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Abstract 

Background SEPT9 is a pivotal cytoskeletal GTPase that regulates diverse biological processes encompassing mitosis 
and cytokinesis. While previous studies have implicated SEPT9 in tumorigenesis and development; comprehensive 
pan-cancer analyses have not been performed. This study aims to systematically explore its role in cancer screening, 
prognosis, and treatment, addressing this critical gap.

Methods Gene and protein expression data containing clinical information were obtained from public databases 
for pan-cancer analyses. Additionally, clinical samples from 90 patients with lung squamous cell carcinoma (LUSC) 
were used to further experimentally validate the clinical significance of SEPT9. In addition, the molecular docking tool 
was used to analyze the affinities between SEPT9 protein and drugs.

Results SEPT9 is highly expressed in various cancers, and its aberrant expression correlates with genetic alternations 
and epigenetic modifications, leading to adverse clinical outcomes. Take LUSC as an example, additional dataset anal-
yses and immunohistochemical experiments further confirm the diagnostic and prognostic values as well as the clini-
cal relevance of the SEPT9 gene and protein. Functional enrichment, single-cell expression, and immune infiltration 
analyses revealed that SEPT9 promotes malignant tumor progression and modulates the immune microenvironments, 
enabling patients to benefit from immunotherapy. Moreover, drug sensitivity and molecular docking analyses showed 
that SEPT9 is associated with the sensitivity and resistance of multiple drugs and has stable binding activity with them, 
including Vorinostat and OTS-964. To harness its prognostic and therapeutic potential in LUSC, a mitotic spindle-
associated prognostic model including SEPT9, HSF1, ARAP3, KIF20B, FAM83D, TUBB8, and several clinical characteristics, 
was developed. This model not only improves clinical outcome predictions but also reshapes the immune microenvi-
ronment, making immunotherapy more effective for LUSC patients.

Conclusion This is the first study to systematically analyze the role of SEPT9 in cancers and innovatively apply 
the mitotic spindle-associated model to LUSC, fully demonstrating its potential as a valuable biomarker for cancer 
screening and prognosis, and highlighting its application value in promoting immunotherapy and chemotherapy, 
particularly for LUSC.
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Background
Cancer is the disease with the highest incidence and mor-
tality worldwide, and its etiology and treatment remain 
a concerning issue. The latest global cancer statistics 
report that lung  cancer has once again replaced breast 
cancer as the most common and deadly  type of cancer, 
making the diagnosis and treatment of lung cancer more 
urgent [1]. Current cancer research should focus on the 
origin of tumor cells, especially their local microenviron-
ment, to elucidate new carcinogenic mechanisms that 
will guide the development of drugs and new treatment 
methods. However, innovative treatment strategies are 
rarely beneficial to all patients, and the continued emer-
gence of drug resistance makes cancer treatment more 
challenging [2–4]. Therefore, new sensitive biomarkers 
for early cancer screening and treatment planning are 
urgently needed.
Septins (SEPTs) represent a highly conserved cytoskel-

etal GTPase family widely present in eukaryotes and 
participate in various biological processes including cell 
polarization, migration, cytoplasmic division, and mem-
brane remodeling [5, 6]. In mammals, 13 SEPT subunits 
have been  identified; they are subdivided into four sub-
groups based on their structure and function: SEPT2 
(1, 2, 4, 5), SEPT3 (3, 9, 12), SEPT6 (6, 8, 10, 11, 14), and 
SEPT7 [7]. These proteins not only interact with each 
other, but also bind extensively to other cytoskeletal com-
ponents (including microtubules, microfilaments, and 
intermediate fibers); thus, SEPTs are considered to be 
the fourth type of cytoskeleton [8]. However, due to the 
unique structure and complex functions of SEPT mem-
bers, this novel cytoskeleton remains mysterious.

