, accounting for approximately 21% of 
all cancer-related deaths [1]. Lung cancer can be clas-
sified into small cell lung cancer (SCLC) and non-small 
cell lung cancer (NSCLC) based on its histopathological 
types, with the latter comprising approximately 85% of all 
cases [2]. Despite considerable advancements in diagnos-
tic methods, a considerable number of patients are not 
diagnosed until an advanced stage, resulting in the loss of 
surgical opportunities [3]. Recent advancements in treat-
ment modalities, particularly the introduction of tyros-
ine kinase inhibitors (TKIs) [4] and immune checkpoint 
inhibitors (ICIs), have significantly enhanced the survival 
of patients with advanced lung cancer [5, 6]. However, 
the efficacy of targeted therapy and immunotherapy is 
limited to a specific population of patients [7, 8]. Moreo-
ver, drug resistance inevitably leads to treatment failure 
[9, 10]. Therefore, the exploration of novel therapeutic 
targets remains a crucial avenue for future efforts.

In 2019, Chen et  al. published a study in Cell, which 
highlighted the role of fibrinogen-like protein 1 (FGL1) 
as a novel immune checkpoint that inhibits T cell activ-
ity in a receptor-ligand manner, potentially modulating 
the resistance to PD-1/PD-L1 therapy [11]. Targeting 
both PD-L1 and FGL1 can enhance the immune response 
and anti-cancer effects in lung cancer [12], making FGL1 
a promising biomarker for predicting the efficacy of 
PD-1/PD-L1 therapy as a novel immunotherapy target 
[13]. Beyond its immunosuppressive role, FGL1 affects 
tumor processes, such as epithelial-mesenchymal transi-
tion (EMT), proliferation, and drug resistance [14–17]. 
However, the broader biological functions of FGL1 and 
its role in NSCLC have not been fully elucidated. There-
fore, further studies are needed to investigate the biologi-
cal function of FGL1 in NSCLC. Previous studies on the 
abnormal expression of FGL1 in tumor tissues have sug-
gested that the IL6/Stat3 signaling pathway, YY1, HNF1a, 
and other factors may affect the transcription of FGL1 
[18–20]. Further studies on the upstream regulatory 
mechanisms of FGL1 are needed to clarify the reasons 
behind the abnormal expression of FGL1 in NSCLC.

Epigenetics is the study of chemical modifications and 
structural changes in chromatin that affect gene expres-
sion and cellular function. It includes modifications, like 
histone methylation and acetylation, with lysine methyla-
tion being a key factor regulating gene activity [21–23]. 
Lysine methylation is the most extensively studied his-
tone modification and is closely associated with the tran-
scriptional activity of target genes [24]. Lysine-specific 
demethylase 4A (KDM4A) is critically involved in epi-
genetic regulation, tumor development, and response to 
treatment. KDM4A typically alters the binding or activity 

of transcription factors [25]; however, there is limited 
research on the role of KDM4A in NSCLC. A deeper 
insight into the regulatory roles of KDM4A in NSCLC 
can help better understand tumor biology and explore 
new therapeutic strategies. Stat3 is a critical transcription 
factor in mammals that is involved in the progression of 
many cancers, such as NSCLC [26]. Previous studies have 
shown that Stat3 is closely related to transcriptional reg-
ulation and demethylases. Stat3 can recruit histone lysine 
methyltransferases NSD1 [27], SETD8 [28], and histone 
demethylase KDM3A [29] to the promoter region of tar-
get genes. By dynamically regulating histone methylation, 
these enzymes an activate the expression of target genes. 
However, there are no reports on the joint involvement 
of Stat3 and KDM4A in gene transcription in NSCLC, 
which deserves further investigation.

Therefore, we measured the co-regulatory effects of 
KDM4A and Stat3 on FGL1 gene transcription, focus-
ing on upstream regulatory mechanisms increasing FGL1 
expression in NSCLC. Using liquid biopsy techniques, 
we detected FGL1 expression in CTCs from periph-
eral blood samples of patients with locally advanced or 
metastatic NSCLC. We found that the dynamic changes 
in FGL1 expression can potentially serve as a novel bio-
marker for assessing the therapeutic response in NSCLC. 
This discovery not only helps understand the malignant 
nature of NSCLC but also offers a scientific basis for 
developing potential therapeutic strategies and predict-
ing treatment efficacy.

