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STAT3-mediated transactivation of NOVA2 promotes lung
adenocarcinoma metastasis by splicing SMAD4
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Metastasis remains the primary cause of mortality in lung adenocarcinoma (LUAD) patients. However, the molecular mechanisms
underlying LUAD cell metastasis are only partially elucidated. Here, by performing integrated bioinformatic analysis of clinical data,
RNA-binding protein (RBP) NOVA2 is identified as a pivotal LUAD metastasis-associated regulator. NOVA2 expression is elevated in
metastatic LUAD tissues and correlates with poor prognosis of LUAD patients. Functionally, NOVA2 depletion suppresses epithelial-
mesenchymal transition (EMT), migration, and invasion in vitro, and attenuates LUAD cell metastasis in vivo. Mechanistically,
histone acetyltransferase p300 augments H3K27 acetylation level and facilitates the binding of STAT3 to the NOVA2 promoter,
which in turn promotes NOVA2 transcription. Increased NOVA2 expression induces exon skipping (exons 6–7) in SMAD4 to generate
a truncated splicing isoform (termed Δ-SMAD4). The resulting Δ-SMAD4 isoform evades E3 ubiquitin ligase β-TrCP-mediated
ubiquitination, maintaining its ability to form complex with SMAD3 (R-SMAD) and sustain TGF-β/SMAD signaling. Moreover, in
NOVA2-overexpressing LUAD cells, Δ-SMAD4 knockdown has stronger inhibitory effects on TGF-β-induced EMT and invasion than
does SMAD4 knockdown. In summary, our findings identify a novel mechanism by which STAT3-mediated transcriptional
upregulation of NOVA2 promotes SMAD4 splicing in metastatic LUAD, and suggest that the STAT3-NOVA2-Δ-SMAD4 axis drives
EMT and LUAD metastasis, which may be a promising therapeutic target for treating LUAD.
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Graphical Abstract

INTRODUCTION
Metastasis is the leading cause of cancer-related mortality,
responsible for 90% of all cancer-related deaths [1]. Non-small
cell lung cancer (NSCLC) carries a dire prognosis, with most cases
diagnosed at advanced stages. Additionally, 50% of patients who
undergo surgery for early-stage NSCLC experience recurrence or

metastasis, while fewer than 10% of patients with distant disease
can survive for 5 years [2–4]. Lung adenocarcinoma (LUAD), the
most prevalent histologic subtype of NSCLC, continues to have a
poor prognosis due to the presence of metastatic tumors in over
half of patients at the time of diagnosis [5]. Consequently,
understanding the mechanisms driving LUAD metastasis is
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essential for the identification of predictive biomarkers and the
development of novel therapeutic targets to improve patient
outcomes.
LUAD is characterized by remarkable molecular diversity and the

presence of diverse oncogenic driver mutations [6]. Notably, tumor
suppressor genes and proto-oncogenes are particularly susceptible
to splicing defects, and aberrantly expressed splicing factors can
exhibit oncogenic properties [7]. Alternative splicing (AS) increases
the proteomic and transcriptomic diversity derived from a limited
number of genomic loci [8], and its dysregulation contributes to a
range of diseases, from developmental disorders to cancer [9]. In
cancer, aberrant splicing fuels therapy resistance, tumor progression,
and metastasis through the generation of oncogenic isoforms
[10–12]. RNA-binding proteins (RBPs) are central regulators of RNA
splicing, binding to pre-mRNA to control the differential inclusion or
exclusion of exons and introns during mRNA maturation. RBP-
mediated AS plays a critical role in mRNA stability and protein
diversity [13]. The dysregulation or malfunction of RBPs results in
unbalanced expression of key oncogenes and tumor-suppressor
genes, thereby influencing cancer phenotypes, particularly metas-
tasis [14]. Given that splicing dysregulation is a hallmark of cancer
[15], RBP-mediated splicing alterations can provide a selective
advantage to tumor cells and present potential therapeutic targets.
The NOVA family, comprising neuron-specific KH-type RBPs

such as NOVA1 and NOVA2, is well-known for its role in regulating
AS and polyadenylation by binding to YCAY motifs [16]. NOVA2 is
crucial in RNA splicing, binding to YCAY clusters of pre-mRNAs and
assembling spliceosomes to modulate the inclusion or exclusion
of exons and introns, thereby influencing mRNA development
[17]. NOVA2 is implicated in various diseases, with NOVA splicing
factors playing significant roles not only in the physiology of
neurons and certain non-neuronal cells but also in related
diseases, including neurological disorders and a broad range of
cancers [17, 18]. Specifically, NOVA2-mediated AS programs
contribute to cancer progression by regulating angiogenesis in
colon cancer and ovarian cancer [19, 20]. However, the mechan-
isms driving aberrant NOVA2 expression and its role in tumor
metastatic progression are poorly understood.
The TGF-β signaling pathway exhibits dual-context dependence in

cancer, inhibiting proliferation in premalignant lesions while promot-
ing metastasis in advanced tumors by regulating angiogenesis,
immune evasion, and extracellular matrix remodeling [21–23]. In the
canonical pathway, TGF-β binds to its dual-specificity kinase receptor
complex, composed of type II and type I receptors, which
subsequently cause phosphorylation of SMAD2/SMAD3 (R-SMADs).
Phosphorylated SMAD2 and/or SMAD3 then form an oligomeric
complex with SMAD4, which is translocated to the nucleus, where it
binds to the promoters of target genes to regulate their expression
[24]. SMAD4, an essential mediator of TGF-β/SMAD signaling pathway,
undergoes dynamic post-translational modifications that fine-tune
the amplitude and duration of signaling, which includes SUMOylation
and ubiquitin-dependent degradation [25]. However, the mechanistic
underpinnings of SMAD4 regulation in metastatic LUAD remain
unclear, particularly its interaction with RBP networks that facilitate
TGF-β-induced pro-metastatic activities.
In this study, we integrate clinical data, functional genomics,

and molecular profiling to unravel a NOVA2-driven axis in LUAD
metastasis. We find that histone acetylation by p300 potentiates
STAT3-mediated transactivation of NOVA2, which in turn increases
NOVA2 protein expression and induces exons 6–7 skipping in
SMAD4 mRNA. The resulting Δ-SMAD4 isoform evades β-TrCP-
mediated ubiquitination, leading to sustained TGF-β/SMAD
signaling activation and eventually promoting LUAD metastasis.