SEPT9 is located at both ends of the core octamer 
SEPT9-7–6-2–2-6–7-9 to promote the assembly of SEPT 
subunits, which is crucial for maintaining the stability of 
the overall SEPT structure. In recent years, an increasing 
number of studies have linked SEPT9 to pathological pro-
cesses including tumorigenesis and development, patho-
genic microbial infections, and neurological diseases, 
particularly tumors. Aberrant expression or mutation of 
SEPT9 hinders the assembly of mitotic spindles and the 
formation of cytoplasmic separation contraction loops, 
cell cycle dysregulation and aneuploidy, a major cause of 
tumorigenesis [9–12]. Malignant tumors typically con-
tain different SEPT9 isoforms. For example, isoforms v2, 
v4, v4*, and v5 show high expression levels in the epi-
thelium of colorectal cancer (COADREAD), whereas v1 
exhibits high expression levels in the normal epithelium 
[13]; isoforms v1 and v4 dominate in the epithelium of 
ovarian cancer [14]. Furthermore, the SEPT9 isoforms 
exhibit varying expression levels in distinct cellular com-
partments. For example, the nucleus of breast cancer 
mainly expresses isoform v1 [15]. Elevated levels of SEPT9 

encourage the growth, migration, invasion, and metasta-
sis of cancer cells, prevent cell apoptosis, and are linked 
to unfavorable patient outcomes [16, 17]. Conversely, low 
SEPT9 expression is associated with epigenetic modifica-
tions, especially high methylation in the promoter region, 
which inhibits its expression and hinders cytoplasmic 
division, autophagy, and DNA repair, thereby promoting 
tumorigenesis, epithelial-mesenchymal transition (EMT), 
and metastasis. At present, SEPT9 methylation has been 
clinically proven to be a highly specific biomarker for 
the early screening of COADREAD [18, 19]. In addition, 
abnormal SEPT9 methylation has also been found in 
LIHC, breast cancer, and HNSC [20–22]. Therefore, the 
study of SEPT9 is crucial for the diagnosis and treatment 
of cancer. However, there is currently a lack of compre-
hensive analyses of SEPT9.

In the present study, we systematically analyzed the 
expression and clinical significance of SEPT9 in cancer, 
especially in LUSC. We aimed to construct a SEPT9-
based mitotic spindle-associated prognostic model and 
evaluated its potential in predicting clinical outcomes 
and immunotherapy efficacy in LUSC patients. Figure 1 
presents the flowchart of our study.

Methods
Data collection
All RNA sequencing and chip data with clinical informa-
tion of tissues were sourced from the Cancer Genome Atlas 
(TCGA, https:// portal. gdc. cancer. gov/), University of Cali-
fornia Santa Cruz (UCSC) XENA (https:// xena. ucsc. edu/), 
and Gene Expression Omnibus (GEO, https:// www. ncbi. 
nlm. nih. gov/ geo/) databases. RNA sequencing data for 
cancer cell lines were derived from the Dependency Map 
(DepMap) portal (https:// depmap. org/ portal/). Gene tran-
script information was obtained from the Ensembl portal 
(https:// feb20 23. archi ve. ensem bl. org/ index. html). RNA 
expression of single-cells in normal tissues, and protein 
information including expression, subcellular localization, 
and structural prediction, were obtained from the Human 
Protein Atlas (HPA) portal (https:// www. prote inatl as. org/). 
Genetic alternation, DNA methylation, and protein post-
translational modification (PTM) data were obtained from 
cBioPortal (https:// www. cbiop ortal. org/) [23], Shiny Meth-
ylation Analysis Resource Tool (SMART) portal (http:// 
www. bioin fo- zs. com/ smart app/) [24], and PhosphoSitePlus 
portal (6.7.4, https:// www. phosp hosite. org/ homeA ction) 
[25], respectively. All the data were collected between Feb-
ruary and March 2024 and statistically analyzed and visu-
alized using R software (4.3.2, https:// cran.r- proje ct. org/ 
bin/ windo ws/ base/ old/4. 3.2/) with the ggplot2 package 
(3.5.0). Other packages were downloaded from the R portal 
(https:// cran.r- proje ct. org/ web/ packa ges/) or Bioconduc-
tor portal (https:// www. bioco nduct or. org/).

https://portal.gdc.cancer.gov/
https://xena.ucsc.edu/
https://www.ncbi.nlm.nih.gov/geo/
https://www.ncbi.nlm.nih.gov/geo/
https://depmap.org/portal/
https://feb2023.archive.ensembl.org/index.html
https://www.proteinatlas.org/
https://www.cbioportal.org/
http://www.bioinfo-zs.com/smartapp/
http://www.bioinfo-zs.com/smartapp/
https://www.phosphosite.org/homeAction
https://cran.r-project.org/bin/windows/base/old/4.3.2/
https://cran.r-project.org/bin/windows/base/old/4.3.2/
https://cran.r-project.org/web/packages/
https://www.bioconductor.org/
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Differential, correlation, diagnostic, and prognosis 
analyses
Differential analyses, including mRNA and protein 
expression, methylation, infiltration, and score analyses, 
were conducted using the stats (4.2.1) and car (3.1–0) 
packages and visualized using box or violin plots.

