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Abstract

Background: Lung cancer is the leading cause of cancer-related mortality worldwide, and metastasis is the key factor leading to patient
death. Epithelial–mesenchymal transition (EMT), which is crucial to tumor metastasis, is primarily regulated by EMT transcription
factors, such as Twist1. As an RNA-binding protein, far upstream element binding protein 3 (FUBP3) shows aberrant expression in
various tumors; however, its mechanistic role in lung cancer metastasis remains unclear. This study aims to elucidate the functional
role of FUBP3 in lung cancer metastasis and its molecular mechanism in the regulation of Twist1. Methods: Bioinformatics analysis
was conducted to examine FUBP3 expression patterns in lung cancer and its association with patient prognosis. The Cancer Genome
Atlas database was used, and FUBP3 protein expression levels were detected in clinical lung cancer tissues by immunohistochemical
analysis. Lung cancer cell lines with FUBP3 knockdown were established, and the effects of FUBP3 on the metastatic capacity of
lung cancer were assessed using Transwell migration and invasion assays, 3D spheroid invasion experiments, and tail vein injection
metastasis models. Changes in the expression levels of EMT markers were detected by western blot, quantitative real-time polymerase
chain reaction, and immunofluorescence. The interaction between FUBP3 and signal transducer and activator of transcription 3 (STAT3)
was verified by co-immunoprecipitation (Co-IP), proximity ligation assay, and immunofluorescence co-localization. The effects of
STAT3 inhibitor S3I-201 on FUBP3-mediated pro-metastatic functions were assessed. Results: Bioinformatics analysis revealed high
FUBP3 expression in lung cancer tissues, which correlated with poor patient prognosis. Notably, patients with distant metastasis (M1)
stage exhibited higher FUBP3 expression than those at the no distant metastasis (M0) stage. Functional experiments confirmed that
FUBP3 silencing inhibited the migration and invasion of lung cancer cells, as well as the formation of pulmonary metastatic foci in vivo.
The knockdown of FUBP3 led to an increase in the expression of the epithelial marker E-cadherin and downregulated the expression
of the mesenchymal marker vimentin, indicating that FUBP3 promotes lung cancer metastasis by promoting EMT. Subsequent analysis
indicated that FUBP3 facilitates lung cancer progression by upregulating Twist1 expression. Both exhibit positive correlations in lung
cancer patient tissues. Co-IP and immunofluorescence assays demonstrated a direct interaction between FUBP3 and STAT3 proteins.
STAT3 silencing counteracted pro-metastatic effects associated with FUBP3 overexpression in lung cancer metastasis. Treatment with
S3I-201 effectively reversed the pro-metastatic phenotype in cells with high FUBP3 expression, restored the typical patterns of EMT
marker expression, and reduced the formation of metastatic foci in the in vivo metastasis model. Conclusion: This study reveals the
critical role of FUBP3 in lung cancer metastasis and identifies a new regulatory axis involving FUBP3–STAT3–Twist1. FUBP3 interacts
with STAT3, enhancing STAT3-dependent Twist1 expression, which promotes EMT and metastasis. FUBP3 functions as a prognostic
biomarker, and STAT3 inhibitors present therapeutic strategies for lung cancer, offering novel insights for precision treatment.
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1. Introduction

Epithelial–mesenchymal transition (EMT) is a crucial
process enabling tumors to gain invasive and metastatic
properties [1,2]. This process allows epithelial-derived
tumor cells to detach from intercellular connections and
gain motility akin to mesenchymal cells, facilitating tu-
mor metastasis [3]. EMT is primarily regulated by EMT
transcription factors (EMT-TFs), including members of the
snail family transcriptional repressor (SNAIL), zinc finger
E-box-binding homeobox (ZEB), and twist family bHLH
transcription factor (TWIST) families [1,4]. Twist1, which

is a basic helix–loop–helix transcription factor, is pivotal in
the EMT of various malignant tumors [5,6]. Twist1 sup-
presses the expression of epithelial marker genes, such as
E-cadherin, by binding to Enhancer box (E-box) sequences
in the promoters of target genes, while concurrently activat-
ing the transcription of mesenchymal marker genes, such as
vimentin [7]. Clinical studies indicate that Twist1 is over-
expressed in lung cancer, and its expression level is closely
associatedwith tumor grading, metastasis, and patient prog-
nosis [8,9]. However, the transcriptional regulatory mech-
anisms of Twist1, especially its upstream regulatory net-
works, are not fully understood.
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Recent studies have highlighted the important roles of
RNA-binding proteins (RBPs) in tumor development and
progression [10,11]. RBPs regulate gene expression with
precision across various levels, including mRNA stabil-
ity, splicing, localization, and translation. They are inte-
gral to processes such as tumor cell proliferation, apoptosis,
metastasis, and drug resistance [12]. Traditional concepts
indicate that RBPs primarily regulate gene expression at
the post-transcriptional level. However, emerging evidence
shows that many RBPs also have DNA-binding capabilities
and can directly engage in transcriptional regulatory pro-
cesses, acting as crucial links between transcriptional and
post-transcriptional regulation [13,14].

The far upstream element binding protein (FUBP)
family, as a single-strand DNA/RBP family, comprises
three members: FUBP1, FUBP2, and FUBP3, which reg-
ulate gene transcription through recognition of purine-rich
Far Upstream Element sequences (FUSE) [15,16]. Mem-
bers of the FUBP family were first identified for their
role in regulating c-myc proto-oncogene expression; how-
ever, later research has demonstrated that their regulatory
networks are significantly more intricate than previously
thought [17,18]. The oncogenic role of FUBP1 in vari-
ous tumors has been extensively validated, whereas func-
tional studies of FUBP2 and FUBP3 have lagged, espe-
cially those about the mechanistic roles of these proteins in
tumor metastasis processes [19–21]. FUBP3, also known
as FBP3, is a relatively understudied member of the FUBP
family [22]. The FUBP3 protein comprises four K homol-
ogy domains, can bind single-strand DNA and RNA and
is primarily localized in the cell nucleus [22,23]. Bioin-
formatics analysis indicates abnormal FUBP3 expression
in multiple tumor types, suggesting its potentially essential
role in tumor progression [23–25]. The roles and molecular
mechanisms of FUBP3 in tumor biology are not yet com-
prehensively investigated, in contrast to those of FUBP1,
and the role of FUBP3 in the regulation of EMT-related
gene expression and its specific functions in tumor metas-
tasis processes remain unclear. This research gap limits our
understanding of the complete roles of the FUBP family in
tumor development and progression.

Signal transducer and activator of transcription 3
(STAT3) is a key component of the Janus kinase (JAK)–
STAT signaling pathway, playing an important role in tu-
mor cell proliferation, angiogenesis, and metastasis [26,
27]. The persistent activation of STAT3 is an impor-
tant characteristic of various malignant tumors [28,29].
Gene transcriptional regulation depends on the formation
of transcriptional complexes formed by various regulatory
molecules, including transcription factors, co-activators,
and RBPs [30]. RBPs can serve as “scaffold” proteins, fa-
cilitating the recruitment of additional transcriptional regu-
latory factors and establishing intricate regulatory networks
[31–33]. The mechanism of multiprotein complex forma-
tion is crucial in the regulation of genes associated with

tumor metastasis. Bioinformatics analysis revealed that
FUBP3 is highly expressed in lung cancer tissues and corre-
lates with poor patient prognosis. Further analysis suggests
that FUBP3 is involved in the regulation of genes associated
with EMT. FUBP3 and STAT3 demonstrate a correlation
in expression within tumor samples, indicating a possible
functional relationship between them.

We hypothesized that FUBP3 facilitate lung cancer
EMT and metastasis by recruiting STAT3 to form transcrip-
tional complexes, thereby activating the transcription of
Twist1. This study aims to elucidate the mechanistic role
of FUBP3 in lung cancer metastasis, focusing on its inter-
action with STAT3 and the regulation of Twist1 expression.
We validated the effects of FUBP3 on EMT and metastasis
in lung cancer through in vitro and in vivo functional exper-
iments. The interactions between FUBP3 and STAT3 and
their role in the transcriptional regulation of Twist1 were
explored using molecular biology techniques. Addition-
ally, the therapeutic potential of targeting this regulatory
axis was evaluated.

2. Methods
2.1 Bioinformatics and Database Analysis

Transcriptomic sequencing data for non-small cell
lung cancer (NSCLC) were downloaded from The Cancer
Genome Atlas (TCGA) database, including tumor tissue
samples and paired normal tissue samples from lung ade-
nocarcinoma (LUAD), and lung squamous cell carcinoma.
Differential expression analysis was performed using R lan-
guage (Version 4.2.0, R Core Team, R Foundation for Sta-
tistical Computing, Vienna, Austria) and the DESeq2 pack-
age (Version 1.36.0, Bioconductor, Fred Hutchinson Can-
cer Research Center, Seattle, WA, USA) to assess FUBP3
expression levels in tumor and normal tissues. Clinical
follow-up data from patients with NSCLC in the TCGA
cohort indicated that patients were divided into high- and
low-expression groups according to the median FUBP3
expression level. Survival curves were plotted using the
Kaplan–Meier method, and overall survival (OS) differ-
ences among groups were assessed using the Log-rank test.
Functional enrichment analysis using Gene Ontology (GO)
and pathway enrichment analysis via the Kyoto Encyclo-
pedia of Genes and Genomes (KEGG) were performed us-
ing the Gene Denovo website (https://www.genedenovo.c
om/). A protein–protein interaction network for FUBP3
was established using the GeneMANIA protein interac-
tion database (https://genemania.org/), and network visual-
ization was performed using Cytoscape software (Version
3.8.2, The Cytoscape Consortium, University of California
San Diego, San Diego, CA, USA). Immune score, stromal
score, and tumor purity was calculated for each tumor sam-
ple with the ESTIMATE algorithm, and the relationship be-
tween FUBP3 expression and the tumor microenvironment
was analyzed. The relative abundance of immune cell sub-
sets was inferred using the CIBERSORT deconvolution al-
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gorithm, and the effects of FUBP3 expression on tumor im-
mune infiltration patterns were explored.