MATERIALS AND METHODS
All detailed protocols were described in the Supplementary Experimental
Procedures.

RESULTS
NOVA2 is aberrantly upregulated in metastatic LUAD and
predicts an unfavorable prognosis for patients with LUAD
To investigate RBPs involved in LUAD metastasis, bioinformatics
analysis was conducted by intersecting five candidate lists: (1) two
established RBP databases (EuRBPDB [26] and ATtRACT [27]) for
comprehensive RBP annotation; (2) LUAD-specific metastasis-
associated gene repertoires from CancerSEA datasets [28]; (3)
two prognostic gene signatures derived from clinical cohorts [29].
This approach identified a subset of RBPs that are both
functionally relevant to metastatic processes and possess sig-
nificant prognostic value (Fig. 1A). In addition to validating five
transcript (CEBP4, IGF2BP1, IGF2BP3, NOVA2, and RBMS3) changes
via quantitative real-time PCR experiments in LUAD cases (Fig. 1B),
prognosis analysis of candidate RBPs was performed (Fig. S1A-
S1E), with a specific focus on metastasis-related prognosis (Fig.
S1F-S1J). Notably, only NOVA2 expression was significantly
elevated in metastatic LUAD tissues compared to that in non-
metastatic counterparts (Fig. 1B and Table S1) and were also
associated with poor prognosis in patients with N1 stage LUAD
(Fig. S1I). Consequently, NOVA2 was selected as a potential
metastasis-related RBP in LUAD. Consistent with clinical observa-
tions, NOVA2 was upregulated in LUAD cell lines (A549, H1299,
H1650, and H1975) relative to human bronchial epithelial cells
(BEAS-2B) (Fig. S1K and S1L). Interestingly, the highly metastatic
A549-M cell line showed elevated NOVA2 levels compared to the
weakly metastatic A549 cell line (Fig. 1C and S1M). To assess the
clinical significance of NOVA2 in patients with LUAD, NOVA2
protein expression was evaluated via immunohistochemistry (IHC)
on LUAD tissue microarrays (Fig. 1D–F). IHC analysis revealed
upregulation of NOVA2 in both advanced T stages and metastatic
LUAD tissues (Fig. 1G, H). Moreover, high NOVA2 expression
strongly correlated with poor prognosis (Fig. 1I). Collectively, these
results suggest that NOVA2 may play a pivotal role in LUAD
metastasis.

NOVA2 facilitates LUAD cell EMT and metastasis
Given NOVA2’s role as an RBP involved in metastatic processes
and its strong association with metastases, its mechanistic role in
regulating the invasive and metastatic potential of LUAD cells was
explored. Stable cell lines were established via lentiviral infection
of highly metastatic A549-M cells. Given the critical involvement of
epithelial-mesenchymal transition (EMT) in tumor progression and
metastasis, key EMT markers were examined following NOVA2
knockdown. Notably, significant downregulation of key EMT
regulators, including Snail, MMP2, and Vimentin, was observed
in NOVA2-silenced cells (Fig. 2A). In line with the suppression of
EMT, silencing of NOVA2 markedly impaired migratory and
invasive capacities in transwell assays (Fig. 2B, C). These findings
were further validated by wound healing experiments, which
revealed significantly reduced cell motility upon NOVA2 depletion
(Fig. 2D, E). Furthermore, overexpression of NOVA2 promoted
EMT, as indicated by downregulation of E-cadherin and upregula-
tion of N-cadherin in A549 and H1975 cells (Fig. S2A) and NOVA2
overexpression enhanced the migratory and invasive abilities (Fig.
S2B and S2C). Together, these results position NOVA2 as a pivotal
regulator of EMT-driven metastatic behavior in vitro.
To assess the impact of NOVA2 on cell metastasis in vivo, A549-

M cells stably expressing sh-NOVA2 or sh-NC (control), along with
parental A549 cells, were injected into the lateral tail veins of
BALB/c nude mice. After 6 weeks, mice were euthanized, and
lungs were excised for analysis. Notably, a significant reduction in
metastatic lung nodules was observed in the sh-NOVA2 group
compared to controls (Fig. 2F, G). Histological analysis of lung
tissues confirmed a significant decrease in micrometastatic foci
injected with sh-NOVA2 (Fig. 2H–J). To validate this, we performed
the tail vein injection of NOVA2-overexpressing H1975 cells in
BALB/c nude mice. As a result, NOVA2 overexpression increased
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pulmonary metastatic capacity (Fig. S2D and S2E). These results
collectively demonstrate that NOVA2 plays a metastasis-driving
role in LUAD cells.

STAT3 promotes NOVA2 transcriptional activity in LUAD cells
Gene expression is intricately regulated epigenetically by DNA
modification and histone modification [30], transcriptionally by
transcription factors (TFs) [31], and post-transcriptionally by RNA
sequence/structure, miRNAs, and external factors (e.g., pH;
oxidative stress) [32–34]. To identify potential TFs driving aberrant
NOVA2 expression, we performed an integrative analysis of four
TF prediction databases (hTFtarget, FIMO_JASPAR, ChIP-Atlas, and
KnockTF). Intersection of these datasets revealed two candidate
regulators: signal transducer and activator of transcription 3

(STAT3) and transcription factor AP-2 gamma (TFAP2C) (Fig. 3A).
Functional validation through RNA interference demonstrated
that STAT3 knockdown significantly reduced NOVA2 mRNA levels
in both A549 parental cells and A549-M subline (Fig. 3B and S3A),
while TFAP2C silencing had no measurable effect (Fig.
3C and S3B). Notably, STAT3 knockdown also led to a reduction
in NOVA2 protein expression in two cell models (Fig. 3D).
Clinically, patients with LUAD high STAT3 expression experienced
significantly shorter overall survival compared to those with low
STAT3 expression, whereas TFAP2C expression showed no
significant association with patient survival (Fig. S3C and S3D).
Moreover, only STAT3 exhibited a significant positive correlation
with NOVA2 expression in LUAD samples (Fig. S3E and S3F). To
determine whether STAT3 directly regulates NOVA2 expression,