Results
Increased FGL1 expression is associated with poor 
prognosis of patients with NSCLC
To investigate FGL1 expression in NSCLC, we analyzed 
data from the TCGA and GEPIA databases. Our findings 
demonstrated significantly higher expression of FGL1 
in cancer tissues compared to adjacent normal tissues 
(Fig. 1A-C). Subsequent analysis using the CancerSCEM 
database [30], revealed high expression of FGL1 in malig-
nant tumor cells and low expression of FGL1 in other 
cell types (Figure S1A). Analysis of the TCGA-LUAD 
and TCGA-LUSC dataset highlighted the enrichment 
of FGL1-related genes in metabolic and tumor-related 
pathways (Fig.  1D). These findings suggest a potential 
pro-carcinogenic role for FGL1 in NSCLC. In addition, 
the PrognoScan database [31] was analyzed to assess the 
effect of FGL1 on the survival of patients with NSCLC. 
Our findings indicated that high FGL1 expression is asso-
ciated with shorter overall survival (OS) and recurrence-
free survival (RFS) of patients with LUAD (Fig. 1E-F) and 
LUSC (Figure S1B-C), although the differences were not 
statistically significant in LUSC.
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Fig. 1  Elevated FGL1 expression was associated with poor prognosis of NSCLC. A Pan-cancer analysis of FGL1 expression in cancer 
and adjacent normal tissues using the GEPIA database. B Analysis of FGL1 expression in non-paired samples (n = 108 vs. 1041) of TCGA-LUAD 
LUSC using the TCGA database. Student t-test was used for analysis, and **P < 0.01. C Analysis of FGL1 expression in paired samples (n = 107) 
of TCGA-LUAD LUSC using the TCGA database. Student t-test was used for analysis, and ***P < 0.001. D Enrichment of FGL1-related gene 
pathways in the TCGA-LUAD LUSC dataset. E Analysis of the correlation between FGL1 and OS using the Prognoscan database (GSE31210). 
F Analysis of the correlation between FGL1 and RFS using the Prognoscan database (GSE31210). G, H Statistics for the expression of FGL1 
in adjacent noncancerous tissues and tumor tissues. Student t-test was used for analysis, and ****P < 0.0001. I Survival analysis of the high 
expression (n = 39) and low expression groups (n = 51). Note: LUAD refers to lung adenocarcinoma. LUSC refers to squamous cell carcinoma of lung
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To validate our findings from public database analy-
sis, we used NSCLC tissue microarrays and detected the 
expression of FGL1 protein in cancer tissues and adjacent 
normal tissues. The results were consistent with those 
from database analysis, showing that FGL1 expression 
was significantly higher in cancer tissues compared to 
adjacent normal tissues (Fig.  1G-H) (Table  1). Based on 
tissue microarray immunohistochemistry (IHC) stain-
ing of FGL1, patients with “positive” and “strong posi-
tive” staining were assigned to the high-expression group, 
while those with “negative” or “weak positive” staining 
were assigned to the low-expression group [32]  (Fig. 
S1D). According to the clinical and pathological infor-
mation and survival of patients, we found a positive 
association between FGL1 expression and clinicopatho-
logical factors. FGL1 promoted lymph node metasta-
sis, leading to cancer progression (Table  2, Fig. S1E-H). 

Compared to the low expression group, the median OS 
was significantly shorter in the high FGL1 expression 
group ((29  months, 95% CI (17.8–40.2) vs. (65  months, 
95% CI (48.0–82.0)) (F ig. 1I). This finding indicates that 
increased FGL1 expression is associated with a poor 
prognosis in patients with NSCLC.

FGL1 knockdown inhibited the proliferation 
and metastasis of NSCLC
We conducted phenotype experiments to elucidate the 
effect of FGL1 on the malignant behavior of NSCLC cells. 
Among NSCLC cell lines, we found that A549 and H1975 
cells showed the greatest difference in FGL1 levels (Fig.   
S1I-J). Therefore, stable FGL1 silencing cell lines were 
established using A549 and H1975 cells as the experi-
mental models (Fig.  2A). MTS assay and colony forma-
tion assay were conducted to assess the effect of FGL1 
on the proliferative ability of NSCLC cells. Suppression 
of FGL1 expression reduced colony formation and sig-
nificantly inhibited the proliferative capacity (Fig. 2B-E). 
Subsequently, transwell experiments were performed 
with A549 and H1975 cells, revealing that inhibiting 
FGL1 expression can suppress cell migration and inva-
sion (Fig.  2F-G). Conversely, overexpression of FGL1 in 
H1299 cells enhanced the proliferation, migration, and 
invasion of NSCLC cells (Figure S2).

Table 1  Expression of FGL1 in adjacent noncancerous and 
tumor tissues of NSCLC

Groups Cases (N 
= 180)

FGL1 expression P-value

Low (n = 128) High (n = 52)

Tumor 90 51 39 P <0.0001

Adjacent 
noncancer-
ous

90 77 13

Table 2  Expression of FGL1 in NSCLC samples with clinical characteristics

T represents tumor size and N represents lymph Node.