2.2 Clinical Sample Collection and Immunohistochemistry

Tissue specimens were collected from 30 patients with
NSCLC who underwent surgical resection in the Depart-
ment of Thoracic Surgery at our hospital between Jan-
uary 2025 and August 2025. This cohort included 30
cases of LUAD, which had paired adjacent normal tissues.
Inclusion criteria: (1) pathologically confirmed primary
NSCLC; (2) absence of preoperative chemotherapy, radio-
therapy, or targeted therapy; (3) availability of complete
clinicopathological data. Exclusion criteria: (1) concurrent
malignancies; (2) severe cardiopulmonary insufficiency;
(3) immunodeficiency diseases. All cases were diagnosed
by qualified pathologists in accordance with theWHO clas-
sification criteria. This study received approval from the
Hospital Ethics Committee of Liaocheng People’s Hospital
(approval number: 2025256), and all participants provided
informed consent. Tissue specimens were promptly fixed
in 4% paraformaldehyde (P1110, Beijing Solarbio Science
& Technology Co., Ltd., Beijing, China) for 24 hours,
subjected to gradient ethanol dehydration, paraffin embed-
ded, and cut into create 4 µm-thick serial sections. The
sections underwent deparaffinization in xylene (10023418,
Sinopharm Chemical Reagent Co., Ltd., Shanghai, China),
rehydration through a gradient of ethanol, and antigen re-
trieval by microwave heating in EDTA buffer (pH 8.0,
ZLI-9069, Beijing Zhongshan Golden Bridge Biotechnol-
ogy Co., Ltd., Beijing, China) for 15 minutes. The sec-
tions were washed with PBS (SH30256.01, HyClone Lab-
oratories Inc., Logan, UT, USA) and treated with 3% H2O2

(H1009, Beijing Solarbio Science & Technology Co., Ltd.,
Beijing, China) for 10 minutes to block endogenous per-
oxidase activity. After blocking with 5% bovine serum
albumin (SW3015, Beijing Solarbio Science & Technol-
ogy Co., Ltd., Beijing, China) at room temperature for 1
hour, the sections were incubated overnight at 4 °C with
the FUBP3 primary antibody (1:200, ab181111, Abcam
plc, Cambridge, UK), washed with PBS, and incubated
with horseradish peroxidase–conjugated goat anti-rabbit
secondary antibody (1:500, PV-6001, Beijing Zhongshan
Golden Bridge Biotechnology Co., Ltd., Beijing, China) at
room temperature for 30 minutes. Color development was
performed using a DAB chromogen kit (ZLI-9018, Bei-
jing Zhongshan Golden Bridge Biotechnology Co., Ltd.,
Beijing, China), and the nuclei were counterstained with
hematoxylin (G1140, Beijing Solarbio Science & Technol-
ogy Co., Ltd., Beijing, China). The sections were dehy-
drated through with a gradient of ethanol, cleared in xy-
lene, and subsequently mounted with neutral resin (G8590,
Beijing Solarbio Science & Technology Co., Ltd., Beijing,
China). Images were obtained using a Leica DM4000B mi-
croscope (Leica Microsystems GmbH, Wetzlar, Germany)
and assessed independently by two pathologists employ-

ing a double-blind approach. Immunohistochemical stain-
ing was evaluated using a semiquantitative scoring system.
The final score was determined by assessing staining inten-
sity (0–3 points) and the percentage of positive cells (0–4
points), and a score of ≥4 points indicated positive expres-
sion.

2.3 Quantitative Real-Time Polymerase Chain Reaction

A549 and H460 cells were underwent various treat-
ments were collected, and total RNA was extracted utiliz-
ing TRIzol reagent (15596018, Invitrogen, Thermo Fisher
Scientific Inc., Waltham, MA, USA). The concentration
and purity of RNA were assessed using a NanoDrop 2000
UV–Vis spectrophotometer (Thermo Fisher Scientific Inc.,
Waltham, MA, USA). Only samples exhibiting A260/A280
ratios within the range of 1.8–2.0 and A260/A230 ratios ex-
ceeding 2.0 were used for subsequent experiments. One
microgram of total RNA was reverse-transcribed to synthe-
size cDNA using a PrimeScript RT reagent kit (RR047A,
TaKaRa Bio Inc., Kusatsu, Shiga, Japan). The reaction
conditions included incubation at 37 °C for 15 minutes, 85
°C incubation for five seconds, and subsequent storage at 4
°C. cDNA was used as a template for amplification, which
was performed using a SYBR Premix Ex Taq kit (RR420A,
TaKaRa Bio Inc., Kusatsu, Shiga, Japan) on an ABI 7500
real-time fluorescence quantitative PCR system. The PCR
reaction system comprised a total volume of 20 µL, which
included 10 µL of SYBR Premix Ex Taq, 0.4 µL of forward
primer, 0.4 µL of reverse primer, 2 µL of cDNA template,
and 7.2 µL of ddH2O. The amplification program included
an initial denaturation step at 95 °C for five minutes and 40
cycles of amplification comprising denaturation at 95 °C for
30 seconds, annealing at 60 °C for 30 seconds, and exten-
sion at 72 °C for 30 seconds. Then, product specificity was
confirmed through melting curve analysis. Table 1 presents
the primer sequences utilized in this study. The relative ex-
pression of target genes was calculated using the 2−∆∆Ct

method, and Glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) was used as the internal reference gene. Each
sample was analyzed in triplicate.

2.4 Western Blot Analysis

Cells exposed to different treatments were collected,
washed with PBS, and lysed using prechilled RIPA lysis
buffer (R0020, Beijing Solarbio Science&Technology Co.,
Ltd., Beijing, China). The samples were then incubated
on ice for 30 minutes with intermittent vortexing. Super-
natants were collected following centrifugation at 12,000
rpm for 15 minutes at 4 °C. Protein concentrations were de-
termined using the BCA protein assay kit (PC0020, Beijing
Solarbio Science & Technology Co., Ltd., Beijing, China).
Protein samples were combined with 5×SDS-PAGE load-
ing buffer (P1015, Beijing Solarbio Science & Technol-
ogy Co., Ltd., Beijing, China) and denatured by boiling
at 100 °C for 5 minutes. Equal quantities of protein sam-
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Table 1. Primer sequences used in this study.
Gene Forward Primer (5′–3′) Reverse Primer (5′–3′)

GAPDH GGAGCGAGATCCCTCCAAAAT GGCTGTTGTCATACTTCTCATGG
STAT3 CAGCAGCTTGACACACGGTA AAACACCAAAGTGGCATGTGA
Twist1 GGAGTCCGCAGTCTTACGAG TCTGGAGGACCTGGTAGAGG
FUBP3 GCAAGGTCATCCATGACAACTC CTCCTTCTGCATCCTGTCAAAC
GAPDH, Glyceraldehyde-3-phosphate dehydrogenase; STAT3, Signal transducer and acti-
vator of transcription 3; Twist1, Twist family BHLH transcription factor 1; FUBP3, Far
upstream element binding protein 3.

ples (30 µg) were resolved by SDS-PAGE employing a 10%
polyacrylamide separating gel. After electrophoresis, pro-
teins were transferred to PVDF membranes (IPVH00010,
Millipore Corporation, Burlington, MA, USA) using the
wet transfer method at a constant voltage of 100 V for a
duration of 90 minutes. Membranes were incubated with
5% nonfat milk powder (A8120, Beijing Solarbio Science
& Technology Co., Ltd., Beijing, China) at room temper-
ature for 1 hour, followed by three washes with TBST
buffer (T8220, Beijing Solarbio Science & Technology
Co., Ltd., Beijing, China) for 10 minutes each. Mem-
branes were incubated overnight at 4 °C with primary anti-
bodies, including FUBP3 (1:1000, ab181111, Abcam plc,
Cambridge, UK), STAT3 (1:1000, #9139, Cell Signaling
Technology Inc., Danvers, MA, USA), E-cadherin (1:1000,
#3195, Cell Signaling Technology Inc., Danvers, MA,
USA), vimentin (1:1000, ab92547, Abcam plc, Cambridge,
UK), and GAPDH (1:2000, ab181602, Abcam plc, Cam-
bridge, UK). After TBST washing, the membranes were
incubated with the appropriate horseradish peroxidase-
conjugated secondary antibodies (horseradish peroxidase-
conjugated goat anti-rabbit IgG (1:10,000, ZB-2301, Bei-
jing Zhongshan Golden Bridge Biotechnology Co., Ltd.,
Beijing, China); horseradish peroxidase-conjugated goat
anti-mouse IgG (1:10,000, ZB-2305, Beijing Zhongshan
Golden Bridge Biotechnology Co., Ltd., Beijing, China)
at room temperature for 2 hours. The membranes were
washed again with TBST and then developed using en-
hanced chemiluminescence kit (PE0010, Beijing Solarbio
Science & Technology Co., Ltd., Beijing, China). Images
were captured using a ChemiDoc XRS+ imaging system
(Bio-Rad Laboratories Inc., Hercules, CA, USA). Protein
band gray values were analyzed with ImageJ software (Ver-
sion 1.53e, National Institutes of Health, Bethesda, MD,
USA) and normalized to GAPDH as the internal reference
protein, and results were presented as the ratio of target pro-
tein to the gray values of internal reference protein.

2.5 Co-Immunoprecipitation (Co-IP)

A549 cells were harvested 48 hours after transfec-
tion through centrifugation at 800 rpm for 3 minutes at
4 °C. The supernatant was removed, and the cells were
washed twice with prechilled PBS. PBS was completely
removed, and the cell pellets were preserved. Cells were

resuspended in prechilled immunoprecipitation lysis buffer
(R0020, Beijing Solarbio Science & Technology Co., Ltd.,
Beijing, China) and homogenized 30–50 times with a glass
homogenizer. The samples were centrifuged at 12,000
rpm for 5 minutes, and supernatants were collected as
cell lysates. Protein concentrations were determined us-
ing a BCA protein assay kit (Beijing Solarbio, PC0020),
and 500 µg of total protein was used for each reaction.
Cell lysates were separated into forward and reverse co-
immunoprecipitation groups. Each group received 1 µg
of FUBP3 antibody (Abcam, ab181111), STAT3 antibody
(Cell Signaling Technology, #9139), or a negative con-
trol IgG antibody (#2729, Cell Signaling Technology Inc.,
Danvers, MA, USA) overnight and incubated overnight
with gentle rocking at 4 °C. This setup included three con-
ditions: (1) Input (whole cell lysate), (2) IgG negative
control (beads plus nonspecific antibody), and (3) Exper-
imental Groups (with Anti-FUBP3 or Anti-STAT3 antibod-
ies). Buffer-pretreated protein A/G magnetic beads (10 µL,
SE101, Beijing Solarbio Science & Technology Co., Ltd.,
Beijing, China) or agarose beads (10 µL, sc-2003, Santa
Cruz Biotechnology Inc., Dallas, TX, USA) were subse-
quently added, and the samples were incubated with gentle
rocking at 4 °C for 2–4 hours. Following immunoprecipita-
tion, samples underwent centrifugation at 12,000 rpm for 30
seconds at 4 °C to pellet the beads. The supernatant was as-
pirated, and the beads were washed three or four times with
1 mL of lysis buffer, centrifuging at 1000 rpm for 1 minute
at 4 °C each time. Subsequently, 15–20 µL of 1×SDS load-
ing buffer (Beijing Solarbio, P1015) was added, and the
samples were subjected to boiling at 100 °C for 5 minutes
to elute the bound protein complexes. The samples were
eluted and separated using 10% SDS-PAGE and character-
ized through immunoblot analysis in accordance with stan-
dard Western blot procedures.

2.6 Immunofluorescence Staining

After cell digestion, cells were placed onto sterile cov-
erslips that had been prepositioned in 48-well plates at a
density of 5 × 104 cells per well. Following overnight cell
attachment, corresponding treatments were administered.
The cells underwent three washes with prechilled PBS and
then fixed using 4% paraformaldehyde (Beijing Solarbio,
P1110) at room temperature for 20 minutes, washed with
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PBS, and permeabilized with 0.1% Triton X-100 (T8200,
Beijing Solarbio Science & Technology Co., Ltd., Bei-
jing, China) at room temperature for 10 minutes. The
cells were then incubated with a 5% goat serum block-
ing solution (SL038, Beijing Solarbio Science & Technol-
ogy Co., Ltd., Beijing, China) at room temperature for 1
hour to prevent nonspecific binding. After the removal
of the blocking solution, primary antibodies were intro-
duced, including FUBP3 (Abcam, ab181111, 1:200 dilu-
tion), STAT3 (Cell Signaling Technology, #9139, 1:200 di-
lution), Twist1 (1:200, ab323385, Abcam plc, Cambridge,
UK), E-cadherin (Cell Signaling Technology, #3195, 1:300
dilution), and vimentin (Abcam, ab92547, 1:200 dilution).
Incubation was performed overnight at 4 °C in a humid-
ified chamber. After three washes with PBS, either the
Alexa Fluor-488-conjugated goat anti-rabbit IgG secondary
antibody (Abcam, ab150077, 1:1000 dilution) or Alexa
Fluor-594-conjugated goat anti-mouse IgG secondary an-
tibody (1:1000, ab150116, Abcam plc, Cambridge, UK)
was applied. Incubation occurred at room temperature in
the dark for 2 hours. Nuclei were counterstained with 4′,6-
diamidino-2-phenylindole (DAPI, 1:1000, C0065, Beijing
Solarbio Science & Technology Co., Ltd., Beijing, China)
at room temperature in the dark for 5 minutes. Coverslips
were subsequently mounted using an anti-fade mounting
medium (S2100, Beijing Solarbio Science & Technology
Co., Ltd., Beijing, China), and images were observed and
captured with a fluorescence microscope (Olympus IX73,
Olympus Corporation, Tokyo, Japan).