Fig. 1 Identification of metastatic LUAD-associated NOVA2. A Two LUAD overall survival (OS) and recurrence-free survival (RFS) cohort
datasets were integrated with human RBP databases (ATtRACT/EuRBPDB) and LUAD metastasis gene signatures (CSEA) to identify metastasis-
associated RBPs. Venn analysis identified consensus candidates across all five datasets. B Relative mRNA expression (T/N) of five RBPs in
metastatic (n= 28) and non-metastatic (n= 33) LUAD tissues. LUAD tissues were categorized into metastatic and non-metastatic groups as
described in “Materials and Methods”. T, LUAD tissues; N, paracarcinoma tissues. The Y-axis represents the fold change in mRNA expression
(T/N) for each of the five RBPs as indicated. Data are shown as the mean ± SD of n= 3 biological replicates. ns, not significant; *P < 0.05 by
unpaired Student’s ttest. C Expression of NOVA2 mRNA in highly metastatic A549-M cells and low-metastatic A549 cells. Data are shown as the
mean ± SD of n= 3 biological replicates. ***P < 0.001 by unpaired Student’s ttest. D NOVA2 protein expression was analyzed by
immunohistochemistry on LUAD tissue microarrays. Scale bar, 1 mm. E Pie charts illustrating the distribution of NOVA2 IHC scores in LUAD and
paracarcinoma normal tissues. F IHC scores of NOVA2 in LUAD tissue microarrays and matched paracarcinoma tissues. Tumor, LUAD tissues;
Normal, paracarcinoma tissues. G, H. High NOVA2 expression was significantly associated with advanced T stage and metastasis (lymph node
and/or distal metastasis). I Kaplan–Meier analysis of OS for patients with LUAD (low vs. high NOVA2 expression). Data are shown as the
mean ± SD. ****P < 0.0001 by unpaired Student’s ttest.

S. Wang et al.

3

Oncogene



its promoter region was analyzed by cloning a 2,229 bp genomic
fragment (-2,228 to 0 bp relative to the transcription start site)
into the pGL3-basic luciferase reporter vector. STAT3 knockdown
specifically reduced reporter activity (Fig. 3E), prompting further
analysis of the NOVA2 promoter for potential STAT3 binding sites.

Bioinformatic prediction of STAT3 binding motifs (JASPAR ID:
MA0144.3) (Fig. 3F) led to the design of five progressive 5’-
deletion constructs spanning the –2228 bp of NOVA2 promoter
region. Luciferase reporters containing promoter fragments
lacking -412∼0 bp region did not respond to STAT3, suggesting
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the presence of a critical STAT3-binding site within this region
(Fig. 3G). Building on the observation that STAT3 impaired NOVA2
promoter activity of -2,228 ~ -412 bp region, AlphaFold3 was
employed to predict potential STAT3 binding sites (Fig. 3H).
Mutating this element blocked STAT3’s ability to enhance

luciferase activity (Fig. 3I and S3G). To elucidate the mechanism
underlying NOVA2 upregulation in metastatic LUAD, STAT3
expression was assessed in both clinical and cellular models.
Surprisingly, significant differences in STAT3 levels were neither
observed between metastatic and non-metastatic LUAD tissues

Fig. 2 NOVA2 promotes LUAD cell EMT and metastasis. A Immunoblotting analysis of MMP2, Vimentin, and Snail protein expression in A549
and NOVA2-silenced A549-M cells. β-actin served as the loading control. B, C Transwell migration and invasion assays performed in stable
NOVA2-silenced A549-M cells. Migrated and Invasive cells were stained, photographed, and counted in at least four random fields under a
light microscope. Representative images (B) and the relative number of migrated and invasive cells (C) are presented. Scale bar, 100 μm. Data
are presented as the mean ± SD of n= 5 biological replicates. ***P < 0.001 by unpaired Student’s t test. D, E Wound-healing migration assays
performed in NOVA2-silenced A549-M cells and control cells. Scale bar, 100 μm. Data are presented as the mean ± SD of n= 4 biological
replicates. **P < 0.01, ***P < 0.001 by unpaired Student’s t test. F Representative images of lung metastatic nodules observed in nude mice
6 weeks after injection of NOVA2-silenced A549-M or control A549 cells. Lungs were surgically resected and stained as described in “Materials
and Methods”. Red arrowheads indicate metastatic nodules in the lungs. Scale bar, 5 mm. G Comparison of the number of lung metastatic
nodules between the A549 group and the A549-M group (sh-NC, sh-NOVA2). Data are presented as the mean ± SD of n= 6 biological
replicates. ***P < 0.001 by unpaired Student’s t test. H H&E staining was used to evaluate lung micrometastases. Representative images
showing micrometastases in lung tissues from a pair of mice as referenced in (G). Scale bar, 3 mm I Quantification of micrometastases counts
in lung tissues from a pair of mice referenced in (G). Data are presented as the mean ± SD of n= 6 biological replicates. ***P < 0.001 by
unpaired Student’s t test. J Statistical analysis of lung metastasis in the A549-M group (sh-NC, sh-NOVA2) and A549 groups.

Fig. 3 STAT3 promotes NOVA2 transcriptional activity in LUAD cells. A Four TF databases (hTFtarget, FIMO_JASPAR, ChIP_Atlas, and
KnockTF) were intersected to identify potential transcription factors (TFs). The Venn diagram shows the overlap across these four datasets.
B, C qRT-PCR analysis of NOVA2 mRNA expression in A549 and A549-M cells transfected with STAT3 siRNAs (B) or TFAP2C siRNAs (C). Data are
presented as the mean ± SD of n= 5 biological replicates. ns, not significant; **P < 0.01 by unpaired Student’s t test. D Immunoblotting
analysis of NOVA2 protein levels in STAT3-silenced A549 and A549-M cells. E Luciferase activity of the 2.2-kb NOVA2 promoter in A549 and
A549-M cells transfected with STAT3 siRNAs. Data are presented as the mean ± SD of n= 5 biological replicates. **P < 0.01, ***P < 0.001 by
unpaired Student’s t test. F Consensus STAT3-binding sequence used for prediction (source: http://jaspar.genereg.net/). G Identification of
crucial STAT3-binding sites in the NOVA2 promoter. Diagrams of the full-length 2.2-kb NOVA2 promoter and its deletion fragments according
to the STAT3 motif (left part); Luciferase activity of the full-length or four different truncated promoters in A549 cells overexpressing STAT3
(right part). Data are presented as the mean ± SD of n= 5 biological replicates. **P < 0.01 by unpaired Student’s t test. H In silico promoter
analysis (AlphaFold3) identified potential STAT3-binding sites (gray-shaded region) in the NOVA2 promoter region (-412 ~ 0 bp). Structure
visualization was carried out using PyMol software (source: https://pymol.org/). I Luciferase activity of the 2.2-kb NOVA2 promoter, with or
without a mutation in the critical STAT3-binding site, in STAT3-overexpressing A549 cells. Data are presented as the mean ± SD of n= 5
biological replicates. ***P < 0.001 by unpaired Student’s t test. J, K Anti-STAT3 ChIP assays were conducted to determine the binding of STAT3
to the NOVA2 promoter. ChIP products were amplified by qPCR (J) and RT-PCR (K) in A549 and A549-M cells. Data are presented as the
mean ± SD of n= 5 biological replicates. ***P < 0.001 by unpaired Student’s t test.
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(Fig. S3H and Table S1), nor between highly metastatic and
parental cell lines (Fig. S3I), being consistent with our previous
research [35]. These data suggest that STAT3’s role in NOVA2
activation is independent of its expression levels. Instead,