In univariate analysis, Chi-square test were used

**P < 0.01

*P < 0.05

Variables Groups Cases (n = 90) FGL1 low expression (n 
= 51)

FGL1 high expression (n 
= 39)

P-value

Univariate analysis

Gender Male 48 26 22 0.6727

Femnale 42 25 17

Age ≤60 45 26 19 >0.9999

>60 45 25 20

Histological stage I/II 64 37 27 0.8159

III 26 14 12

T T1 51 33 18 0.1916

T2 29 14 15

T3/T4 10 4 6

N N0 56 37 19 0.0219*

N1 19 10 9

N2/N3 15 4 11

Clinical stage I 44 32 12 0.0043**

II 26 13 13

III 20 6 14
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Fig. 2  FGL1 knockdown inhibited the proliferation and metastasis of NSCLC. A Confirmation of stable knockdown of FGL1 (shFGL1) in A549 
and H1975 cell lines induced by lentivirus infection, with scramble shRNA used as a control (shNC). B, C MTS assay demonstrated that FGL1 
knockdown inhibited the proliferation of A549 and H1975 cells. Student t-test was used for analysis, and **P < 0.01. D, E Colony formation assay 
showed that FGL1 knockdown suppressed the proliferation of A549 and H1975 cells. Scale bars were 5 mm. F, G Transwell assay revealed that FGL1 
knockdown inhibited the migration and invasion of A549 and H1975 cells (left) and perform statistical analysis(right). Student t-test was used 
for analysis, and *P < 0.05, **P < 0.01, ***P < 0.001. Scale bars were 100 μm. H Representative photos of mice xenograft tumor. Sh NC (right) and sh 
FGL1 (left) were stably transfected in A549 cells and injected into male mice at 4 weeks old. I Xenograft tumors were shown after killing mice. J The 
average tumor volume of sh NC and sh FGL1 was measured every seven days. Bars represent standard alterations of the mean, ** P < 0.01. K Tumor 
weights were measured and statistically analyzed using the student’s t-test, **P < 0.01. L Immunohistochemical staining of FGL1 in mouse tumor 
tissues. Scale bars were 100 μm
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To explore the in vivo effect of FGL1, an ectopic xen-
ograft tumor model was established using A549 cells 
infected with lentivirus carrying either sh FGL1 or a 
negative control lentivirus (sh NC). These findings dem-
onstrated a notable decrease in tumor growth in the 
FGL1 knockdown group compared to the control group 
(Fig.  2H-L). Therefore, FGL1 facilitated NSCLC pro-
gression by augmenting tumor cell proliferation and 
metastasis. FGL1 can serve as a novel therapeutic target 
and biomarker for predicting the therapeutic response 
in NSCLC, offering encouraging potential for clinical 
application.

Stat3 upregulated FGL1 expression via transcriptional 
regulation
TFs are key regulators of gene expression, directly inter-
preting the genome and initiating the decoding of DNA 
sequences. To explore the molecular mechanisms upreg-
ulating FGL1 expression, we predicted potential TFs of 
FGL1 using the SingaLink and hTFtarget databases. Sev-
eral TFs of FGL1 were identified, including Stat3, CTCF, 
CEBPA, FOXA1, HNF4A, GATA2, and SMARCA4 
(Fig.  3A). Using Timer 2.0 for analysis, Stat3 emerged 
as an important factor regulating gene transcription in 
NSCLC, displaying a positive correlation with FGL1 
expression [33] (Fig.  3B). The Prognoscan database [31] 
was utilized to measure the correlation between Stat3 
expression and the prognosis of patients with NSCLC 
(GSE31210). The results revealed that individuals with 
high Stat3 levels exhibited reduced RFS and OS (Fig-
ure S3A). Furthermore, previous studies indicated that 
IL6 can activate Stat3 to modulate the promoter activ-
ity of FGL1 in hepatocellular carcinoma (HCC) [19, 20]. 
Subsequently, we confirm the association between Stat3 
and FGL1 in NSCLC cells. Stat3 knockdown in A549 
and H1975 cells reduced both protein and mRNA levels 
of FGL1 (Fig.  3C-F, S3B). Conversely, the upregulation 
of Stat3 expression increased the protein and mRNA 
expression levels of FGL1 (Fig. 3G-J).

Stat3, a member of the STAT family, typically acts as 
a transcription factor, orchestrating the transcription of 
target genes, thereby regulating various cancer-related 
biological processes, such as cell survival, proliferation, 
angiogenesis, invasion, metastasis, drug resistance, and 
immune evasion. Thus, we hypothesized that Stat3 may 
regulate FGL1 expression at the transcriptional level. 
Subsequently, we conducted a gradient overexpression 
of Stat3 in A549 and H1975 cells. The results dem-
onstrated that increasing Stat3 expression gradually 
enhanced the promoter activity of FGL1 (Fig.  3K-L). 
Thereafter, using JASPAR, we identified three regions 
on the FGL1 promoter as the binding site of Stat3 
(Fig.  3M). We validated this interaction through chip 

assay [34], which confirmed Stat3 recruitment to these 
regions on the FGL1 promoter (Fig. 3N). Thus, we pro-
posed that Stat3, as a transcription factor, may enhance 
the promoter activity of FGL1 and upregulate FGL1 
expression.

Given the established role of Stat3 in promoting the 
growth and metastasis of NSCLC in  vivo and in  vitro 
[35], we explored the potential involvement of FGL1 
in this process. To this end, we silenced FGL1 in A549 
cells. The results revealed that inhibition of FGL1 
expression partly attenuated the effects of Stat3 over-
expression on tumor cell proliferation, migration, and 
invasion (Figure S3D-G). In summary, our findings sug-
gest that Stat3 partially promotes NSCLC growth and 
metastasis by upregulating FGL1 expression.