2.7 Cell Culture and Lentiviral Transduction

A549 and H460 human NSCLC cell lines were ac-
quired from the Cell Bank of the Chinese Academy of Sci-
ences and subsequently seeded in culture dishes. All cell
lines were validated by STR profiling and were confirmed
to be negative for mycoplasma contamination. Cells were
cultured in RPMI-1640 complete medium (SH30809.01,
HyClone Laboratories Inc., Logan, UT, USA) supple-
mented with 10% fetal bovine serum (10099-141, Gibco,
Thermo Fisher Scientific Inc., Waltham, MA, USA), 100
U/mL penicillin, and 100 µg/mL streptomycin (SV30010,
HyClone Laboratories Inc., Logan, UT, USA). They were
maintained in a sterile incubator (Thermo Fisher Scientific
Inc., Waltham, MA, USA) at 37 °C with 5% CO2 until they
reached the logarithmic growth phase. Upon reaching a cell
density of approximately 80%, the culture medium was as-
pirated, and the cells were washed twice with sterile PBS
(Hyclone, SH30256.01). One milliliter of trypsin–EDTA
digestion solution (25200-072, Gibco, Thermo Fisher Sci-
entific Inc., Waltham, MA, USA) was applied to digest
cells for 2–3 minutes until the cells rounded and detached.
Digestion was halted by the addition of 2 mL complete
medium. Cells were gently pipetted to create a cell suspen-
sion, which was then transferred to a 15 mL centrifuge tube
and centrifuged at 1000 rpm for 5 minutes. After the re-

moval of the supernatant, cells were resuspended in 2mL of
complete medium and passaged at a 1:3 ratio into new cul-
ture dishes. Six milliliters of complete medium were added
to each dish, mixed thoroughly, and subsequently returned
to the incubator for ongoing culture.

The construction and infection of the FUBP3 shRNA
lentiviral vector were conducted in accordance with the
specified instructions. The control sequence was a scram-
bled nonspecific sequence, which was cloned into the
pLKO.1 lentiviral vector (#8453, Addgene Inc., Water-
town, MA, USA). The vector plasmid was co-transfected
with the packaging plasmid psPAX2 (#12260, Addgene
Inc., Watertown, MA, USA) and the envelope plasmid
pMD2.G (#12259, Addgene Inc., Watertown, MA, USA)
in a ratio of 4:3:1 into 293T cells with Lipofectamine 3000
reagent (L3000015, Invitrogen, Thermo Fisher Scientific
Inc., Waltham, MA, USA) for transfection. The super-
natant containing the virus was collected 48 hours after
transfection, filtered using a 0.45 µm membrane, and sub-
sequently stored at –80 °C for future applications. A549,
H1299, and H460 cells were cultured in six-well plates
and subsequently infected with lentivirus upon achieving
a cell density of 50%–60%. Cells were categorized into the
NC group (negative control group, infected with scrambled
shRNA lentivirus) and the FUBP3-shRNA group (infected
with FUBP3 shRNA lentivirus), utilizing a multiplicity of
infection of 10. Fresh medium was replaced 24 hours af-
ter infection, and following an additional 48 hours of cul-
ture, puromycin (2 µg/mL, P8230, Beijing Solarbio Science
& Technology Co., Ltd., Beijing, China) was introduced
for the selection of positive clones. Selection persisted for
one to two weeks until stable transfected cell lines were
established, and the efficiency of FUBP3 knockdown was
confirmed via Western blot analysis. The complete human
FUBP3 cDNA was inserted into the pcDNA3.1(+) vector
(Invitrogen, Thermo Fisher Scientific Inc., Waltham, MA,
USA). Four synonymous nucleotide substitutions were in-
troduced into the shRNA recognition sequence through site-
directed mutagenesis to render the construct resistant to
shRNA targeting, preserving the original amino acid coding
while inhibiting shRNA binding. Cells with FUBP3 knock-
down (A549-shFUBP3 and H460-shFUBP3) were trans-
fected with either the shRNA-resistant FUBP3 plasmid or
an empty vector control using Lipofectamine 3000 (Invit-
rogen). This procedure was followed by G418 selection at
a concentration of 800 µg/mL for 3 weeks. The successful
restoration of FUBP3 expression was confirmed by West-
ern blot analysis. The full-length human Twist1 cDNA was
cloned into the pcDNA3.1(+) vector and transfected into
A549 and H460 cells utilizing Lipofectamine 3000 (Invit-
rogen). Stable cell lines were selected using G418 (800
µg/mL), which was administered 3 weeks prior. Twist1
shRNA lentiviral constructs were developed utilizing the
pLKO.1 backbone (Addgene, #8453). Lentivirus was gen-
erated through the co-transfection of 293T cells with a
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shRNA plasmid, psPAX2 packaging plasmid, and pMD2.G
envelope plasmid in a 4:3:1 ratio. Target cells were in-
fected with the viral supernatant and were subsequently se-
lected using puromycin (2 µg/mL), which was administered
for 2 weeks. Knockdown efficiency was confirmed using
quantitative real-time polymerase chain reaction. Scram-
bled shRNA served as the negative control.

2.8 Sphere Formation Assay
Forty-eight hours after lentiviral transduction, A549

and H460 cells were digested into single-cell suspensions
and seeded at a density of 1000 cells per well in ultralow
attachment six-well plates (3471, Corning Inc., Corning,
NY, USA). Cells were cultured in a serum-free sphere cul-
ture medium composed of DMEM/F12 (SH30023.01, Hy-
Clone Laboratories Inc., Logan, UT, USA). Cultures were
incubated at 37 °C with 5% CO2 for 10–14 days, and half
of the medium was replaced every 3 days. Following the
completion of culture, the cytoskeleton was stained with
phalloidin–FITC (1:200, P5282, Sigma-Aldrich LLC, St.
Louis, MO, USA) for 30 minutes and washed with PBS,
and the nuclei were stained with DAPI (1:1000, C0065,
Beijing Solarbio Science & Technology Co., Ltd., Beijing,
China) for 5 minutes. Images were observed and captured
under a laser confocal microscope (Leica TCS SP8, Leica
Microsystems GmbH, Wetzlar, Germany).

2.9 Transwell Assay
Serum-free RPMI-1640 medium was introduced into

the upper chamber of Transwell inserts for cell migration
assays. Co-cultured A549 cells were suspended in a serum-
free medium at a concentration of 5 × 106 cells/mL and
subsequently seeded into the upper chamber at 200 µL per
well. Meanwhile, 500 μL of complete medium added to
the lower chamber. Cells were incubated at 37 °C for 24
hours. Following three washes with PBS, cells were fixed
using 4% paraformaldehyde for 10 minutes, subsequently
washed three additional times with PBS, and then stained
with 0.1% crystal violet for 15 minutes. After washing and
air-drying, the cells were examined microscopically. Three
distinct fields of viewwere randomly selected for photogra-
phy and cell counting, and the average was calculated. The
number of migrated cells in each group was documented
and subjected to statistical analysis. In cell invasion assays,
100 µL ofMatrigel was initially added to the upper chamber
of Transwell inserts and incubated at 37 °C for 30 minutes.
The subsequent steps were identical to those employed in
cell migration assays.

2.10 EdU Cell Proliferation Assay
After cell treatment, 100 µL of EdU medium (50

µmol/L) was added to each well and incubated for 2 hours.
Cells underwent three washes with phosphate buffer, fixed
in 4% paraformaldehyde at room temperature for 30 min-
utes, and treated with 0.5% Triton X-100 for 10 minutes.

After washing with phosphate buffer, Apollo staining so-
lution was introduced and incubated with agitation at room
temperature in the dark for 30 minutes. Nuclei were stained
using a DAPI solution (5 µg/mL). Immediately after stain-
ing, the cells were observed under a microscope, and five
random fields of view selected for counting. The EdU-
positive cell rate for each group was determined using Im-
ageJ software (Version 1.8, National Institutes of Health,
Bethesda, MD, USA). The rate of EdU-positive cells was
calculated as follows: (number of EdU-positive cells/total
number of cells) × 100%.

2.11 TUNEL Apoptosis Assay

Following the transfection treatment of each cell
group, cells were fixed using 4% paraformaldehyde fix-
ative (Beijing Solarbio, P1110) at room temperature for
a duration of 30 minutes. After PBS washing, a perme-
abilization solution (0.1% Triton X-100, Beijing Solarbio,
T8200) was introduced to resuspend the cells and incubated
at room temperature for 5 minutes. The samples were then
washed with PBS three times, and 50 µL of the TUNEL re-
action mixture was added to each sample. The mixture was
supplied by the TUNEL assay kit (Roche, 11684795910)
and included TdT enzyme and fluorescently labeled dUTP.
After incubation at 37 °C in the dark for 60 minutes, the
cells were washed three times with PBS. Coverslips were
mounted with antifade mounting medium (Beijing Solar-
bio, S2100) and examined with a fluorescence microscope
(Olympus IX73). TUNEL-positive cells exhibited red flu-
orescence (excitation wavelength 550 nm, emission wave-
length 570 nm), while DAPI-stained nuclei displayed blue
fluorescence. The rate of TUNEL-positive expression was
determined by the formula (number of TUNEL-positive
cells/total number of DAPI-positive cells × 100%).

2.12 Cytoskeletal Staining

A549 and H460 cells were cultured in 24-well
plates containing prepositioned sterile coverslips and sub-
sequently stained upon reaching 70% confluence. Cells
were fixed using 4% paraformaldehyde (Beijing Solarbio,
P1110) at room temperature for 30 minutes, permeabilized
with 0.1% Triton X-100 (Beijing Solarbio, T8200) for 30
minutes, and subsequently blocked with 5% BSA (A8010,
Beijing Solarbio Science & Technology Co., Ltd., Beijing,
China) at room temperature for 1 hour to minimize non-
specific binding. Following the removal of the blocking
solution, phalloidin–FITC (Sigma-Aldrich, P5282) was ap-
plied at a dilution of 1:1000 in 1%BSA–PBS and incubated
overnight at 4 °C in the dark within a humidified chamber.
Nuclei were stained using a DAPI staining solution (Beijing
Solarbio, C0065, 1:1000) at room temperature in the dark
for a duration of 10 minutes. Coverslips were mounted us-
ing anti-fade mounting medium (Beijing Solarbio, S2100)
and examined with a laser confocal microscope (Leica TCS
SP8). The excitation wavelength for FITC was 488 nm,
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indicating green fluorescence associated with F-actin, and
DAPI was excited at 358 nm, revealing blue fluorescence
corresponding to nuclei.