chromatin immunoprecipitation (ChIP) assays revealed enhanced
binding of STAT3 to the NOVA2 promoter in metastatic LUAD,
indicating that altered transcriptional regulation, rather than
protein abundance, drives NOVA2 dysregulation (Fig. 3J and 3K).
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p300 upregulation enhances the binding of STAT3 to NOVA2
promoter
Chromatin modifications play a pivotal role in regulating gene
expression, particularly histone acetylation, which is preferentially
associated with open chromatin configurations and transcription-
ally active genomic regions [36]. Therefore, the protein levels of
acetylated histone isoforms in A549 and A549-M cells were
measured. Compared to the A549 parental cells, only H3K27ac
protein levels were significantly upregulated in A549-M cells, while
other acetylated histones H3K9ac, H3K14ac, H3K18ac and H4ac
showed no significant changes (Fig. 4A). ChIP assays confirmed
the hyperacetylation of H3K27 in the NOVA2 promoter region
(Figs. 4B and C). It was understood that histone acetylation and
deacetylation are regulated by histone acetyltransferases (HATs)
and histone deacetylases (HDACs), respectively, where HATs
acetylate histones and HDACs remove acetyl groups. Thus, we
examined the expression levels of 16 specific histone acetylases in
A549 and A549-M cells. qPCR analysis revealed a significant
decrease in HDAC2 mRNA expression and increase in HDAC5 and
p300 mRNA expression in A549-M cells (Fig. 4D). However, only
p300 expression was significantly increased in metastatic LUAD
tissues (Fig. 4E and Table S1). Then, TCGA data were analyzed
using GEPIA, revealing a robust co-expression pattern between
p300 and NOVA2 (Fig. 4F). Aberrantly increased p300 expression
was observed in A549-M cells (Fig. 4G), supporting the hypothesis
that p300-driven H3K27 acetylation regulates NOVA2 transcription.
Genetic perturbation experiments showed that p300 knockdown
decreased the expression of H3K27ac and NOVA2 (Fig. 4H, I). ChIP-
qPCR assays confirmed that p300 knockdown markedly dimin-
ished the binding of STAT3 to the NOVA2 promoter (Fig. 4J, K).
p300-overexpressing A549 cells exhibited substantial increased
levels of H3K27ac and NOVA2 protein (Fig. 4L, M), as well as
enhanced STAT3 binding to the NOVA2 promoter (Fig. 4N, O).
Collectively, these results establish p300 as a pivotal epigenetic
regulator of LUAD metastasis, orchestrating NOVA2 transcription
through H3K27ac-dependent chromatin remodeling and facilitat-
ing STAT3-mediated transcriptional activation of NOVA2.

NOVA2 is involved in TGF-β signaling pathway
To elucidate the molecular mechanisms underlying NOVA2-driven
metastasis in LUAD cells, RNA sequencing (RNA-seq) was
performed to analyze transcriptional changes in NOVA2-
overexpressing A549 cells. The RNA-seq revealed significant
transcriptomic alterations, identifying 686 downregulated and
461 upregulated genes (Fig. 5A and Table S2). Gene set
enrichment analysis (GSEA) of these differentially expressed genes
(DEGs) highlighted TGF-β, PI3K-AKT and Notch signaling pathway
as the top-ranked pathway associated with NOVA2 overexpression
(Fig. 5B, C). However, NOVA2-overexpressing A549 and H1975 cells

showed no significant differences in the overall activity of these
pathways compared with control cells (Fig. S4). Considering the
possibility that the crosstalk between these signaling pathways in
NOVA2 overexpression, TGF-β signaling was selected for valida-
tion. qPCR analysis validated the consistent expression changes in
the top-ranked genes following NOVA2 overexpression (Fig. 5D, E).
To delineate NOVA2’s functional role in TGF-β signaling,
immunoblotting analyses were performed in A549 and H1975
cells with TGF-β1 stimulation. Interestingly, NOVA2 overexpression
or silencing did not affect SMAD3 phosphorylation (p-SMAD3) and
total SMAD3 protein levels (Fig. 5F–I). However, significant
dysregulation of key TGF-β/SMAD signaling targets, including
PAI-1, Slug, CDH1, and CDH2, was observed in NOVA2-
overexpressing cells (Fig. 5J). Taken together, these results suggest
that NOVA2 modulates TGF-β signaling through an SMAD3
phosphorylation-independent mechanism, likely by regulating
the expression of downstream effectors and influencing other key
regulators of TGF-β signaling pathway.