KDM4A enhanced the transcriptional activity of Stat3 
and upregulated FGL1 expression
TFs typically do not regulate target gene transcription 
alone. They often engage cofactors that either augment 
or inhibit the transcriptional activity of TFs on the tar-
get gene. Hence, we proceeded to explore the poten-
tial factors enhancing the promoter activity of FGL1. 
We overexpressed Stat3 and various cofactors in A549 
cells, and the results showed that several cofactors can 
alter the activity of the FGL1 promoter when Stat3 is 
overexpressed. Among them, the promoting effect of 
KDM4A was the most prominent (Fig.  4A). Consist-
ently, immunoprecipitation experiments indicated that 
endogenous and exogenous KDM4A and Stat3 inter-
act with each other (Fig.  4B-E, S3H). Furthermore, 
immunofluorescence experiments confirmed that 
under IL6 stimulation, KDM4A and Stat3 colocalize in 
the cell nucleus (Figure S3I). Subsequent knockdown 
of KDM4A downregulated the transcriptional activ-
ity of Stat3 on the FGL1 promoter region (Figure S3J). 
We proceeded to confirm the relationship between 
KDM4A and FGL1 expression. Silencing KDM4A in 
A549 and H1975 cells reduced both mRNA and protein 
levels of FGL1 (Fig. 4F-I). In contrast, KDM4A overex-
pression increased both mRNA and protein levels of 
FGL1 (Fig.  4J-M). These findings support the notion 
that KDM4A interacts with Stat3 in transcriptional 
regulation, thereby enhancing FGL1 promoter activity 
and upregulating FGL1 expression. To explore whether 
the correlation between Stat3 and KDM4A is specific 
to FGL1, we measured the expression of other target 
genes of Stat3. The results showed that KDM4A knock-
down decreased the expression of other target genes 
of Stat3 (Figure S4A). Therefore, we concluded that 
KDM4A can bind to Stat3 and upregulate its transcrip-
tional activity, and this effect was not specific to FGL1.
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Fig. 3  Stat3 upregulated FGL1 expression via transcriptional regulation. A Venn diagram showing the proteins predicted to bind to the FGL1 
promoter region based on SingaLink and hTFtarget databases. B Analysis of the correlation between FGL1 and Stat3 using Timer 2.0. C, D Effects 
of Stat3 knockdown on FGL1 expression in A549 cells at the protein (C) and mRNA (D) levels. E, F Effects of Stat3 knockdown on FGL1 expression 
in H1975 cells at the protein (E) and mRNA (F) levels. G, H Effects of Stat3 overexpression on FGL1 expression in A549 cells at the protein (G) 
and mRNA (H) levels. I, J Effects of Stat3 overexpression on FGL1 expression in H1975 cells at the protein (I) and mRNA (J) levels. K, L Gradient 
overexpression of Stat3 in A549 (K) and H1975 (L) cells and its effect on FGL1 promoter activity. M Prediction of potential Stat3 binding regions 
on the FGL1 promoter using JASPAR. N ChIP assay demonstrating the recruitment of Stat3 to three regions on the FGL1 promoter. Student’s t-test 
was used for analysis, and error bars represent mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001
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KDM4A demethylated H3K9me3 and upregulated 
the transcriptional activity of Stat3
We further investigate whether the demethylase activity 

is required for modulation function of KDM4A on FGL1 
promoter activity. The results showed that KDM4A 
H188A had almost no effect FGL1 promoter activity, 

Fig. 4  KDM4A and Stat3 interact with each other to promote FGL1 expression. A Luciferase assay demonstrating the effect of different cofactors 
on FGL1 promoter activity. B-E Co-IP experiments showing the interaction between endogenous Stat3 and KDM4A in A549 (B-C) and H1975 cells 
(D, E). F, G KDM4A knockdown and its effect on FGL1 protein (F) and mRNA (G) expression in A549 cells. H, I KDM4A knockdown and its effect 
on FGL1 protein (H) and mRNA (I) expression in H1975 cells. J, K KDM4A overexpression and its effect on FGL1 protein (J) and mRNA (K) expression 
in A549 cells. L, M KDM4A overexpression and its effect on FGL1 protein (L) and mRNA (M) expression in H1975 cells. Student’s t-test was used 
for analysis, and error bars represent mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 and ns stands for no significance
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compared with the enhancement of FGL1 promoter 
activity mediated by KDM4A wt (Fig.  5A-B). KDM4A 
knockdown reduced FGL1 expression, while KDM4A 
overexpression restored it, and the enzymatic activity 

mutant did not allow restoring FGL1 expression (Fig. 5C-
D). These results indicate that KDM4A modulates FGL1 
expression via its demethylase activity. Furthermore, we 
verified the recruitment of KDM4A to Stat3-binding 