2.13 Scanning Electron Microscopy (SEM)

Sterile coverslips were initially positioned in culture
flasks, followed by the seeding and culturing of cells un-
til monolayer confluence was achieved, at which point the
coverslips were removed. Cells were fixed with 2.5% glu-
taraldehyde (Beijing Solarbio, G1102) at 4 °C for 2 hours,
followed by secondary fixation with 1% osmium tetroxide
(Sigma-Aldrich, 75632) at room temperature for 1 hour.
Cells underwent sequential dehydration in 30%, 50%, 70%,
80%, 90%, 95%, and 100% ethanol for 15 minutes at
each concentration, and 100% ethanol dehydration was per-
formed twice. After dehydration, CO2 critical point drying
was conducted using the Leica EM CPD300, and subse-
quently, gold sputter coating was applied in a vacuum coat-
ing unit, achieving a thickness of approximately 10–15 nm.
Samples were examined for cell surface morphology using
a HITACHI S-570 scanning electron microscope, operating
at an accelerating voltage of 15 kV and a working distance
of 10–15 mm.

2.14 Nude Mouse Tail Vein Injection Metastasis Model

This research received approval from the Institutional
Animal Care and Use Committee of Liaocheng People’s
Hospital (approval number: 2025257). Female BALB/c
nude mice (SPF grade; 5–6 weeks old; 20–22 g body
weight) were obtained from Beijing Vital River Labora-
tory Animal Technology Co., Ltd. (Laboratory Animal Pro-
duction License No. SCXK(Jing)2016-0011). Nude mice
were maintained in a specific pathogen-free barrier system
at an environmental temperature of 25 ± 1 °C and rela-
tive humidity of 50%–70%. They were subjected to a 12-
hour light/dark cycle, housed at a density of five mice per
cage, and provided with ad libitum access to food and wa-
ter. The acclimatization period was 1 week. The experi-
ment comprised six mice per group. Mice underwent a 12-
hour fasting period prior to the experiment. A549 cells that
were transfected were resuspended in serum-free RPMI-
1640 medium, with the cell concentration adjusted to 5 ×
106 cells/mL. Nude mice were placed in a specialized re-
straint device, and the tail vein region was cleansed with
75% alcohol to facilitate blood vessel dilation. The needle
was inserted at a 45° angle using a 1 mL sterile syringe.
After entry into the tail vein, a 200 µL cell suspension (1
× 106 cells/mouse) was administered at a consistent rate.
Following injection, mouse body weight, food intake, and
overall condition were assessed weekly to identify symp-
toms including respiratory distress, decreased activity, and
weight loss. Mice were anesthetized using pentobarbital
sodium (Nembutal, 50 mg/kg body weight, intraperitoneal
injection). The anesthetic solution was prepared by dilut-
ing pentobarbital sodium stock solution (50mg/mL, Sigma-

Aldrich, P3761) in sterile physiological saline to achieve
the appropriate concentration based on individual mouse
body weight. Six weeks after injection, mice were eutha-
nized using CO2 delivered at a flow rate of 1 L/min, with
CO2 concentration gradually increased from 30% to 100%
over 2–3 minutes according to American Veterinary Med-
ical Association (AVMA) guidelines. Bilateral lung tis-
sues were excised, fixed in 10% neutral formalin, paraffin-
embedded, and subjected to HE staining to assess the num-
ber, size, and distribution of pulmonary metastatic foci.
Metastatic foci numbers were quantified using Image-Pro
Plus software.

2.15 HE Staining of Pulmonary Metastatic Foci

Lung tissues were fixed in 10% neutral formalin for
24 hours, followed by routine dehydration and paraffin em-
bedding to prepare 4 µm serial sections. The steps for HE
staining were as follows: Sections were deparaffinized to
water, stained with hematoxylin for 5 minutes, rinsed with
tap water to eliminate excess dye, differentiated with 1%
hydrochloric acid–alcohol solution for several seconds un-
til nuclei became clear, blued with ammonia water for 10
seconds, and rinsed with running water for 10 minutes. Af-
ter staining with 1% eosin for 3 minutes, the sections un-
derwent sequential dehydration in 85%, 95%, and 100%
ethanol for 2 minutes each, were cleared in xylene for two
5-minute intervals, and were subsequently mounted with
neutral resin. The morphological characteristics of the pul-
monary metastatic foci were examined using an optical mi-
croscope (Olympus BX53, Olympus Corporation, Tokyo,
Japan), and metastatic foci were counted.

2.16 Proximity Ligation Assay (PLA)

The proximity ligation assay (PLA) was performed
using the Duolink PLA Technology (Sigma-Aldrich,
DUO92101) in accordance with the manufacturer’s guide-
lines. A549 cells were plated on sterile coverslips in 48-
well plates at a density of 5 × 104 cells per well and incu-
bated overnight. Cells were fixed using 4% paraformalde-
hyde (Beijing Solarbio, P1110) for 20 minutes at room
temperature, permeabilized with 0.1% Triton X-100 (Bei-
jing Solarbio, T8200) for 10 minutes, and subsequently
blocked with Duolink blocking solution for 1 hour at 37
°C. Primary antibodies FUBP3 (1:200, ab181111, Abcam
plc, Cambridge, UK) and STAT3 (1:200, #9139, Cell Sig-
naling Technology Inc., Danvers, MA, USA) were incu-
bated overnight at 4 °C. Following PBSwashing, cells were
incubated with PLA PLUS and MINUS oligonucleotide-
conjugated secondary antibodies for 1 hour at 37 °C. The
ligation reaction was conducted for 30 minutes at 37 °C,
subsequently followed by amplification for 100 minutes at
the same temperature. Nuclei were counterstained using
DAPI (Beijing Solarbio, C0065, diluted 1:1000). Fluores-
cence microscopy (Olympus IX73, Olympus Corporation,
Tokyo, Japan) was employed to capture images, revealing
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PLA signals (red fluorescent dots) that indicate protein–
protein interactions within a 40 nm range.

2.17 Statistical Analysis
Experimental data were analyzed utilizing SPSS 26.0

(IBM Corporation, Armonk, NY, USA) and GraphPad
Prism 10.0 (GraphPad Software LLC, Boston, MA, USA)
statistical software. Results are presented as mean ± stan-
dard deviation (x̄± s) derived from a minimum of three in-
dependent biological replicates, unless otherwise indicated
in the figure legends. The independent samples t-test fa-
cilitated comparisons between two groups, while one-way
analysis of variance (ANOVA) was employed for compar-
isons among multiple groups. Tukey’s post hoc test was
utilized for pairwise comparisons between groups. p val-
ues less than 0.05 were considered statistically significant
(*p < 0.05, **p < 0.01, ***p < 0.001).

3. Results
3.1 Elevated FUBP3 Expression Correlates With Poor
Survival Outcomes in Lung Cancer Patients

To identify key regulators of lung cancer metastasis,
we focused on FUBP3 through bioinformatics screening
(Fig. 1A). Single-cell analysis revealed FUBP3 upregu-
lation in mesenchymal-type lung cancer cells, suggesting
its involvement in mesenchymal transformation (Fig. 1B).
TCGA database analysis confirmed elevated FUBP3 tran-
scription in lung cancer versus normal tissues (p < 0.01;
Fig. 1C). Immunohistochemical analysis of 30 paired pa-
tient samples validated higher FUBP3 protein expression
in tumor versus adjacent normal tissues (Fig. 1D,E). Fur-
ther analysis showed that FUBP3 expression levels posi-
tively correlated with genomic heterogeneity in lung can-
cer, with tumor samples exhibiting high FUBP3 expression
demonstrating higher genomic instability (Fig. 1F). Can-
cer stem cell correlation analysis indicated that FUBP3 ex-
pression is closely associated with stemness characteristics
of lung cancer cells, with increased enrichment of stem
cell markers in tumor samples with high FUBP3 expres-
sion (Fig. 1G). Clinicopathological analysis revealed im-
portant associations between FUBP3 expression and lung
cancer invasive and metastatic capabilities. FUBP3 pro-
tein expression levels in M1 stage (distant metastasis) lung
cancer patients were higher than those in M0 stage (no dis-
tant metastasis) patients (p < 0.01), indicating that FUBP3
expression is directly related to lung cancer metastatic ca-
pacity (Fig. 1H). Analysis across different T stages showed
that FUBP3 expression exhibited an upward trend with in-
creasing tumor T stage, confirming a positive correlation
between FUBP3 expression and local tumor invasive ca-
pacity (Fig. 1I). Kaplan–Meier survival analysis demon-
strated that FUBP3 expression levels are closely associated
with lung cancer patient prognosis. Patients were grouped
according to the median FUBP3 expression level, and re-
sults showed that patients with high FUBP3 expression

had shorter overall survival than those with low expression
(Fig. 1J). FUBP3 expression correlated with immune regu-
latory genes and immune checkpoint molecules while neg-
atively correlating with immune activation molecules, sug-
gesting association with an immunosuppressive microen-
vironment (Supplementary Fig. 1A,B). These findings
establish FUBP3 as aberrantly expressed in lung cancer,
closely associated with tumor invasion, metastasis, ge-
nomic instability, stemness, and poor prognosis, supporting
its potential as a prognostic biomarker.