NOVA2 regulates SMAD4 mRNA splicing to facilitate TGF-
β-induced EMT and invasion in LUAD
Given that human NOVA2 is an RNA-binding splicing regulator, it
was hypothesized that NOVA2 may regulate RNA splicing,
particularly of key TGF-β signaling regulators [37]. Genome-wide
splicing analysis of NOVA2-overexpressing A549 cells identified
more than one thousand differentially spliced events (Fig. 6A).
Based on the aforementioned findings, attention was directed
toward TGF-β, PI3K-AKT, and Notch signaling-associated mole-
cules. In fact, splicing analysis indicated no core genes in Notch, or
PI3K-AKT pathways showing comparable splicing changes (Table
S3). However, NOVA2 overexpression induced significant altera-
tions in the splicing patterns of SMAD4 transcript, indicated by a
pronounced decrease in exon 6–7 inclusion and enhanced
utilization of the exon 5–8 junction (Fig. 6B). Thus, the isoform-
specific PCR primers were designed, revealing two distinct bands
through agarose gel electrophoresis (Fig. 6C, left panel). Sanger
sequencing confirmed that the larger PCR product corresponded
to SMAD4 with exon 6–7 inclusion, while the smaller PCR product,
which had skipped 237 nucleotides, represented the exon 5–8
junction (Fig. 6C, right panel). Skipping of exons 6 and 7 led to an
in-frame deletion of amino acids 223-302 in the linker region,
generating a frameshift mutation (W302R). We conducted
immunoblotting analysis using anti-SMAD4 antibodies, mapped
to residues surrounding wild-type SMAD4 S315, identified a
55 kDa protein in NOVA2-overexpressing and A549-M cells, which
was termed as Δ-SMAD4 isoform lacking exon 6–7 (Fig. 6D), and
the full-length SMAD4 (WT-SMAD4) with a molecular weight of
~61 kDa. Anti-NOVA2 RIP analysis revealed that NOVA2 predomi-
nantly binds to mRNAs of SMAD4, particularly to exons and

Fig. 4 p300 upregulation enhances the binding of STAT3 to NOVA2 promoter. A Immunoblotting analysis of H3K9ac, H3K14ac, H3K18ac,
H3K27ac, and H4ac protein expression in A549 and A549-M cells. Representative blots from three independent experiments are presented.
B, C ChIP assays for the binding of H3K27ac to the STAT3-binding site in the NOVA2 promoter. ChIP products were amplified by qPCR (B) and
RT-PCR (C) in A549 and A549-M cells. Data are presented as the mean ± SD of n= 5 biological replicates. ***P < 0.001 by unpaired Student’s t
test. D qPCR analysis of HDAC1-11, KAT2A, p300, CBP, HAT1, and KAT5 expression in A549 and A549-M cells. Data are presented as the
mean ± SD of n= 3 biological replicates. **P < 0.01, and ***P < 0.001 by unpaired Student’s t test. E Relative mRNA expression (T/N) of HDAC2,
HDAC5, and p300 in metastatic (n= 28) and non-metastatic (n= 33) LUAD tissues. LUAD tissues were classified into metastatic and non-
metastatic groups as described in “Materials and Methods”. T, LUAD tissues; N, paracarcinoma tissues. The Y-axis represents the fold change in
mRNA expression (T/N) of HDAC2, HDAC5, and p300. Data are presented as the mean ± SD of n= 3 biological replicates. ns, not significant;
*P < 0.05 by unpaired Student’s t test. F Correlation analysis between p300 and NOVA2 expression in LUAD using GEPIA. G Immunoblotting
analyses of p300 expression in A549 and A549-M cells. β-actin was used as loading control. H, I A549-M cells were transfected with control
siRNA or p300 siRNA, followed by immunoblotting assays to detect H3K27ac (H) and NOVA2 (I) expression. J, K Anti-STAT3 ChIP assays were
performed to determine the binding of STAT3 to the NOVA2 promoter. ChIP products were amplified by qPCR (J) and RT-PCR (K) in p300-
silenced A549-M cells. Data are presented as the mean ± SD of n= 5 biological replicates. ***P < 0.001 by unpaired Student’s t test. L, M A549
cells were transfected with p300-expressing plasmids or an empty vector. Immunoblotting assays were conducted to detect H3K27ac (L) and
NOVA2 (M) expression. N, O Anti-STAT3 ChIP assays for the binding of STAT3 to the NOVA2 promoter. ChIP products were amplified by qPCR
(N) and RT-PCR (O) in p300-overexpressing A549 cells. Data are presented as the mean ± SD of n= 5 biological replicates. ***P < 0.001 by
unpaired Student’s t test.
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Fig. 5 NOVA2 is involved in TGF-β signaling pathway. A Volcano plots showing the number of DEGs in A549 cells overexpressing NOVA2.
B Gene set enrichment analysis (GSEA) of gene signatures in the control group versus NOVA2-overexpressing A549 group. Higher scores
indicate a greater likelihood that the treatment positively affects the associated gene category. C Functional annotation clustering of genes
regulated by NOVA2 overexpression in A549 cells. This enrichment was derived from a GSEA, where genes were ranked based on the Pvalue
of their respective bottom enclaves. D Heatmap of gene expression levels for TGF-β signaling pathway-related genes in A549 cells
overexpressing NOVA2. Green, black, and red shading represent low, intermediate, and high gene expression, respectively. E qPCR analysis of
selected genes from TGF-β signaling pathway in A549 cells overexpressing NOVA2. F, G A549 (F) and H1975 (G) cells stably overexpressing
NOVA2 were serum-starved for 24 h, then treated with or without TGF-β1 (5 ng/ml) for 24 h. Immunoblotting was performed to determine
protein levels of NOVA2, SMAD3, and p-SMAD3. β-actin served as an internal control. H, I NOVA2-silenced A549 (H) and H1975 (I) cells were
treated as described above. Immunoblotting analysis was conducted to assess the protein levels of NOVA2, SMAD3, and p-SMAD3. β-actin was
used as an internal control. J NOVA2-overexpressing A549 and H1975 cells were treated as described and subjected to qRT-PCR for
determining the mRNA expression of downstream genes in TGF-β/SMAD signaling pathway, including PAI-1, Slug, Snail, CDH1, and CDH2. Data
are presented as the mean ± SD of n= 3 biological replicates. *P < 0.05, **P < 0.01, ***P < 0.001 by unpaired Student’s t test.
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Fig. 6 NOVA2 regulates SMAD4 mRNA splicing in LUAD cells. A Summary of significant alternative splicing events observed upon NOVA2
overexpression in A549 cells, detected by rMATS. SE, skipped exon; A5SS, alternative 5’ splice site; A3SS, alternative 3’ splice site; MXE, mutually
exclusive exons; RI, retained intron. B Representative sashimi plot showing RNA-seq read coverage across the SMAD4 gene. SMAD4 isoforms
are presented at the top. Arcs correspond to reads spanning exon-exon junctions, with the number of reads for each junction are indicated
below. C DNA electrophoresis of two SMAD4 isoforms detected by PCR from NOVA2-overexpressing A549 cells (Left panel). Sanger
sequencing results of two PCR bands, showing differences at exon 6/exon 7 (Right panel). D Protein abundance of WT-SMAD4 and Δ-SMAD4
in A549 cells stably overexpressing NOVA2 and A549-M cells. E RT-PCR analysis of RIP results using an anti-NOVA2 antibody, testing for Exon 6/
Intron 6/Exon 7, Intron 5, and Intron 7 regions. F qRT-PCR analysis of unspliced SMAD4 transcripts in A549 cells overexpressing NOVA2 and
A549-M cells. Top: PCR primer locations. Data are presented as the mean ± SD of n= 3 biological replicates. ns, not significant by unpaired
Student’s t test. G, H qRT-PCR analysis of Δ-SMAD4 (G) and WT-SMAD4 (H) transcripts in A549 cells overexpressing NOVA2 and A549-M cells.
Top: PCR primer locations. Data are presented as the mean ± SD of n= 3 biological replicates. **P < 0.01, ***P < 0.001 by unpaired Student’s t
test. I Structural superposition of WT-SMAD4 (pink) and Δ-SMAD4 (cyan). J qRT-PCR analysis of Δ-SMAD4 mRNA expression in 61 LUAD tissues
and matched paracarcinoma tissues. The Y-axis represents the fold change in Δ-SMAD4 mRNA expression (T/N) in LUAD tissues (T) and
paracarcinoma tissues (N). Data are presented as the mean ± SD of n= 3 biological replicates. *P < 0.05 by unpaired Student’s t test. K Survival
curve analysis was conducted to assess the influence of SMAD4_ES_94832 (exon 6 and exon 7 skipping in SMAD4) using the OncoSplicing
database. PSI percent spliced in.
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introns (Fig. 6E), suggesting a potential involvement of NOVA2 in
regulating SMAD4 transcript splicing efficiency. In fact, quantifica-
tion of unspliced SMAD4 transcripts spanning the intron 7-exon 8
junctions showed no significant change in A549-overexpressing
NOVA2 and A549-M cells, implying that NOVA2 does not enhance