Fig. 5  KDM4A upregulated FGL1 promoter activity through its enzymatic activity. Representation of KDM4A wt and KDM4A mut (loss of function 
mutation in KDM4A demethylase activity) in a diagram. B Effect of KDM4A wt and KDM4A mut on FGL1 promoter activity. C, D Effect of KDM4A 
wt and KDM4A mut on FGL1 protein (C) and mRNA (D) levels. E Stat3 binding region 3 on the FGL1 promoter. F, G Chip assay demonstrating 
the effects of KDM4A overexpression (F) or knockdown (G) on H3K9me3 levels and Stat3 recruitment at the FGL1 promoter. Student’s t-test 
was used for analysis, and error bars represent mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 and ns stands for no significance
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regions within the FGL1 promoter. The results showed 
that KDM4A can be recruited to the FGL1 promoter and 
align with Stat3 recruitment (Figure S4B). We validated 
histone modifications on the FGL1 promoter. KDM4A 
overexpression reduced the H3K9me3 level and KDM4A 
knockdown increased the H3K9me3 level on the FGL1 
promoter, suggesting that KDM4A upregulates FGL1 by 
demethylating H3K9me3 (Fig. 5E-G).

Next, we verified that the transcriptional activity of 
FGL1 was stronger in the presence of both KDM4A and 
Stat3 than in the presence of only one of them (Figure 
S4C-D). Conversely, Stat3 knockdown attenuated the 
promoting effect of KDM4A on FGL1 expression (Figure 
S4E-F), suggesting that KDM4A upregulates FGL1 via 
Stat3.

KDM4A partly promoted NSCLC proliferation 
and metastasis by upregulating FGL1
In KM-plotter analysis [36] of patients with lung adeno-
carcinoma, high expression of KDM4A was associated 
with shorter overall survival (Figure S5A). Subsequently, 
KDM4A knockdown in A549 and H1975 cells inhibited 
cell proliferation, migration, and invasion (Figure S5B-E). 
Conversely, KDM4A overexpression promoted cell pro-
liferation, migration, and invasion in NSCLC cells (Figure 
S5F-I). The proliferative and migratory effects of KDM4A 
were enhanced in the presence of IL6, which enhanced 
the transcriptional regulatory role of Stat3 (Figure S5 
B- I). FGL1 knockdown partly reversed the promoting 
effect of KDM4A on the proliferation, migration, and 
invasion of NSCLC cells (Fig.  6). These results indicate 
that KDM4A promotes cell proliferation, migration, and 
invasion in NSCLC cells partly by upregulating FGL1 
expression.

To explore the in  vivo effect of KDM4A, a syngeneic 
model was established using LLC cells. Then, treatment 
with KDM4A inhibitor (QC6352) at a dose of 10 mg/kg 
alone or in combination with FGL1 mAb was admin-
istered to tumor-bearing mice (Fig.  7A). The results 
confirmed that the application of QC6352 significantly 
inhibited tumor growth, and the combined treatment 
with FGL1 mAb showed an even more pronounced 
inhibitory effect on the tumor (Fig.  7B-E). Further-
more, the mice exhibited good tolerance to the com-
bined treatment, with no significant changes in body 
weight (Fig. 7F). These above data further indicated that 
KDM4A partly promoted proliferation and metastasis 
through upregulating FGL1 in NSCLC.

FGL1 predicted therapeutic efficacy in NSCLC
We collected peripheral blood samples from 65 patients 
with locally advanced or metastatic NSCLC. The base-
line characteristics of patients are shown in the Table 3. 

All patients received standard first-line treatment with 
ICIs, and an efficacy assessment was performed every 
two cycles. Non-progressive disease (Non-PD) included 
patients with CR, PR, and SD. In total, peripheral blood 
samples were collected from 42 patients two or more 
times. As of January 31, 2024, 32 patients remained in 
the non-PD state, while 10 patients showed progres-
sive disease (PD) (Fig.  8A). CTCs were extracted from 
the peripheral blood and subjected to immunofluores-
cence staining [37]. The results demonstrated that FGL1 
could be detected in CTCs in the peripheral blood of all 
patients (Fig. 8B). Compared to baseline, patients in the 
non-PD group exhibited a significant decrease in FGL1 
expression on CTCs. On the other hand, patients in the 
PD group showed a significant increase in FGL1 expres-
sion on CTCs compared to baseline. These differences 
were statistically significant (Fig. 8C). More importantly, 
we found that as treatment progressed, the expression of 
FGL1 gradually decreased in the non-PD group (Figure 
S6A). In contrast, in the PD group, patients exhibited a 
significant increase in FGL1 levels with the progression 
of the disease compared to both baseline and the 2-cycle 
time point (Figure S6B). The imaging results show that 
patient 1, who received first-line treatment based on 
tislelizumab, achieved a good response during treatment. 
As the proportion of FGL1+CTCs decreased, the patient 
showed a PR in tumor assessment (PFS = 10.3  months) 
(Fig. 8D). Whereas patient 2, who received first-line treat-
ment based on tislelizumab, showed an increase in the 
proportion of FGL1+CTCs during treatment. As a result, 
the tumor assessment indicated PD (PFS = 0.9  months) 
(Fig.  8E). Patient 3 received first-line treatment based 
on Sintilimab. After 2 cycles, there was a decrease in 
the proportion of FGL1+ CTCs, leading to a reduction 
in lung lesions. Subsequently, the proportion of FGL1+ 
CTCs increased, resulting in a tumor assessment of PD 
(PFS = 6.8  months) (Fig.  8F). In addition, we found that 
in CTCs, the expression of KDM4A or Stat3 is positively 
correlated with FGL1 (Figure S6D). These findings indi-
cate that FGL1 is closely associated with the prognosis 
of NSCLC and may serve as a biomarker for predicting 
NSCLC progression after treatment Fig. 9.