3.2 FUBP3 Drives Lung Cancer Progression by
Promoting Metastasis

To investigate the functional role of FUBP3 in lung
cancer cells, we first examined FUBP3 expression levels
in different lung cancer cell lines. Western blot analy-
sis showed that compared to human bronchial epithelial
cells BEAS-2B, FUBP3 was universally highly expressed
in lung cancer cell lines, with the highest expression in
A549 cells (approximately 4-fold), followed by H460 cells
(approximately 3-fold), and relatively lower expression in
PC-9 cells (approximately 1.2-fold) (Fig. 2A). Based on
these results, we selected FUBP3 high-expressing A549
and H460 cell lines for subsequent functional studies. To
explore the functional role of FUBP3 in lung cancer pro-
gression, we constructed stable FUBP3 knockdown A549
and H460 cell lines and established rescue cell lines to
verify phenotype specificity. Western blot analysis con-
firmed transfection efficiency, with FUBP3 protein levels
in the sh-FUBP3 group decreased compared to the control
group, while FUBP3 expression was effectively restored in
the shRNA-rescue group (Fig. 2B). Clonogenic sphere for-
mation assays demonstrated that FUBP3 knockdown sup-
pressed the proliferative potential and sphere-forming ca-
pacity of A549 and H460 cells. Compared to the con-
trol group, the sh-FUBP3 group formed significantly fewer
clonogenic spheres with reduced sphere volume, while cell
sphere-forming capacity was partially restored after rescu-
ing FUBP3 expression (Fig. 2C). These results indicate that
FUBP3 plays an important role in maintaining lung can-
cer cell proliferative capacity and stem cell-like character-
istics. To evaluate the effect of FUBP3 on lung cancer
cell metastatic capacity, we performed Transwell migra-
tion and invasion assays. Migration assay results showed
that FUBP3 knockdown inhibited the migration capacity of
A549 and H460 cells, with fewer cells migrating through
the Transwell membrane compared to the control group,
while cell migration capacity was significantly restored af-
ter rescuing FUBP3 expression (Fig. 2D). Similarly, inva-
sion assays demonstrated that FUBP3 knockdown weak-
ened lung cancer cells’ invasive capacity to penetrate Ma-
trigel, with invasive cell numbers reduced by approximately
70–80% compared to the control group, and rescue exper-
iments confirmed the FUBP3-dependence of this pheno-
type (Fig. 2E). To further elucidate the effects of FUBP3
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Fig. 1. Elevated FUBP3 expression correlates with poor survival outcomes in lung cancer patients. (A) Venn diagram showing the
bioinformatics screening strategy for identifying poor prognostic genes and EMT-related genes in lung cancer, with FUBP3 among the
overlapping candidates. (B) UMAP plot from single-cell RNA sequencing analysis demonstrating FUBP3 upregulation in mesenchymal
cell populations within lung cancer tissues (p = 7.14 × 10−3). (C) TCGA database analysis showing significantly elevated FUBP3
expression in lung cancer tissues (N = 524) compared to normal tissues (N = 486). (D,E) Representative immunohistochemical staining
images (D) and quantitative analysis. Scale bar: 100 μm and Scale bar: 200 μm. (E) of FUBP3 expression in paired lung cancer and
normal adjacent tissues (NAT) (n = 30 per group). (F) Correlation heatmap showing positive associations between FUBP3 expression
and genomic heterogeneity markers in LUAD patients (N = 509). (G) Correlation analysis demonstrating positive correlation between
FUBP3 expression and cancer stem cell markers in LUAD patients (N = 507). (H) Box plot comparing FUBP3 expression levels between
M0 (N = 344) and M1 (N = 25) stage LUAD patients. (I) FUBP3 expression levels across different T stages in LUAD patients (Stage I
= 274, II = 122, III = 83, IV = 26). (J) Kaplan–Meier survival curves showing associations between FUBP3 expression and disease-free
interval (p = 5.2 × 10−3), disease-specific survival (p = 1.0 × 10−2), overall survival (p = 0.01), and progression-free interval (p = 3.2
× 10−3). Data are presented as mean± SD. *p< 0.05, ***p< 0.001. “+” indicates the presence of a treatment, while “−” indicates the
absence of a treatment.
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Fig. 2. FUBP3 drives lung cancer progression by promoting metastatic potential. (A) Western blot analysis of FUBP3 protein levels
in lung cancer cell lines (A549, H1299, H460) compared to normal lung epithelial cells (BEAS-2B). GAPDH served as loading control.
(B) Western blot confirmation of FUBP3 knockdown and rescue efficiency in A549 and H460 cell lines. (C) Sphere formation assay
evaluating self-renewal capacity in A549 and H460 cells following FUBP3 manipulation. Scale bar: 50 µm. (D) Transwell migration
assay assessingmigratory capacity of FUBP3-modified A549 andH460 cells. Scale bar: 100 µm. (E) Transwell invasion assay evaluating
invasive potential of A549 and H460 cells with FUBP3 knockdown and rescue. Scale bar: 100 µm. (F) TUNEL staining analysis of
apoptotic cell death in FUBP3-modified A549 and H460 cells. TUNEL-positive cells (red), nuclei (blue, DAPI). Scale bar: 50 µm.
(G) EdU incorporation assay measuring cell proliferation in A549 and H460 cells following FUBP3 manipulation. EdU-positive cells
(green), nuclei (blue, DAPI). Scale bar: 50 µm. Data are presented as mean ± SD from three independent biological replicates (n = 3).
Statistical comparisons were performed using one-way ANOVA followed by Tukey’s post hoc test. ns, not significant, **p< 0.01, ***p
< 0.001.
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knockdown on cellular biological behaviors, we examined
cell apoptosis and proliferation status. TUNEL staining re-
sults showed that FUBP3 knockdown induced lung can-
cer cell apoptosis, with the proportion of TUNEL-positive
cells increased approximately 3-fold compared to the con-
trol group, while cell apoptosis levels were significantly re-
duced after rescuing FUBP3 expression (Fig. 2F). These
results indicate that FUBP3 possesses anti-apoptotic func-
tions and contributes to lung cancer cell survival. EdU pro-
liferation assays further confirmed FUBP3’s regulatory role
in cell proliferation. Results showed that FUBP3 knock-
down inhibited DNA synthesis capacity in A549 and H460
cells, with the proportion of EdU-positive cells reduced
by approximately 60% compared to the control group,
while cell proliferative capacity was restored after rescuing
FUBP3 expression (Fig. 2G). Combined with TUNEL and
EdU experimental results, we confirmed that FUBP3 main-
tains survival advantages in lung cancer cells by promoting
cell proliferation and inhibiting cell apoptosis.

3.3 FUBP3 Silencing Suppresses Lung Cancer Metastatic
Capacity

To validate the functional role of FUBP3 in lung can-
cer metastasis in vivo, we established a nudemouse tail vein
injection metastasis model. Stably transfected A549 cells
(Scramble control group, sh-FUBP3 knockdown group, and
shRNA-rescue group) were injected into nude mice via
tail vein, and mice were sacrificed after 6 weeks to col-
lect lung tissues for pathological analysis. HE staining re-
sults showed that compared to the control group, the num-
ber and size of pulmonary metastatic foci in the FUBP3
knockdown group were reduced, with metastatic foci ex-
hibiting smaller and more dispersed distribution patterns,
while metastatic foci formation capacity was significantly
restored after rescuing FUBP3 expression (Fig. 3A). Quan-
titative analysis results demonstrated that FUBP3 knock-
down inhibited the in vivo metastatic capacity of lung can-
cer cells. Control group mice formed approximately 15–20
metastatic foci per lung on average, while the sh-FUBP3
group showed reduced metastatic foci numbers to approx-
imately 5–8, with a metastatic inhibition rate of 60–70%.
After rescuing FUBP3 expression, metastatic foci numbers
recovered to approximately 12–16, confirming the FUBP3-
dependence of the metastatic inhibition effect (n = 6, p <

0.01) (Fig. 3B). These in vivo experimental results were
highly consistent with cellular-level migration and invasion
experiments, further confirming FUBP3’s critical role in
promoting lung cancer metastasis. To analyze the molecu-
lar characteristics of metastatic foci in depth, we performed
immunofluorescence staining analysis on lung metastatic
foci tissues. FUBP3 immunofluorescence staining showed
that FUBP3 protein expression levels were decreased in
metastatic foci of the sh-FUBP3 group, while FUBP3 ex-
pression was effectively restored in the rescue group, val-
idating the persistence and effectiveness of in vivo knock-

down effects (Fig. 3C). Ki-67 immunofluorescence staining
was used to evaluate proliferative activity of tumor cells in
metastatic foci. Results showed that the proportion of Ki-
67 positive cells in metastatic foci of the sh-FUBP3 group
was reduced, with proliferation index decreased by approx-
imately 80% compared to the control group, indicating that
FUBP3 knockdown not only inhibited metastatic foci for-
mation but also weakened proliferative capacity of tumor
cells in metastatic foci. Proliferative activity of metastatic
foci was partially restored after rescuing FUBP3 expression
(Fig. 3D). STAT3 immunofluorescence staining analysis re-
vealed that in FUBP3 knockdown metastatic foci, STAT3
protein expression levels were correspondingly decreased,
with fluorescence intensity reduced compared to the con-
trol group. This result suggests that FUBP3 may exert pro-
metastatic effects through regulating STAT3 expression or
activity, providing important clues for subsequent mecha-
nistic studies (Fig. 3E). CD31 immunofluorescence stain-
ing was used to evaluate angiogenesis in metastatic foci.
Results showed that microvessel density around metastatic
foci in the sh-FUBP3 group was decreased, with CD31-
positive vascular structures reduced compared to the con-
trol group, indicating that FUBP3 knockdown may limit
metastatic foci growth and development through inhibiting
angiogenesis. Rescue experiments confirmed the FUBP3-
dependence of this angiogenesis inhibition effect (Fig. 3F).
In vivo metastasis experimental results clearly confirmed
FUBP3’s critical role in promoting lung cancer metastasis.
FUBP3 knockdown not only reduced the number and size
of metastatic foci but also inhibited proliferative activity
and angiogenic capacity of tumor cells in metastatic foci.
Additionally, the synchronized downregulation of STAT3
expression in metastatic foci suggests potential functional
association between them, laying important groundwork
for further elucidating the mechanistic role of the FUBP3–
STAT3 regulatory axis in lung cancer metastasis.

3.4 FUBP3 Drives Lung Cancer Metastasis by Promoting
EMT Processes

To further elucidate FUBP3’s functional pathways, we
performed functional enrichment analysis on genes pos-
itively co-expressed with FUBP3. Results showed that
genes co-expressed with FUBP3 were enriched in multi-
ple tumor-related functional pathways, including focal ad-
hesion, regulation of actin cytoskeleton, non-small cell lung
cancer, pathways in cancer, JAK–STAT signaling pathway,
vascular endothelial growth factor (VEGF) signaling path-
way, and Extracellular Matrix (ECM)-receptor interaction
(Fig. 4A). Enrichment of these pathways further supports
FUBP3’s important role in regulating cell motility, inva-
sion, and EMT processes, while enrichment of the JAK–
STAT signaling pathway suggests that STAT3 may be an
important downstream molecule of FUBP3. Cytoskeletal
staining showed control A549 and H460 cells exhibited
spindle-shaped mesenchymal morphology with pseudopo-
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Fig. 3. FUBP3 silencing suppresses lung cancer metastatic capacity in vivo. (A) Experimental scheme of tail vein injection metastasis
model using A549 cells with FUBP3 modifications. Scale bar: 200 µm. (B) Quantitative analysis of pulmonary metastatic nodules in
nude mice (n = 6 per group). (C) Representative immunofluorescence staining of FUBP3 (green) in lung metastatic lesions. DAPI (blue)
indicates nuclei. Scale bar: 200 µm. (D) Ki-67 immunofluorescence staining (green) showing proliferation in lung metastatic tissues.
Scale bar: 200 µm. (E) STAT3 (green) and (F) CD31 (red) immunofluorescence staining in lungmetastatic lesions demonstrating reduced
expression in FUBP3 knockdown groups. Scale bar: 200 µm. Data are presented as mean ± SD (n = 6 mice per group). Statistical
comparisons were performed using one-way ANOVA followed by Tukey’s post hoc test. ***p < 0.001.

dia. FUBP3 knockdown induced rounded epithelial-like
morphology with tighter intercellular connections, which
was reversed upon FUBP3 rescue (Fig. 4B). Scanning
electron microscopy confirmed that sh-FUBP3 cells had
smoother surfaces with reduced pseudopodia, while control
and rescue groups displayed abundant membrane protru-
sions characteristic of motile cells (Fig. 4C). Thesemorpho-
logical changes are highly consistent with characteristics
of cellular transformation from epithelial to mesenchymal
phenotype during EMT processes. To validate EMTmarker
changes at the molecular level, we performed immunoflu-

orescence staining analysis. E-cadherin immunofluores-
cence staining showed that FUBP3 knockdown upregu-
lated expression of the epithelial marker E-cadherin, with
E-cadherin primarily localized at cell membranes, form-
ing continuous staining patterns at intercellular junctions.
In contrast, E-cadherin expression was relatively low in
control and rescue groups, with more dispersed distribu-
tion (Fig. 4D). Conversely, immunofluorescence staining
of the mesenchymal marker Vimentin showed opposite
changes. In control and rescue group cells, Vimentin ex-
hibited typical filamentous distribution in the cytoplasm
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Fig. 4. FUBP3 drives lung cancer metastasis by promoting EMT process. (A) KEGG pathway enrichment analysis of FUBP3
positively co-expressed genes showing significant enrichment in focal adhesion, actin cytoskeleton regulation, JAK–STAT pathway
and cancer-related pathways. Analysis was performed using TCGA lung adenocarcinoma dataset. The bubble size represents gene
count and color indicates adjusted p-value. (B) Phalloidin staining (green) showing cytoskeleton organization in A549 and H460 cells
following FUBP3 manipulation. DAPI (blue) indicates nuclei. Scale bar: 50 µm. (C) Scanning electron microscopy analysis revealing
morphological changes in A549 and H460 cells with FUBP3 knockdown and rescue. Scale bar: 10 µm. (D) Immunofluorescence
staining for epithelial marker E-cadherin (green) in FUBP3-modified A549 and H460 cells. Scale bar: 50 µm. (E) Immunofluorescence
analysis of mesenchymal marker Vimentin (red) expression in A549 and H460 cells. Scale bar: 50 µm. (F) Western blot analysis of EMT
markers E-cadherin and Vimentin in FUBP3 knockdown and rescue cell lines. Data are presented as mean± SD from three independent
biological replicates (n = 3). Statistical comparisons were performed using one-way ANOVA followed by Tukey’s post hoc test. *p <