SMAD4 splicing efficiency (Fig. 6F). However, in A549 cells
overexpressing NOVA2 and A549-M cells, Δ-SMAD4 mRNA
expression was upregulated (Fig. 6G) while WT-SMAD4 mRNA
expression was downregulated (Fig. 6H). These observations
prompted an exploration of the molecular mechanisms
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underlying the exclusion of exon 6–7 during SMAD4 splicing.
Since the deletion of exon 6–7 occurs within the middle linker
region of SMAD4, it was deduced that this deletion would not
affect the protein’s translation efficiency. To explore the functional
consequences of this deletion, AlphaFold3 was employed to
simulate the structures of wild-type and Δ-SMAD4, indicating that
the deletion does not disrupt the overall architecture of MH1 and
MH2 domains (Fig. 6I).
Based on the fact that SMAD4 is a key effector in TGF-β

signaling cascade and our findings that NOVA2 is implicated in
TGF-β signaling, we investigated the functional consequences of
Δ-SMAD4 expression. Immunoprecipitation assays showed that Δ-
SMAD4 forms a stable complex with SMAD3, mimicking the
SMAD3/SMAD4 interaction observed in the canonical TGF-β/
SMAD signaling (Fig. 7A). Furthermore, overexpression of Δ-
SMAD4 induced similar activation of SMAD-mediated PAI-1
promoter reporter gene in A549 cells with TGF-β1 stimulation
(Fig. 7B). Demagny et al. have demonstrated that T277 phosphor-
ylation is required for SMAD4 degradation by E3 ubiquitin ligase
β-TrCP [38]. Thus, we hypothesized that the deletion of amino
acids 223-302 of SMAD4 (Δ-SMAD4) (Fig. 6C, D) may confer
resistance to degradation by β-TrCP. Co-immunoprecipitation
analysis indicated that β-TrCP-mediated ubiquitination level of Δ-
SMAD4 was lower than that of WT-SMAD4 (Fig. 7C). Furthermore,
like WT-SMAD4, Δ-SMAD4 promoted TGF-β-induced EMT and
migration and invasion of A549 and H1975 cells (Fig. 7D–I),
suggesting that Δ-SMAD4 served the same function as WT-
SMAD4. Subsequently, we knocked down WT-SMAD4 or Δ-SMAD4
in NOVA2-overexpressing A549 and H1975 cells (Fig. S5A) and
found that on TGF-β treatment, Δ-SMAD4 knockdown had a
stronger inhibitory effect on the upregulation of N-cadherin and
Snail than did WT-SMAD4 knockdown. The downregulation of
E-cadherin was weakly rescued by WT-SMAD4 knockdown,
whereas Δ-SMAD4 knockdown largely abrogated this down-
regulation (Fig. S5B). Upon TGF-β stimulation, cells with Δ-SMAD4
knockdown showed lower migration and invasion than those with
WT-SMAD4 knockdown (Fig. S5C–S5F). Clinically, Δ-SMAD4
expression was significantly higher in metastatic LUAD patients
compared to that in non-metastatic patients (Fig. 6J and Table S1).
Survival analysis from the OncoSplicing database showed that
LUAD individuals with lower PSI (Percent Spliced In) of Δ-SMAD4
exhibited superior overall survival compared to those with higher
PSI (Fig. 6K) [39]. Collectively, these results suggest that NOVA2-
mediated splicing of SMAD4 to Δ-SMAD4 leads to the loss of
critical degron motifs, diminishing Δ-SMAD4 ubiquitination by
β-TrCP and facilitating TGF-β-induced EMT and invasion of LUAD
cells.