Discussion
In recent years, novel treatment approaches, includ-
ing immunotherapy and targeted therapy, have been 
employed for lung cancer. Despite the evolution of treat-
ment concepts and strategies, patients with NSCLC 
continue to face challenges such as drug resistance, 
recurrence, and metastasis. Therefore, identifying new 
biomarkers for predicting treatment efficacy and discov-
ering therapeutic targets is crucial for achieving preci-
sion treatment, overcoming drug resistance, improving 
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prognosis, and enhancing the quality life of patients. Our 
study revealed a significant increase in FGL1 expression 
in NSCLC, suggesting that FGL1 could serve as both a 
novel biomarker for immunotherapy and a therapeutic 

target in NSCLC, with substantial potential for clinical 
translation. Thus, a detailed understanding of the molec-
ular mechanisms regulating FGL1 expression is essential 
for developing new therapeutic strategies for NSCLC.

Fig. 6  KDM4A partly promoted the proliferation, migration, and invasion of NSCLC cells by upregulating FGL1. A, B Validating the protein 
expression of HA-KDM4A and FGL1 under different treatment conditions in A549 cells (A) and H1975 cells (B). C, D MTS assay to assess the effect 
of FGL1 knockdown and overexpression on the proliferation of A549 cells (C) and H1975 cells (D). E, F Transwell assay to determine the effect 
of FGL1 knockdown and overexpression on cell migration and invasion. Student’s t-test was used, and error bars represent mean ± SD. *P < 0.05, 
**P < 0.01, ***P < 0.001, ****P < 0.0001. Scale bars were 100 μm
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FGL1 is a proliferation- and metabolism-related fac-
tor secreted by the liver. It was shown to be abnormally 
expressed in various tumors [13]. However, the upstream 
regulatory mechanisms leading to its abnormal expres-
sion remains unclear. Previous studies have shown that 
IL6 and Stat3 promote FGL1 expression but have not elu-
cidated their detailed molecular mechanisms [19, 20, 38]. 
Our research found that in NSCLC cells, Stat3 can be 
recruited directly to the FGL1 promoter region, enhanc-
ing FGL1 promoter activity and thereby promoting FGL1 

expression. Epigenetic regulation, which plays a crucial 
role in tumorigenesis, refers to the mechanism by which 
cell function and development are regulated at the gene 
expression level without changing the DNA sequence. 
In this study, we are surprised to find that the epigenetic 
enzyme KDM4A serves as a key co-regulator of Stat3 by 
demethylating H3K9me3 on the FGL1 promoter region, 
enhancing FGL1 promoter activity. Most importantly, 
KDM4A enhances not only the transcription of FGL1 
but also the expression of other Stat3 target genes. Our 

Fig. 7  KDM4A inhibition confers tumor sensitivity to FGL1 mAb. A Schematic representation of the animal experiment process. Mice bearing 
LLC syngeneic tumors were treated for 21 days with QC6352 and (or) FGL1 mAb. B, C Photos of mice tumor. D The average tumor volume 
was measured every four days. Bars represent standard alterations of the mean, *P < 0.05, ** P < 0.01. E Tumor weights were measured 
and statistically analyzed using the student’s t-test, *P < 0.05, ***P < 0.001. F Mice weights were measured
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Fig. 8  FGL1 is a potential biomarker for efficacy in NSCLC based on CTC detection. A The flowchart showing the 65 included patients. Peripheral 
blood samples were collected from 42 patients two or more times to assess the dynamic changes in FGL1 expression. As of January 31, 2024, 
32 patients showed a non-PD response, while 10 patients showed a PD. B The distribution of CSV and FGL1 by immunofluorescence staining 
in CTCs. Cells were stained with anti-DAPI (Blue), anti-CSV (Green), and anti-FGL1 (Red). Scale bars were 10 μm. C The expression of FGL1 
on CTCs before and after treatment in both non-PD and PD groups. Student t-test was used for analysis, and ***P < 0.001. D-F The results of CT 
(left) and the dynamic changes in FGL1 + CTCs in peripheral blood (right) of patients in the non-PD (D) and PD (E, F) groups. Detailed patients’ 
information is presented in the supplementary data. G The table displays the treatment regimens and PFS for the 3 patients in Fig. 8 D-F
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discovery fills the gap in understanding how epigenetic 
modifications regulate FGL1 gene transcription and 
enhances our knowledge of the crucial role of KDM4A in 
the malignant processes of NSCLC. In terms of clinical 

applications, considering the important role of KDM4A 
in tumor development, small molecule inhibitors target-
ing KDM4A have been developed [39]. However, due to 
the broad range of downstream molecules regulated by 