Correlation analyses, including SEPT9 mRNA or pro-
tein with CNV, methylation, clinical factors, immune 
infiltration, drugs, mitotic spindle genes, as well as clus-
ters, scores, and survival status analyses, were conducted 
using Spearman’s method and visualized using scatter 
plots, heatmaps, or Sankey plots. Baseline correlation 
analyses of SEPT9 and clinical factors were conducted 
using the stats (4.2.1) package and visualized using heat-
maps. Only significant correlations (p < 0.05) were dis-
played on the heatmaps. The correlations between groups 
are presented as Sankey plots using ggalluvial package 
(0.12.5).

Diagnostic analyses, including the determination of 
normal and tumor tissues, as well as the patient status, 
were performed using the pROC (1.18.5) and timeROC 
(0.4) packages and visualized using lollipop plots or 
Receiver operating characteristic (ROC) curves.

Prognostic analyses, including overall survival (OS), 
progress-free interval (PFI), and disease-specific survival 
(DSS), were performed using the surviving (0.3.0) and 

survminer (0.4.9) packages and visualized using Kaplan–
Meier (KM) plots or heatmaps.

Immunohistochemical assays on tissue microarrays
The microarray (HLugS180Su02, Outdo Biotech, China) 
consisted of 90 pairs of adjacent and LUSC tissue samples 
containing clinical information produced into 4-μm thick 
paraffin-embedded frozen sections. Immunohistochemi-
cal (IHC) staining was performed using SEPT9 antibodies 
(HPA042564, Atlas Antibodies, Sweden), and images were 
acquired using an Aperio XT scanner (Leica). Image analy-
ses with staining scores (0–12) were assigned by multiply-
ing the staining intensity (0–3) by area (0–4). Owing to 
issues of sample shedding and uneven staining, 176 cases 
of adjacent (88) and LUSC (88) samples were ultimately 
included in the statistics. All experimental procedures 
were performed according to standardized protocols [26].

Functional enrichment analyses
Differentially expressed genes (DEGs) were identified 
between high- and low-SEPT9 groups in pan-cancer using 
the edgeR package (3.38.2) and then analyzed with Gene 
Set Enrichment Analysis (GSEA) using the clusterProfiler 
package (4.10.1) with hallmark gene sets and visualized 
with a heatmap. Only normalize enrichment score (NES) 
with a significant difference (adjusted p < 0.05) are shown.

Fig. 1 Flowchart of the study
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Single‑cell expression analyses
ScRNA-seq data from the GEO database were analyzed 
through the Tumor Immune Single-cell Hub (TISCH1, 
http:// tisch1. comp- genom ics. org/, accessed on 4 March, 
2024), a portal dedicated to TIM [27]. SEPT9 levels in 
various cell types across different TIM were displayed 
through heatmap and violin plots, while its distribution 
in different cell clusters was visualized using Uniform 
Manifold Approximation and Projection (UMAP) plots.

TIM infiltration analyses and immunotherapy prediction
TIM infiltration includes stromal and immune cell 
infiltration, which correspond to stromal and immune 
scores, respectively, the sum of which is the estimate 
or tumor microenvironment (TME) score. Infiltration 
analyses were performed using the GSVA (1.34.0) pack-
age with the ssGSEA method, estimate (1.0.13) packages, 
and immunedeconv package with the xCell method. The 
status of the cancer immune cycle, including seven dif-
ferent antitumor immune statuses from cancer antigen 
release (step one) to cancer cell killing (step seven), was 
analyzed using the Tracking Tumor ImmunoPhenotype 
portal (TIP, http:// biocc. hrbmu. edu. cn/ TIP/, accessed 
on 3 February, 2024) [28].

Immune checkpoint blockade (ICB) efficacy was pre-
dicted mainly using the Tumor Immune Dysfunction and 
Rejection (TIDE, http:// tide. dfci. harva rd. edu/, accessed 
on 4 February, 2024) portal to evaluate two types of 
immune escape: dysfunction of cytotoxic T lymphocytes 
and expression of immunosuppressive factors. Higher 
TIDE scores suggest stronger immune evasion, resulting 
in reduced effectiveness of ICB [29, 30].