NOVA2 facilitates TGF-β-induced EMT and invasion of LUAD
cells in a Δ-SMAD4-dependent manner
Next, we tested whether NOVA2 potentiates TGF-β-driven
metastatic progression. NOVA2-overexpressing A549 and H1975
cell lines were subjected to TGF-β1 stimulation (5 ng/ml, 24 h).
Immunoblotting revealed significantly increased expression of
mesenchymal markers (N-cadherin, Snail) or decreased expression
of epithelial marker E-cadherin in LUAD cells overexpressing
NOVA2 (Fig. S6A). Immunofluorescence staining of F-actin showed
that TGF-β1 induced a spindle-shaped mesenchymal morphology
in control cells, while NOVA2-overexpressing A549 and H1975
cells displayed further morphological polarization, indicative of
enhanced EMT (Fig. S6B). Moreover, NOVA2 overexpression
significantly enhanced TGF-β1-induced migratory and invasive
capacities (Fig. S6C and S6D). In contrast, NOVA2 silencing
attenuated TGF-β1-induced EMT, as indicated by upregulation of
E-cadherin and downregulation of N-cadherin and Snail (Fig. S6E
and S6F), and NOVA2 silencing inhibited TGF-β1-induced migra-
tion and invasion of LUAD cells (Fig. S6G and S6H), highlighting
that NOVA2 expression promotes TGF-β-driven migration and
invasion.
Our aforementioned findings indicate that NOVA2 drives

SMAD4 AS and enhances TGF-β-induced EMT and invasion in
LUAD cells. To assess whether these effects are dependent on the
truncated Δ-SMAD4 isoform, rescue experiments were performed
in NOVA2-overexpressing A549 and H1975 cells. Isoform-specific
siRNAs-mediated knockdown of Δ-SMAD4 significantly attenuated
NOVA2-driven upregulation of Δ-SMAD4 expression (Fig. S7A). Δ-
SMAD4 knockdown diminished the impact of NOVA2 over-
expression on EMT-related proteins in LUAD cells, as indicated
by downregulation of N-cadherin and Snail (Fig. S7B). Moreover,
Δ-SMAD4 knockdown completely abolished TGF-β-induced cell
migration and invasion in NOVA2-overexpressing A549 and H1975
cells (Fig. S7C and S7D). These findings provide compelling
evidence that NOVA2-driven SMAD4 AS is an important mechan-
ism by which NOVA2 facilitates TGF-β-induced EMT.

DISCUSSION
RBPs play key roles in various biological processes, and their
deregulation is increasingly recognized as a significant factor in
cancer progression [40]. Growing evidence highlights RBPs as key
drivers of tumor metastasis, positioning them as promising
diagnostic and prognostic biomarkers [13]. Lung cancer, the
leading cause of cancer-related death, underscores the need for
improved predictive biomarkers to ensure that patients receive
the most effective treatments. To identify an RBP signature for

Fig. 7 β-TrCP-mediated Δ-SMAD4 ubiquitination is diminished and Δ-SMAD4 facilitates TGF-β-induced EMT and invasion of LUAD cells.
A 293 T cells transfected with Flag-tagged WT-SMAD4 or Flag-tagged Δ-SMAD4 (generated from A549-M cells) were subjected to co-IP
analysis. Flag-tagged WT-SMAD4 and Flag-tagged Δ-SMAD4 proteins were immunoprecipitated using anti-Flag antibodies. Binding of WT-
SMAD4 or Δ-SMAD4 to SMAD3 was detected by immunoblotting with an anti-FLAG antibody. B In the presence or absence of TGF-β1,
luciferase activity of the PAI-1 promoter was determined in A549 cells transfected with Flag-tagged WT-SMAD4 or Flag-tagged Δ-SMAD4. Data
are presented as the mean ± SD of n= 3 biological replicates. ns, not significant by unpaired Student’s t test. C Flag-tagged WT-SMAD4, Flag-
tagged Δ-SMAD4, HA-tagged β-TrCP, and/or myc-tagged Ub vectors were co-transfected into 293 T cells as indicated for 48 h. Cell lysates were
then immunoprecipitated with anti-Flag antibodies and immunoblotted with antibodies against Flag or myc. Total lysates were
immunoblotted with the indicated antibodies, and β-actin served as a loading control. D, E After serum starvation for 24 h, WT-SMAD4 or
Δ-SMAD4 overexpressed A549 (D) and H1975 (E) cells were treated with or without TGF-β1 (5 ng/ml) for 24 h. The expression of EMT markers
(N-cadherin and E-cadherin) was determined using immunoblotting. β-actin was used as an internal control. F–I In the presence or absence of
TGF-β1, the migratory and invasive capabilities of A549 and H1975 cells overexpressing WT-SMAD4 and Δ-SMAD4 were evaluated by
Transwell assays as described in Fig. 2B, C. Migrated and invasive cells were stained and counted under a light microscope. Scale bar, 100 μm.
Data are presented as the mean ± SD of n= 5 biological replicates. ns, not significant; ***P < 0.001 by unpaired Student’s t test. J Schematic
mechanism model: In non-metastatic LUAD, low p300 expression reduces H3K27ac enrichment at the NOVA2 promoter, maintaining low
NOVA2 expression. Consequently, E3 ubiquitin ligase β-TrCP interacts with WT-SMAD4 to degrade normal SMAD4 levels (left panel). In
metastatic LUAD, high p300 expression increases H3K27ac enrichment at the NOVA2 promoter, enhancing STAT3 binding and thereby
strengthening NOVA2 transcription, and increased NOVA2 promotes Δ-SMAD4 isoform formation that evades β-TrCP-mediated ubiquitination,
eventually potentiates TGF-β-induced EMT to facilitate LUAD metastasis (right panel).
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LUAD metastasis, computational algorithms were employed
across different metastatic LUAD cohorts and the RBP database,
followed by validation of NOVA2 expression in our highly
metastatic cell line [35]. Functional data demonstrated that
NOVA2 functions as an oncogenic RBP in metastatic LUAD cells.
Mechanistically, p300 elevates H3K27ac levels at the NOVA2
promoter, thereby promoting STAT3-dependent transcriptional
activation. NOVA2 is involved TGF-β signaling pathway and
mediates SMAD4 splicing to form an isoform that avoids
degradation, leading to LUAD metastasis (Fig. 7J).
Lysine acetylation dynamically regulates chromatin accessibility

and transcriptional activation, with acetylation being deposited by
lysine acetyltransferases, removed by deacetylases, and

recognized by bromodomains or YEATS domains, forming an
integrated “write-erase-read” epigenetic network [41]. By catalyz-
ing histone acetylation, p300 functions as a transcriptional co-
activator, facilitating gene transcription [42]. Previous studies have
highlighted the role of histone H3K27ac in promoting cancer
progression in human cancers, including colon, lung, and breast
cancers [43–46]. However, the TFs that regulate the expression of
RBPs remain underexplored. In this study, our detailed molecular
analyses revealed that p300-mediated H3K27ac enhances STAT3-
dependent transcriptional activation of NOVA2 (Figs. 3, 4).
Although the upregulation of p300 has been found in LUAD
tissues [47], further studies are warranted to elucidate the reason
why p300 expression is aberrant in metastasis LUAD. STAT3, a TF