Fig. 9  Schematic diagram of the upstream regulatory mechanism and clinical role of FGL1. KDM4A, as a histone demethylase, interacts with Stat3 
in the promoter region of FGL1, demethylating H3K9me3 to upregulate the activity of the FGL1 promoter and enhance FGL1 expression. High 
expression of FGL1 in NSCLC promotes tumor growth and metastasis, and patients with high FGL1 expression have a relatively poor prognosis. 
Liquid biopsy monitors changes in FGL1 expression on CTCs in a relatively non-invasive, low-risk, and real-time manner. Increased FGL1 expression 
indicates disease progression, while decreased FGL1 expression suggests disease stability or remission

Table 3  Baseline characteristics of the patients

Variables Groups Cases (N = 65)

Gender Male 53

Female 12

Age <65 30

≥65 35

ECOG score standard 0-1 61

2 4

Smoking status Smoking 43

No smoking 22

Clinical stage III 30

IV 35

Pathological type Squamous carcinoma 28

Adenocarcinoma 37

Subsequent antitumor therapy Immunotherapy+Chemotherapy 54

Immunotherapy+Chemotherapy+Bevacizumab 11
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KDM4A and the significant roles they play, these inhibi-
tors may have unavoidable side effects and their effective-
ness may be unsatisfactory. Our research indicates that 
FGL1, as one of the downstream molecules of KDM4A, 
plays a crucial role in the progression of NSCLC. This 
suggests that future development of drugs targeting 
FGL1 instead of KDM4A might provide greater benefits 
for NSCLC patients.

In addition to these advancements, our study has 
explored the clinical translational potential of FGL1 using 
a novel circulating tumor cells (CTCs) platform. As part 
of liquid biopsy, CTCs offer a non-invasive, simple, and 
minimally invasive diagnostic approach, crucial for early 
detection, prognosis, and treatment monitoring in can-
cer [40]. However, detecting CTCs is challenging due to 
their rarity and heterogeneity. Current methods like the 
CellSearch system, which targets epithelial cell adhesion 
molecules (EpCAM), are less effective for capturing mes-
enchymal-type CTCs common in NSCLC [41, 42]. Stud-
ies have shown that cell surface vimentin (CSV) is more 
efficient than EpCAM in capturing CTCs in solid tumors, 
including lung cancer [19, 43–45]. Additionally, we found 
that the expression level of CSV is universally high in 
NSCLC cell lines (Figure S6C). Therefore, we utilized 
a novel CTC detection platform, the CSV enrichment 
technique, to detect CTCs and measure the expression 
of FGL1 on CTCs of patients with locally advanced and 
metastatic NSCLC. FGL1 was detectable on CTCs in all 
NSCLC patients, and its dynamic changes can indicate 
treatment response. This method non-invasively provides 
tumor-related information, suggesting that FGL1 has sig-
nificant clinical potential both as a therapeutic target and 
as a biomarker for efficacy and prognosis in NSCLC.

In summary, our results indicate that FGL1 is abnor-
mally overexpressed in NSCLC tissues, promoting the 
malignant behavior of NSCLC cells. KDM4A, a histone 
demethylase, acts as a novel coactivator of the Stat3 sign-
aling pathway, activating the FGL1 promoter and increas-
ing the expression of FGL1 and other Stat3 target genes. 
FGL1 expression on CTCs allows for non-invasive, real-
time monitoring of therapeutic efficacy and prognosis, 
and serves as a potential target for precision therapy in 
NSCLC. Collectively, our findings provide a strong theo-
retical basis for developing new therapeutic strategies 
targeting FGL1 in NSCLC.
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Supplementary Material 1. Fig. S1. (A) Cell component comparison 
between single-cell samples in NSCLC using the CancerSCEM database. 
(B) Analysis of the correlation between FGL1 and OS using the Prognoscan 
database (GSE17710). (C) Analysis of the correlation between FGL1 and 
RFS using the Prognoscan database (GSE17710). (D) Scoring based on 
the intensity of FGL1 expression: 0 points for"negative", 1 point for "weak 
positive", 2 points for"positive", and 3 points for "strong positive". (E) Rep-
resentative images of tissue slices from patients with lymph node stages 
of N0, N1, and N2. (F) According to lymph node staging, the expression of 
FGL1 was analyzed in 98 patients with cancer. **P < 0.01. (G) Representa-
tive images of tissue slices from patients with clinical stages I, II, and III. (H) 
According to the clinical staging, the expression of FGL1 was analyzed in 
98 patients with cancer. *P < 0.05, **P < 0.01. (I) The expression of FGL1 pro-
tein was measured on five NSCLC cancer cell lines (A549, H1299, H1975, 
H460, and SPCA1). (J) The expression of FGL1 mRNA was measured on five 
NSCLC cancer cell lines (A549, H1299, H1975, H460, and SPCA1).