0.05, **p < 0.01, ***p < 0.001.
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with high expression levels. In the sh-FUBP3 group, Vi-
mentin expressionwas decreasedwith significantly reduced
filamentous structures, indicating weakened cellular mes-
enchymal characteristics (Fig. 4E). Western blot analysis
further quantitatively confirmed EMT marker expression
changes. In both A549 and H460 cell lines, FUBP3 knock-
down resulted in upregulated E-cadherin protein levels and
downregulated Vimentin protein levels. After rescuing
FUBP3 expression, E-cadherin expression was downregu-
lated while Vimentin expression was upregulated, revers-
ing the EMT marker expression pattern (Fig. 4F). This re-
sult was consistent across two independent lung cancer cell
lines, further confirming FUBP3’s important role in regu-
lating EMT processes.

3.5 FUBP3 Promotes Lung Cancer Progression by
Upregulating Twist1 Expression in Lung Cancer

To further elucidate the molecular mechanisms by
which FUBP3 regulates EMT, we examined the effects
of FUBP3 on major EMT transcription factors. qRT-
PCR analysis showed that FUBP3 knockdown reduced
mRNA expression levels of Twist1 and snail family tran-
scriptional repressor 1 (SNALl), while having no effect
on Zinc finger E-box-binding homeobox 1 (ZEB1) ex-
pression. Among these, Twist1 expression downregula-
tion was most significant, suggesting it may be a key
downstreammolecule in FUBP3-mediated EMT regulation
(Fig. 5A). Immunofluorescence staining further confirmed
that FUBP3 knockdown led to reduced Twist1 protein ex-
pression in the cell nucleus, with nuclear fluorescence in-
tensity decreased by approximately 70% compared to the
control group (Fig. 5B). Clinical sample correlation analy-
sis showed that FUBP3 and Twist1 expression levels were
positively correlated in lung cancer patient tissues (p <

0.01), further supporting their functional association in lung
cancer (Fig. 5C). This clinical evidence provides impor-
tant support for the role of the FUBP3-Twist1 regulatory
axis in lung cancer progression. To establish the functional
role of Twist1 in lung cancer progression, we first exam-
ined the effects of Twist1 manipulation alone in A549 cells.
Twist1 knockdown significantly suppressed malignant phe-
notypes, including reduced cell length indicating epithe-
lial morphology (Supplementary Fig. 2A,B), decreased
invasive capacity (Supplementary Fig. 2C), and dimin-
ished proliferation (Supplementary Fig. 2D). Conversely,
Twist1 overexpression alone promoted mesenchymal mor-
phology with increased cell length (Supplementary Fig.
3A,B), enhanced invasion (Supplementary Fig. 3C), and
increased proliferation (Supplementary Fig. 3D). These
results confirm that Twist1 is sufficient and necessary to
drive EMT and malignant phenotypes in lung cancer cells,
providing a foundation for subsequent rescue experiments.
To verify whether Twist1 mediates FUBP3’s functional ef-
fects, we performed rescue experiments. Overexpression of
Twist1 in FUBP3 knockdown A549 cells showed through

cytoskeletal staining that FUBP3 knockdown alone caused
cells to transition from spindle-shaped mesenchymal-like
morphology toward rounded epithelial-like morphology,
while Twist1 overexpression effectively reversed this mor-
phological change, enabling cells to regain spindle-shaped
mesenchymal-like characteristics (Fig. 5D). Scanning elec-
tron microscopy analysis further confirmed this phe-
nomenon, with Twist1 overexpression restoring pseudopo-
dia and membrane protrusion structures on cell surfaces,
with cells re-exhibiting motile morphology (Fig. 5E). Func-
tional experiments confirmed that Twist1 can rescue phe-
notypic defects caused by FUBP3 knockdown. Tran-
swell invasion assays showed that Twist1 overexpression
in FUBP3 knockdown cells restored cellular invasive ca-
pacity, with invasive cell numbers even exceeding control
group levels (Fig. 5F). Clonogenic sphere formation as-
says demonstrated that Twist1 overexpression could res-
cue sphere formation capacity defects caused by FUBP3
knockdown, with both sphere number and size restored
(Fig. 5G). EdU proliferation assays also showed simi-
lar results, with Twist1 overexpression effectively revers-
ing the proliferative capacity decline caused by FUBP3
knockdown (Fig. 5H). In vivo metastasis experiments fur-
ther validated Twist1’s critical role in FUBP3 function.
In the nude mouse tail vein injection model, FUBP3
knockdown reduced pulmonary metastatic foci formation,
while Twist1 overexpression simultaneously with FUBP3
knockdown effectively rescued metastatic capacity, with
metastatic foci numbers even exceeding those of the con-
trol group (Fig. 5I). This result clearly confirms that
Twist1 is a key downstream effector molecule in FUBP3-
promoted lung cancer metastasis. To further validate the
bidirectionality of the FUBP3-Twist1 regulatory axis, we
performed reverse validation experiments. Twist1 was
knocked down in FUBP3-overexpressing A549 cells to ob-
serve effects on cellular phenotype. Cytoskeletal stain-
ing showed that FUBP3 overexpression promoted cellu-
lar transformation toward more typical mesenchymal mor-
phology, with cells becoming longer and thinner, while
Twist1 knockdown could partially reverse this morpholog-
ical change (Fig. 5J). Scanning electron microscopy anal-
ysis confirmed that Twist1 knockdown weakened the cell
surface structural complexity induced by FUBP3 overex-
pression (Fig. 5K). Functional analysis showed that Twist1
knockdown in FUBP3-overexpressing cells inhibited cel-
lular invasive capacity (Fig. 5L), sphere formation capacity
(Fig. 5M), and proliferative capacity (Fig. 5N), indicating
that Twist1 deficiency can block FUBP3’s pro-oncogenic
functions. In vivo metastasis experiments confirmed that
Twist1 knockdown can inhibit the metastasis-promoting ef-
fects induced by FUBP3 overexpression, with metastatic
foci numbers reduced by approximately 70% compared to
the FUBP3 overexpression group (Fig. 5O).
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Fig. 5. FUBP3 promotes lung cancer progression through upregulation of Twist1 expression. (A) qRT-PCR analysis of EMT tran-
scription factors in FUBP3 knockdown A549 cells showing significant reduction in Twist1 expression. Gene expression was normalized
to GAPDH. (B) Immunofluorescence staining confirming reduced Twist1 protein (green) in FUBP3 knockdown A549 cells. Represen-
tative images (left) and quantification of fluorescence intensity (right) are shown. DAPI (blue) indicates nuclei. Scale bar: 50 µm. (C)
Correlation analysis showing positive association between FUBP3 and Twist1 expression in lung cancer patients (p = 8.7 × 10−179).
(D) Phalloidin staining demonstrating morphological rescue by Twist1 overexpression in FUBP3 knockdown A549 cells. Scale bar: 50
µm. (E) SEM analysis showing reversal of epithelial morphology by Twist1 overexpression in FUBP3-silenced cells. Scale bar: 10
µm. (F) Transwell invasion assay with FUBP3 knockdown and Twist1 rescue in A549 cells. Scale bar: 100 µm. (G) Sphere formation
assay evaluating rescue effects of Twist1 overexpression. Scale bar: 200 µm. (H) EdU proliferation assay showing functional rescue by
Twist1. Scale bar: 50 µm. (I) In vivo metastasis analysis using A549 cells with FUBP3 knockdown and Twist1 rescue. Scale bar: 200
µm. (J,K) Morphological analysis showing FUBP3 overexpression-induced mesenchymal transition reversed by Twist1 silencing using
phalloidin staining (J) and SEM (K). Scale bar: 50 µm. (L) Invasion assay with FUBP3 overexpression and Twist1 knockdown. (M)
Sphere formation analysis with combined treatments. Scale bar: 200 µm. (N) EdU proliferation assay in cells with FUBP3 overexpres-
sion and Twist1 silencing. Scale bar: 50 µm. (O) In vivo metastasis assessment with A549 cells harboring FUBP3 overexpression and
Twist1 knockdown. Scale bar: 200 µm. Data are presented as mean± SD from three independent biological replicates (n = 3 for in vitro
experiments, n = 6 mice per group for in vivo experiments). Statistical comparisons were performed using one-way ANOVA followed
by Tukey’s post hoc test. ns, not significant, *p < 0.05, **p < 0.01, ***p < 0.001.
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3.6 FUBP3-STAT3 Interaction Upregulates Twist1 to
Promote Lung Cancer Progression

To explore the molecular mechanisms by which
FUBP3 regulates Twist1, based on the enrichment of JAK–
STAT signaling pathway in previous functional enrichment
analysis, we focused on investigating the potential interac-
tion between FUBP3 and STAT3. Protein–protein inter-
action network analysis revealed a direct protein interac-
tion relationship between FUBP3 and STAT3, suggesting
they may form functional complexes to co-regulate down-
stream gene expression (Fig. 6A). Clinical sample analy-
sis showed that FUBP3 and STAT3 expression levels were
positively correlated in lung cancer tissues (p < 0.01), and
this strong correlation suggests potential synergistic effects
between them in lung cancer development and progression
(Fig. 6B). To verify the intracellular interaction between
FUBP3 and STAT3, we performed immunofluorescence
co-staining experiments. Results showed that FUBP3 and
STAT3 exhibited distinct co-localization patterns in A549
cells, indicating high spatial overlap of the two proteins
(Fig. 6C). To further validate the direct physical interac-
tion between FUBP3 and STAT3 in situ, we performed
PLA in A549 cells. The PLA results showed abundant
red fluorescent signals representing FUBP3–STAT3 inter-
action within 40 nm proximity (Fig. 6D). Additionally, we
assessed the interactions in FUBP3-knockdown cells us-
ing a PLA to provide complementary evidence of this in-
teraction. The PLA results indicated a significant reduc-
tion of positive signals in FUBP3-silenced cells compared
to control cells, further supporting the relationship between
FUBP3 and STAT3 in lung cancer progression. Using anti-
FUBP3 antibody for immunoprecipitation, Western blot de-
tection showed co-precipitation of STAT3 protein, while the
IgG negative control group showed no detectable STAT3
signal. Reverse Co-IP experiments using anti-STAT3 an-
tibody for immunoprecipitation similarly co-precipitated
FUBP3 protein (Fig. 6E). This bidirectional Co-IP result
clearly confirms that FUBP3 and STAT3 form stable pro-
tein complexes within cells. Input represents 5% of to-
tal lysate. Note that no bands were detected in IgG con-
trol lanes, confirming the specificity of the interaction. To
validate the functional importance of STAT3 in lung can-
cer progression, we first examined the effects of STAT3
knockdown alone in A549 cells. STAT3 knockdown signif-
icantly suppressed malignant phenotypes, including altered
cell morphology with reduced cell length (Supplementary
Fig. 4A,B), decreased invasive capacity (Supplementary
Fig. 4C), and diminished proliferation (Supplementary
Fig. 4D). To verify whether STAT3 mediates FUBP3’s
regulatory effect on Twist1, we knocked down STAT3 in
FUBP3-overexpressing A549 cells. Immunofluorescence
staining showed that FUBP3 overexpression upregulated
Twist1 expression in the cell nucleus, with nuclear fluo-
rescence intensity increased approximately 1.5-fold com-
pared to the control group. However, after STAT3 knock-