Drug sensitivity and molecular docking analyses
Drug sensitivity analyses were based on the relation-
ship of gene expression with the half-maximal inhibitory 
concentration (IC50) of drugs. The processed datasets 
including RNA expression and drug activity in NCI-60 
cancer cell lines were obtained from the CellMiner por-
tal (https:// disco ver. nci. nih. gov/ cellm iner/, accessed on 
27 March, 2024), and Food and Drug Administration-
approved or clinical trial-tested drugs were extracted 
using the impute (1.76.0) and limma (3.58.1) packages 
for further analysis [31]. Positive correlations indicate 
that higher gene expression may lead to drug resistance, 
whereas negative correlations indicate drug sensitivity.

To analyze the interaction modes and binding affini-
ties between protein and potential drugs, SEPT9 and 
drug structures were downloaded from the protein 
data bank (PDB, https:// www. rcsb. org/) (ID: 5CYO; 
resolution: 2.04  Å) and PubChem Compounds portal 
(https:// pubch em. ncbi. nlm. nih. gov/), respectively, and 
molecular docking was performed using Autodock 

Vina 1.2.2 software, a silico protein–ligand docking 
software [32, 33].

Establishment and evaluation of prognostic clusters, risk 
signature, and nomogram
SEPT9-associated genes (Spearman Cor > 0.1, p < 0.05), 
DEGs between normal and LUSC tissues (|log2fold 
change|> 0.58, p < 0.05), and prognostic genes in LUSC 
(p < 0.05) were identified using the Spearman correla-
tion method, edge package (2.34.0), and survival package 
(3.5.8), respectively. The shared genes were displayed on 
Venn diagrams using the VennDiagram package (1.7.3). 
Patient clustering was performed using the Consensus-
ClusterPlus package (1.66.0), followed by cumulative 
distribution function (CDF) to obtain the appropriate 
clustering method. Distribution differences among clus-
ters were determined using principal component analysis 
(PCA).

The collection of human mitotic spindle genes was 
compiled by combining the HALLMARK_MITOTIC_
SPINDLE (2023.2) and GOCC_MITOTIC_SPINDLE 
(2023.2) gene sets from the Molecular Signatures Database 
(MSigDB, https:// www. gsea- msigdb. org/ gsea/ msigdb/). 
The risk signature was constructed by using multivariate 
Cox regression with the survival package (3.5.8) to identify 
independent prognostic genes among SEPT9-associated 
prognostic DEGs and mitotic spindle genes. The risk score 
calculation was obtained using the ggrisk package (1.3).

Uni- and multi-variate Cox regression analyses were 
used to screen independent factors from the risk sig-
nature and clinical factors to construct the prognostic 
model, and the results are displayed as forest plots. A 
nomogram was developed based on these independ-
ent factors (p < 0.05) using the rms (6.8–0) and survival 
packages. Its accuracy was evaluated through calibration 
curves, and its clinical net benefit was evaluated with 
Decision curve analysis (DCA) using survival package 
and stdca document.

Results
High SEPT9 expression serves as a screening factor 
for various cancers
To explore the impact of SEPT9 on tumorigenesis, we 
conducted pan-cancer data collection and analyses. We 
found that SEPT9 was encoded by chromosome 17q25.3 
(Fig. 2A), with a total of 48 distinct transcripts (Fig. S1A), 
and was widely present in various healthy tissues, espe-
cially lymphoid tissue and bone marrow, including the 
thymus, lymph node, and spleen (Fig.  2B). Further sin-
gle-cell expression analyses of these tissues revealed that 
SEPT9 was enriched in immune cells, particularly mono-
cytes, dendritic, T, NK, B, and Kupffer cells (Fig.  2C). 
Compared with normal tissues, SEPT9 expression was 

http://tisch1.comp-genomics.org/
http://biocc.hrbmu.edu.cn/TIP/
http://tide.dfci.harvard.edu/
https://discover.nci.nih.gov/cellminer/
https://www.rcsb.org/
https://pubchem.ncbi.nlm.nih.gov/
https://www.gsea-msigdb.org/gsea/msigdb/
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high in most tumor tissues but low in PRAD (Fig.  2D). 
Detailed cancer cell line analyses revealed that SEPT9 
expression was highest in Vater, fibroblasts, and skin 
cells (Fig.  2E). Diagnostic analysis indicated that SEPT9 
had relatively high diagnostic values (area under curve 
[AUC] > 0.7) for BRCA, CHOL, DLBC, ESCA, GBM, 
HNSC, KIRC, KIRP, LGG, LIHC, LUAD, LUSC, STAD, 
THCA, and THYM (Fig. 2F).