Supplementary Material 2. Fig. S2. (A) Validation of FGL1 protein 
expression after FGL1 knockdown using siRNA in A549 cells and FGL1 
overexpression in H1299 cells. (B) MTS assay to assess the effect of FGL1 
knockdown on the proliferation of A549 cells and FGL1 overexpression 
on the proliferation of H1299 cells. (C) Clonogenic assay for evaluating 
the effect of FGL1 knockdown on the proliferation of A549 cells and FGL1 
overexpression on the proliferation of H1299 cells. Scale bars were 5 mm. 
(D) Transwell assay to determine the effect of FGL1 knockdown on the 
migration and invasion of A549 cells and FGL1 overexpression on the 
migration and invasion of H1299 cells. Scale bars were 100 μm. (E) Scratch 
assay to measure the effect of FGL1 knockdown on the migration of A549 
cells and FGL1 overexpression on the migration of H1299 cells. The images 
are magnified by 100 times. Student’s t-test was used for analysis and error 
bars represent mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

Supplementary Material 3. Fig. S3. (A) Analysis of the GSE31210 dataset to 
assess the effect of Stat3 expression on OS and RFS in patients with LUAD. 
(B) The effect of IL6 stimulation at different time points and concentrations 
on Stat3 phosphorylation and FGL1 protein expression. (C) Validation of 
Flag-Stat3 and FGL1 protein expression in cells under different treat-
ment conditions. (D) MTS assay to assess the effect of FGL1 knockdown 
and Stat3 overexpression on cell proliferation. Scale bars were 100 μm. 
(E) Colony formation assay to validate the effect of FGL1 knockdown 
and Stat3 overexpression on cell proliferation. Scale bars were 5 mm. (F) 
Transwell assay to determine the effect of FGL1 knockdown and Stat3 
overexpression on cell migration and invasion. Scale bars were 100 μm. 
(G) Statistical analysis of Figure D. Student’s t-test was used for analysis and 
error bars represent mean ± SD. **P < 0.01, ***P < 0.001. (H) Co-IP experi-
ments showing the interaction between exogenous Stat3 and KDM4A 
in HEK-293 cells. (I) The distribution of KDM4A and Stat3 with or without 
IL6 in immunofluorescence staining of A549 cells. Cells were stained with 
anti-DAPI (Blue), anti-Stat3 (Red), and anti-KDM4A (Green). Scale bars are 
20 μm. (J) Luciferase assay demonstrating the effect of KDM4A on FGL1 
promoter activity. Student’s t-test was used for analysis and error bars 
represent mean ± SD. **P < 0.01, ***P < 0.001, ****P < 0.0001. Scale bars 
were 100 μm.
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Supplementary Material 4. Fig. S4. (A) Effect of KDM4A knockdown on 
the mRNA expression of classical target genes of Stat3. (B) Recruitment 
of KDM4A to Stat3 binding regions on the FGL1 promoter. (C-D) Changes 
in FGL1 promoter activity under different treatment conditions in A549 
(C) and H1975 cells (D). (E–F) Changes in FGL1 protein (E) and mRNA (F) 
expression upon stable Stat3 knockdown and simultaneous overex-
pression of KDM4A in A549 cells. Student’s t-test was used for analysis, 
and error bars represent mean ± SD. *P < 0.05,**P < 0.01, ***P < 0.001, 
****P < 0.0001, and ns stands for no significance.

Supplementary Material 5. Fig. S5. (A) Analysis of KDM4A expression and 
its effect on OS in LUAD patients using the KM plotter. (B) Validation of 
KDM4A protein expression under different treatment conditions in A549 
and H1975 cells. (C) MTS assay exhibiting the effect of KDM4A knockdown 
on A549 and H1975 cell proliferation. (D-E) Transwell assay showing the 
effect of KDM4A knockdown on the migration and invasion of A549 and 
H1975 cells. Scale bars were 100 μm. (F) Validation of KDM4A protein 
expression under different treatment conditions in A549 and H1975 cells. 
(G) MTS assay exhibiting the effect of KDM4A overexpression on the pro-
liferation of A549 and H1975 cells. (H) Transwell assay illustrating the effect 
of KDM4A overexpression on the migration and invasion of A549 cells. 
Scale bars were 100 μm. (I) Transwell assay displaying the effect of KDM4A 
overexpression on the migration and invasion of H1975 cells. Student’s 
t-test was used for analysis, and error bars represent mean ± SD. *P < 0.05, 
**P < 0.01, ***P < 0.001, ****P < 0.0001. Scale bars were 100 μm.

Supplementary Material 6. Fig. S6. (A) Changes in FGL1 expression on 
CTCs from patients who showed a non-PD response after 2 and 4 cycles of 
evaluation. Student’s t-test was used for analysis, and error bars represent 
mean ± SD. *P < 0.05, **P < 0.01,***P < 0.001. (B) Changes in FGL1 expression 
on CTCs from patients who showed PD at the final assessment. (C) Bar 
graphs showing the expression levels of CSV in NSCLC cell lines. (D) The 
distribution of KDM4A、Stat3、CSV and FGL1 by immunofluorescence 
staining in CTCs. Cells were stained with anti-DAPI (Blue), anti-Stat3 and 
anti-CSV(Green), anti-KDM4A and anti-FGL1 (Red). Scale bars were 20 μm.
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