down, Twist1 expression levels decreased, nearly returning
to control group levels, indicating that STAT3 is necessary
for FUBP3-mediated Twist1 upregulation (Fig. 6F). Cell
morphological analysis showed that FUBP3 overexpression
promoted A549 cell transformation toward typical spindle-
shaped mesenchymal-like morphology, with cells becom-
ing longer and thinner and pseudopodial structures more
prominent. However, STAT3 knockdown effectively re-
versed this morphological change, with cells re-exhibiting
relatively rounded morphology and significantly weakened
mesenchymal characteristics (Fig. 6G). This result indicates
that STAT3 is a key molecule in FUBP3-mediated regula-
tion of cellular EMT morphological transformation. Func-
tional experiments further confirmed STAT3’s necessity in
FUBP3 function. Transwell invasion assays showed that
FUBP3 overexpression enhanced cellular invasive capac-
ity, with invasive cell numbers increased approximately
2-fold compared to the control group. However, STAT3
knockdown suppressed this pro-invasive effect, with in-
vasive cell numbers reduced to near control group lev-
els (Fig. 6H). Clonogenic sphere formation assays showed
similar result patterns. FUBP3 overexpression promoted
sphere formation, with both sphere number and size sig-
nificantly increased, while STAT3 knockdown effectively
reversed this promoting effect, with sphere formation ca-
pacity returning to control group levels (Fig. 6I). EdU
proliferation assays also confirmed that STAT3 knock-
down could block the enhanced cell proliferative capac-
ity induced by FUBP3 overexpression, with the propor-
tion of EdU-positive cells reduced to control group levels
(Fig. 6J). Most importantly, in vivo metastasis experiments
confirmed STAT3’s critical role in FUBP3’s pro-metastatic
function. In the nude mouse tail vein injection model,
FUBP3 overexpression increased the number and size of
pulmonary metastatic foci, with metastatic foci numbers
increased approximately 2-fold compared to the control
group. However, after STAT3 knockdown, the metastasis-
promoting effect was suppressed, with metastatic foci num-
bers reduced to near control group levels (Fig. 6K). This in
vivo experimental result clearly confirms that STAT3 is an
indispensable molecular partner for FUBP3 to exert its pro-
metastatic function.

3.7 STAT3 Inhibitor (S3I-201) Treatment Reverses the
Promoting Effects of Elevated FUBP3 Expression in Lung
Cancer Cells

To further validate STAT3’s critical role in FUBP3-
mediated regulation of lung cancer metastasis and ex-
plore potential therapeutic targets, we treated FUBP3-
overexpressing A549 cells with the STAT3 small molecule
inhibitor S3I-201 and systematically evaluated its antag-
onistic effects on FUBP3 function. Twist1 immunoflu-
orescence staining analysis showed that FUBP3 overex-
pression upregulated Twist1 expression in the cell nu-
cleus, with nuclear fluorescence intensity increased ap-
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Fig. 6. FUBP3–STAT3 interaction upregulates Twist1 to promote lung cancer progression. (A) Protein–protein interaction network
analysis revealing direct interaction between FUBP3 and STAT3. (B) Positive correlation between FUBP3 and STAT3 expression in
lung cancer datasets (p = 2.9 × 10−187). (C) Immunofluorescence co-localization of FUBP3 (green) and STAT3 (red) in A549 cells.
Merge panel shows co-localization (yellow). Scale bar: 20 µm. (D) Proximity ligation assay (PLA) demonstrating direct interaction
between FUBP3 and STAT3 in scramble and shFUBP3A549 cells. Red fluorescent dots indicate protein–protein interaction within 40 nm
proximity. DAPI (blue) indicates nuclei. Scale bar: 10 µm. The PLA results indicate a significant interaction between FUBP3 and STAT3,
which supports their role in regulating lung cancer progression. In FUBP3-knockdown cells, a notable reduction in positive PLA signals
was observed, further indicating the importance of FUBP3 in this interaction. White arrows indicate fluorescent spots in interaction
regions. (E) FUBP3 physically interacts with STAT3 in lung cancer cells. Co-immunoprecipitation assays were performed using Input
(whole cell lysate), IgG (beads plus nonspecific antibody) serving as negative control and experimental Groups (with Anti-FUBP3 or
Anti-STAT3 antibodies). (F) Immunofluorescence analysis of Twist1 (green) showing FUBP3 overexpression-induced upregulation
reversed by STAT3 silencing. White arrows indicate positive nuclear expression of Twist1. Scale bar: 50 µm. (G) Phalloidin staining
revealing mesenchymal morphology induced by FUBP3 overexpression and its reversal by STAT3 knockdown. Scale bar: 50 µm. (H)
Transwell invasion assay with FUBP3 overexpression and STAT3 silencing in A549 cells. Scale bar: 100 µm. (I) Sphere formation
analysis showing rescue effects of STAT3 knockdown. Scale bar: 200 µm. (J) EdU proliferation assay demonstrating functional rescue
by STAT3 silencing. Scale bar: 50 µm. (K) In vivo metastasis analysis with A549 cells harboring FUBP3 overexpression and STAT3
knockdown modifications. Scale bar: 200 µm. Data are presented as mean ± SD from three independent biological replicates (n = 3
for in vitro experiments, n = 6 mice per group for in vivo experiments). Statistical comparisons were performed using one-way ANOVA
followed by Tukey’s post hoc test. *p < 0.05, **p < 0.01, ***p < 0.001. “+” indicates the presence of a treatment, while “−” indicates
the absence of a treatment.
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Fig. 7. STAT3 inhibitor S3I-201 reverses FUBP3-induced lung cancer progression. (A) Immunofluorescence staining showing
Twist1 (green) expression in A549 cells treated with FUBP3 overexpression and STAT3 inhibitor S3I-201. White arrows indicate positive
nuclear expression of Twist1. Scale bar: 50 µm. (B,C) PCR analysis of epithelial marker E-cadherin (B) and mesenchymal marker
Vimentin (C) in A549 cells with FUBP3 overexpression and S3I-201 treatment. (D) Phalloidin staining demonstrating morphological
changes in A549 cells with FUBP3 overexpression and S3I-201 treatment. Scale bar: 50 µm. (E) Transwell invasion assay evaluating the
effects of S3I-201 on FUBP3-overexpressing cells. Scale bar: 100 µm. (F) Sphere formation assay with FUBP3 overexpression and S3I-
201 treatment. Scale bar: 50 µm. (G) EdU proliferation assay with FUBP3 overexpression and S3I-201 treatment. Scale bar: 50 µm. (H)
TUNEL assay assay with FUBP3 overexpression and S3I-201 treatment. Scale bar: 50 µm. (I) In vivo metastasis analysis with S3I-201
treatment in FUBP3-overexpressing A549 cells. Scale bar: 200 µm. Data are presented as mean± SD from three independent biological
replicates (n = 3 for in vitro experiments, n = 6 mice per group for in vivo experiments). Statistical comparisons were performed using
one-way ANOVA followed by Tukey’s post hoc test. *p < 0.05, **p < 0.01, ***p < 0.001. “+” indicates the presence of a treatment,
while “−” indicates the absence of a treatment.
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proximately 1.5-fold compared to the control group. S3I-
201 treatment alone reduced basal Twist1 expression lev-
els. Importantly, S3I-201 effectively reversed the Twist1
upregulation induced by FUBP3 overexpression, reducing
its expression levels (Fig. 7A). This result confirms the
necessity of STAT3 activity for FUBP3-mediated Twist1
regulation. To comprehensively evaluate S3I-201’s ef-
fects on EMT markers, we examined transcriptional level
changes in epithelial and mesenchymal markers. qRT-
PCR analysis showed that S3I-201 treatment upregulated
mRNA expression of the epithelial marker E-cadherin,
while FUBP3 overexpression reduced E-cadherin expres-
sion. S3I-201 effectively reversed the E-cadherin downreg-
ulation induced by FUBP3 overexpression (Fig. 7B). Con-
versely, expression changes of the mesenchymal marker
Vimentin showed opposite trends: S3I-201 treatment re-
duced basal Vimentin expression, while FUBP3 overex-
pression upregulated Vimentin expression, and S3I-201 ef-
fectively blocked this upregulation effect (Fig. 7C). Cell
morphological analysis confirmed S3I-201’s antagonistic
effects on EMT processes. Cytoskeletal staining showed
that FUBP3 overexpression promoted A549 cell transfor-
mation toward typical spindle-shaped mesenchymal-like
morphology, with cells becoming longer and thinner. Ad-
dition of S3I-201 to FUBP3-overexpressing cells effec-
tively reversed mesenchymal-like morphological changes,
with cells re-exhibiting relatively rounded and tightly con-
nected epithelial-like characteristics (Fig. 7D). Functional
experiments further confirmed S3I-201’s antagonistic ef-
fects on FUBP3’s pro-oncogenic functions. Transwell
invasion assays showed that S3I-201 treatment inhibited
basal cellular invasive capacity, while FUBP3 overexpres-
sion enhanced invasive capacity. Importantly, S3I-201 ef-
fectively reversed the invasion-promoting effects induced
by FUBP3 overexpression, reducing invasive cell num-
bers (Fig. 7E). Clonogenic sphere formation assays showed
similar result patterns. S3I-201 treatment inhibited cel-
lular sphere formation capacity, while FUBP3 overex-
pression promoted sphere formation. S3I-201 effectively
blocked the promoting effects of FUBP3 overexpression,
with both sphere number and size reduced (Fig. 7F). EdU
proliferation assays confirmed that S3I-201 not only in-
hibited basal cellular proliferative activity but also com-
pletely reversed the proliferation-promoting effects induced
by FUBP3 overexpression (Fig. 7G). TUNEL apoptosis
assays showed that S3I-201 treatment increased cellular
apoptosis levels, with the proportion of TUNEL-positive
cells increased approximately 2–3-fold compared to the
control group. FUBP3 overexpression reduced basal cel-
lular apoptosis levels, while S3I-201 reversed this anti-
apoptotic effect, restoring apoptosis levels to or even ex-
ceeding control group levels (Fig. 7H). This result indi-
cates that STAT3 activity is necessary for FUBP3’s anti-
apoptotic function. Most importantly, in vivometastasis ex-
periments confirmed S3I-201’s therapeutic potential. In the

nude mouse tail vein injection model, S3I-201 treatment re-
duced pulmonary metastatic foci formation. FUBP3 over-
expression increased metastatic foci numbers, while S3I-
201 effectively reversed this pro-metastatic effect, reduc-
ing metastatic foci numbers to below control group lev-
els (Fig. 7I). This in vivo experimental result provides im-
portant pharmacodynamic evidence for S3I-201 as a po-
tential therapeutic agent. In summary, the STAT3 small
molecule inhibitor S3I-201 comprehensively antagonizes
FUBP3’s pro-oncogenic functions by inhibiting STAT3 ac-
tivity to block the FUBP3-STAT3-Twist1 regulatory axis,
reversing EMT processes, inhibiting cell proliferation, in-
vasion, and metastatic capacity, and promoting cell apopto-
sis. These results not only further confirm STAT3’s central
role in FUBP3 function but also provide important exper-
imental evidence for STAT3 inhibition-based lung cancer
therapeutic strategies. The effective antagonistic effects of
S3I-201 indicate that targeting the FUBP3-STAT3 regula-
tory axis may become a novel strategy for precision lung
cancer therapy (Fig. 8).