Fig. 8 STAT3 inhibitor galiellalactone attenuates lung metastasis and NOVA2/SMAD4 expression in a murine model of A549-M cell
metastasis. A Schematic flowchart of Galiellalactone treatment in the in vivo metastasis model. A549-M cells with elevated NOVA2 expression
(Fig. 1C) were intravenously injected into BALB/c nude mice to establish metastatic tumor models (5 mice per group). Starting from Day 6,
Galiellalactone (1mg/kg) was administered via tail vein injection once daily. Samples were collected on Day 42 for subsequent downstream
analyses. B, C Representative images of metastatic lung nodules (B) and the number of metastatic nodules was compared between the
Galiellalactone treatment and control groups (C). Lungs were surgically resected and stained as described in “Materials and Methods”. Data are
shown as the mean ± SD of n= 5 biological replicates. ***P < 0.001 by unpaired Student’s t test. D Representative images of H&E-stained lung
tumors (Left panel) and quantification of micrometastases counts in lung tissues from the Galiellalactone treatment and control groups (Right
panel). Data are shown as the mean ± SD of n= 5 biological replicates. ***P < 0.001 by unpaired Student’s t test. E Representative IHC images
and IHC scores for NOVA2 and SMAD4 expression in lung metastases from the Galiellalactone treatment and control groups. Staining intensity
was scored as 0 (weak), 1 (moderate), and 2 (strong). Data are shown as the mean ± SD of n= 5 biological replicates. **P < 0.01 by unpaired
Student’s t test.
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critical to oncogenesis, regulates genes involved in cell survival,
proliferation, invasion, and metastasis [48, 49]. Gene expression
regulation occurs at the chromatin, transcriptional, or post-
transcriptional levels, mediated by epigenetic factors (such as
chromatin-regulating factors and non-coding RNAs), TFs, and
microRNAs. Understanding NOVA2 regulation offers an opportu-
nity to integrate cancer metastasis with epigenetic mechanisms.
Most studies on NOVA2 regulation have focused on non-coding
RNAs [50–52]. Our data uncover a novel mechanism underlying
the upregulation of NOVA2 in metastatic cancer cells.
Splicing dysregulation events can serve as molecular markers of

cancer, and in some cases, they may be directly responsible for
tumorigenesis [53]. Thus, a mechanistic study of splicing dysregu-
lation offers valuable insights into cancer progression [14]. This
study exemplifies how RBPs mediate splicing to control critical AS
events in cancer. Moreover, depletion of NOVA2 has been shown
to inhibit tumor metastasis in both cell culture systems and mouse
models, suggesting that targeting NOVA2 activity could provide a
promising therapeutic approach. Additionally, other NOVA2-
regulated events may contribute to tumor pathogenesis and
progression. For instance, dysregulation of NOVA2-mediated AS
has been linked to tumor angiogenesis and cancer progression
[19, 20, 54]. These findings indicate that NOVA2 mediates multiple
AS events that are critical to cancer progression.
Our results reveal a distinct difference in the expression levels of

the active splice variant of Δ-SMAD4 between primary and
metastatic tumors (Fig. 6G, J). Although SMAD4 transcripts with or
without exon 6–7 inclusion exhibit similar stabilities, the exon 6–7-
skipped splice variant shows higher protein expression. This
suggests that skipping this exon results in the production of a
more stable protein. This observation raises an important
question: To what extent do AS events contribute to the
expression of stable protein products? Recent structural modeling
of splice variants from genes in the 1% of the genome surveyed
by the ENCODE Consortium predicts that many AS events likely
disrupt correct protein folding, as the alternatively spliced regions
often interfere with core structural domains [55]. However, our
findings contrast with this, as exon 6–7 skipping in SMAD4 does
not appear to dramatically alter its structure or function (Fig. 6I).
Our results are consistent with the notion that spliced SMAD4
variants can interact with activated R-SMADs, form transcriptional
complexes, and activate TGF-β/SMAD signaling [56]. Additionally,
even a relatively small change in transcript abundance has been
shown to be sufficient to trigger oncogenic effects in cells
[19, 57, 58]. Notably, our data suggest that high NOVA2 expression
in metastatic LUAD promotes exon 6–7 skipping of SMAD4. This
implies that NOVA2 post-translationally regulates SMAD4 by
preventing its ubiquitin-mediated degradation. Consequently,
NOVA2 can activate TGF-β/SMAD signaling pathway in LUAD
cells, promoting their metastatic potential.
Although our findings highlight that the STAT3-NOVA2 axis

serves as an upstream regulator of Δ-SMAD4 during LUAD
metastasis, it is not yet fully validated in vivo. Thereupon, we
established a lung metastasis model by injecting A549-M cells
with elevated NOVA2 expression, BALB/c nude mice were then
treated with an STAT3 inhibitor Galiellalactone (disrupting the
interaction between STAT3 and its target genes) (Fig. 8A). The
mice injected with Galiellalactone developed significantly fewer
metastatic nodules and micrometastases (Fig. 8B–D) and showed
markedly decreased NOVA2 and SMAD4 expression (Fig. 8E).
Our current findings suggest that NOVA2 promotes LUAD

metastasis by splicing SMAD4. However, a key limitation of the
present study is that NOVA2-regulated splicing events beyond
SMAD4 likely contribute to LUAD metastasis. For example, an
additional candidate NOVA2-targeted splicing gene FN1, which
was identified in our RNA-seq dataset (Table S3), needs to be
validated in LUAD metastasis.

In summary, our findings identify a novel mechanism by which
STAT3-mediated transcriptional upregulation of NOVA2 promotes
SMAD4 splicing in metastatic LUAD, and suggest that the STAT3-
NOVA2-Δ-SMAD4 axis drives EMT and LUAD metastasis, which
may be a promising therapeutic target for treating LUAD.

DATA AVAILABILITY
The data generated in Fig. 1A are retrieved from EuRBPDB [26], ATtRACT [27],
CancerSEA [28], and prognostic gene signatures [29] online databases. The gene
expression correlation analyzed in Fig. 4F, S3E and S3F are available from GEPIA
database (http://gepia.cancer-pku.cn/). The RNA-seq data generated in Figs. 5A and
6A are included in supplementary materials, and all other raw data are available upon
request from the corresponding author.
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