4. Discussion
This research highlights the significant function of

FUBP3 in lung cancer metastasis via a newly identified
FUBP3-STAT3-Twist1 regulatory axis that facilitates the
EMT. Our findings indicate that FUBP3 physically in-
teracts with STAT3 to enhance Twist1 transcription, re-
sulting in cytoskeletal remodeling, downregulation of E-
cadherin, and upregulation of vimentin, which ultimately
facilitates cancer cell invasion and metastasis. Pharmaco-
logical inhibition of STAT3 with S3I-201 effectively re-
verses metastatic phenotypes induced by FUBP3. The find-
ings offer mechanistic insights into lung cancer metasta-
sis and identify FUBP3 as a potential therapeutic target for
clinical intervention.

FUBP3, a member of the RBP family, has seen rela-
tively delayed functional studies in tumors [23,24,34]. This
study demonstrates that FUBP3 upregulation in lung cancer
correlates with poor patient prognosis, aligning with ex-
isting research indicating that its family member, FUBP1
plays an oncogenic role in multiple tumors. Bioinformat-
ics analysis indicates that lung cancer patients exhibiting
elevated FUBP3 expression experience reduced OS. Fur-
thermore, FUBP3 expression levels inM1 stage patients are
significantly greater than those in M0 stage patients, imply-
ing a direct correlation between FUBP3 and the metastatic
potential of lung cancer. This clinical association estab-
lishes a significant pathological basis for future functional
studies and indicates that FUBP3 may function as a po-
tential biomarker for prognostic evaluation in lung cancer.
Functional experiments provide additional evidence for the
role of FUBP3 in promoting lung cancer metastasis. Si-
lencing FUBP3 expression via RNA interference technol-
ogy resulted in decreased migration and invasion capabil-
ities of lung cancer cells. This finding was corroborated
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Fig. 8. Proposed mechanistic model. Schematic illustration of the FUBP3-STAT3-Twist1 regulatory axis promoting epithelial-
mesenchymal transition (EMT) and lung cancer metastasis. FUBP3 physically interacts with STAT3 to enhance Twist1 transcription,
leading to downregulation of epithelial marker E-cadherin and upregulation of mesenchymal marker Vimentin, accompanied by actin
cytoskeleton remodeling. This cascade ultimately drives EMT process, enhancing cancer cell migration, invasion, self-renewal capacity,
and metastatic potential.

across multiple lung cancer cell lines, suggesting a univer-
sal regulatory role of FUBP3 in lung cancer metastasis. In
vivo metastasis experiments indicate that FUBP3 knock-
down leads to a reduction in pulmonary metastatic foci for-
mation, thereby confirming the critical regulatory role of
FUBP3 in lung cancer metastasis in the in vivo context.
The findings correspond with contemporary research trends
concerning the functions of RBPs in tumor metastasis, un-
derscoring their significant role as regulatory factors in this
process.

The EMT process is a critical step for tumors to ac-
quire metastatic capacity [35–37], and our study confirms
that FUBP3 promotes lung cancer metastasis through reg-
ulating the EMT process. After the knockdown of FUBP3,
epithelial marker E-cadherin expression was upregulated,
mesenchymal marker vimentin expression was downreg-
ulated, and cellular morphology shifted toward epithelial
characteristics. The observed changes suggest that FUBP3
is an important regulatory factor in the EMT. Further anal-
ysis indicates that FUBP3 knockdown results in the en-
richment of EMT-related gene sets, encompassing vari-
ous metastasis-associated biological processes such as cy-
toskeletal remodeling and interactions with extracellular
matrix receptors. This finding establishes a direct con-

nection between FUBP3 and EMT, a fundamental mech-
anism underlying tumor metastasis, thereby offering sig-
nificant insights into the molecular framework of FUBP3-
induced metastasis. FUBP3 knockdown resulted in modest
apoptosis and impaired cell proliferation, which may par-
tially explain the observed effects on migration, invasion,
and metastasis. The considerable decrease in metastatic ca-
pacity observed across multiple functional assays seems to
exceed what would be expected from altered cell survival
alone, suggesting that FUBP3 coordinately regulates multi-
ple cancer hallmarks, including cell survival and metastatic
behavior. Future research utilizing anoikis-resistant cell
models or apoptosis inhibitors may elucidate the distinct
roles of FUBP3 in cell survival and metastatic potential.

Twist1, as a core transcription factor in the EMT pro-
cess, has been a research hotspot regarding its regulatory
mechanisms [6,38,39]. Our findings indicate that FUBP3
enhances lung cancer progression through the upregulation
of Twist1 expression, thereby uncovering a novel mecha-
nism of Twist1 transcriptional regulation. Correlation anal-
ysis indicates a positive correlation between FUBP3 and
Twist1 expression in lung cancer patient tissues, thereby
confirming their functional association in clinical samples.
Rescue experiments provide additional evidence that re-
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expression of Twist1 can partially counteract the inhibitory
effect of FUBP3 knockdown on cellular metastatic capac-
ity, suggesting that Twist1 serves as a significant down-
stream target for FUBP3’s pro-metastatic function. This
finding clarifies the mechanism of FUBP3 action and in-
troduces a new regulatory factor to the upstream regulatory
network of Twist1.

Immunofluorescence co-localization and co-
immunoprecipitation experiments validated the direct
interaction between FUBP3 and STAT3, establishing
a molecular foundation for the formation of transcrip-
tional complexes. STAT3, an important transcription
factor, demonstrates sustained activation in tumors and
is associated with multiple malignant phenotypes. This
protein–protein interaction pattern is prevalent in tran-
scriptional regulation and signifies a novel application in
the regulation of EMT transcription factors. Silencing of
STAT3 can counteract the pro-metastatic effects associated
with FUBP3 overexpression in lung cancer metastasis,
thereby reinforcing the essential role of STAT3 in the
metastatic regulation mediated by FUBP3. Treatment
experiments utilizing the STAT3 inhibitor S3I-201 yield
significant evidence for the clinical applicability of the
findings from this study. The S3I-201 treatment has the
capacity to reverse the pro-metastatic phenotype observed
in cells with high FUBP3 expression and to restore the
typical expression patterns of EMT markers. This finding
confirms the essential function of STAT3 within the
FUBP3–Twist1 regulatory axis and indicates that targeting
STAT3 could be a viable approach for treating lung cancers
with high FUBP3 expression. In vivo experiments indicate
that S3I-201 treatment decreases the formation of pul-
monary metastatic foci, thereby offering proof-of-concept
for precision therapy targeting the FUBP3–STAT3–Twist1
axis.

This study establishes the FUBP3–STAT3–Twist1
regulatory axis, offering a new theoretical framework for
comprehending the mechanisms of lung cancer metastasis.
This regulatory axis encompasses the roles of RBPs, sig-
nal transduction molecules, and transcription factors, high-
lighting the intricate and multifaceted aspects of gene ex-
pression regulation. This regulatory pattern elucidates the
pro-metastatic function of FUBP3 and serves as a reference
model for exploring the mechanistic roles of other RBPs in
tumormetastasis. The findings of this study hold significant
translational value from a clinical perspective. FUBP3 ex-
pression levels may function as biomarkers for prognostic
evaluation in lung cancer patients, aiding in the identifica-
tion of individuals at elevated metastatic risk. The interac-
tion between FUBP3 and STAT3 presents new targets for
drug development. Designing specific inhibitors to disrupt
these protein–protein interactions may facilitate precision
intervention in metastatic processes. The effectiveness of
STAT3 inhibitors reinforces the viability of this therapeu-
tic approach. Our findings indicate that FUBP3 physically

interacts with STAT3 and is essential for STAT3-mediated
upregulation of Twist1 and EMT in NSCLC. The exact
molecular mechanism by which FUBP3 facilitates STAT3-
dependent transcriptional regulation necessitates additional
research. However, our findings align with growing evi-
dence indicating that STAT3 modulates various transcrip-
tion factors implicated in cancer metastasis. Prior research
indicates that STAT3 activation enhances Twist1 expression
across multiple cancer types [40–43]. Furthermore, STAT3
has been shown to influence EMT-related transcription fac-
tors via direct DNA binding as well as indirect mechanisms
involving protein–protein interactions and transcriptional
co-regulation [44–46]. The physical interaction between
FUBP3 and STAT3, as demonstrated by Co-IP and PLA
experiments, and the functional dependence of Twist1 ex-
pression on both proteins indicate that FUBP3 act as a crit-
ical co-factor that enhances the transcriptional activity of
STAT3. The mechanisms by which this occurs, whether
through direct recruitment to the Twist1 promoter, stabi-
lization of STAT3 transcriptional complexes, or modula-
tion of chromatin accessibility, should be further investi-
gated. Our data identify FUBP3 as a new regulator of the
STAT3–Twist1 axis, laying the groundwork for compre-
hending FUBP3’s involvement in the promotion of NSCLC
metastasis.

This study has several limitations. First, the binding
pattern and specific regulatory mechanisms of the FUBP3–
STAT3 complex on the Twist1 promoter were not compre-
hensively examined. Second, the consistent functionality
of this regulatory axis across various lung cancer subtypes
should be validated. Additionally, apart from Twist1, the
FUBP3–STAT3 complex may regulate other genes associ-
ated with EMT. Comprehensive screening and functional
validation of these potential targets will be crucial for fu-
ture research.

5. Conclusion
This study elucidates the critical role of FUBP3 in

lung cancer metastasis and its underlying molecular mech-
anisms. Our findings indicate that FUBP3 is highly ex-
pressed in lung cancer tissues and is closely associated with
poor patient prognosis. Functional studies confirm that
FUBP3 enhances the migration and invasion capabilities of
lung cancer cells by facilitating EMT processes. Mecha-
nistic investigations indicate that FUBP3 drives lung can-
cer EMT andmetastasis by recruiting STAT3, leading to the
formation of transcriptional complexes that specifically ac-
tivate the expression of the key EMT transcription factor
Twist1. The STAT3 inhibitor S3I-201 effectively reverses
the pro-metastatic effects mediated by FUBP3, offering ev-
idence for targeted therapeutic approaches. This study es-
tablishes the FUBP3–STAT3–Twist1 regulatory axis, offer-
ing a novel theoretical framework for elucidating themolec-
ular mechanisms underlying lung cancer metastasis and en-
hancing the functional understanding of RBPs in tumor
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metastasis. FUBP3 may function as a biomarker for prog-
nostic evaluation in lung cancer, and its interaction with
STAT3 presents new avenues for drug development.
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