Next, we investigated the expression of SEPT9 protein. 
The predicted SEPT9 structure consisted of an amino-
terminal composed of random coils and a carboxyl-ter-
minal containing multiple alpha-helices and beta-strands 
(Fig.  2G). Immunofluorescence showed that SEPT9 was 
mainly located in the cytoplasm as actin filaments and 
occasionally on the cell membrane (Fig. 2H). In line with 
mRNA levels, IHC images revealed elevated SEPT9 pro-
tein levels in BRCA, GBM, LUAD, LUSC, OV, SKCM, 
and THCA (Fig.  2I, J; Fig. S1B). Collectively, SEPT9 is 
highly expressed in various cancers, highlights its crucial 
role in early cancer screening.

SEPT9 expression is influenced by its genetic alterations, 
epigenetic modifications, and PTMs
Gene expression is influenced by various factors, includ-
ing genetic alterations and epigenetic factors. Therefore, 
we first analyzed the genetic alterations of SEPT9 in pan-
cancer, including simple nucleotide variation (mutations), 
structural variations, copy number variation (CNVs; 
including deep deletions and amplifications), and multi-
ple alterations. Genetic alterations occurred in 27 tumor 
types, particularly UCS, UCEC, MESO, and SKCM (> 5%). 
Mutations, particularly in UCEC (5.1%), SKCM (2.7%), 
and STAD (2.27%), as well as copy number amplifications 
(CNAs), particularly in BRCA (3.78%), LIHC (3.76%), 
and MESO (3.45%), were dominant, while deep deletions 
and multiple alterations occurred less frequently (< 1.3%) 
(Fig.  3A). Mutation analyses indicated that 114 out of 
10,953 individuals had mutations, of which 92 were mis-
sense, 14 were fusions, six were truncations, and two were 
splices. Among them, the frequency of lysine-to-arginine 
conversion at position 298 was the highest, including 
two patients with UCEC and one with STAD (Fig.  3B). 
Given that CNVs are closely related to gene expression, 

we further analyzed their correlation with SEPT9 expres-
sion. Except for LAML, SEPT9 positively correlated with 
CNVs in most tumors, particularly UCS, TGCT, and 
ESCA (Fig.  3C; Table S1). Survival analyses showed that 
the genetic alteration of COADREAD patients resulted in 
shorter OS than those in the unaltered group (Fig. 3D).
SEPT9 expression is also influenced by epigenetic 

characteristics, particularly DNA methylation. A total of 
134 methylation sites were identified in SEPT9 (Fig. 3E). 
Compared with normal tissues, CpG-aggregated meth-
ylation was increased in BLCA, BRCA, CESC, COAD, 
ESCA, HNSC, LIHC, PRAD, READ, and UCEC and 
downregulated in CHOL, KIRC, LUAD, PAAD, and 
THCA (Fig.  3F). In addition, except for TGCT and 
THYM, SEPT9 expression was negatively correlated with 
methylation (Fig.  3G; Table  S2). High CpG-aggregated 
methylation was a risk factor in ACC, KIRP, and LUAD, 
whereas GBM, LGG, MESO, THYM, and UVM showed 
the opposite trend (Fig. 3H).

Furthermore, we explored the PTMs of the SEPT9 pro-
tein and found 82 modified sites, including phosphoryla-
tion, acetylation, ubiquitylation, and other modifications. 
Among them, phosphorylation of tyrosine at position 
278 was the most frequently mentioned, followed by S30, 
T49, S85, and T42, indicating that the phosphorylation of 
SEPT9 at these sites may be important for tumorigenesis 
and progression (Fig. 3I). Collectively, SEPT9 expression 
is impacted by genetic alterations, epigenetic modifica-
tions, and PTMs.

SEPT9 correlates with clinical factors and is an effective 
prognostic factor for various cancers, especially LUSC
Subsequently, the clinical correlation and significance of 
SEPT9 expression were analyzed and validated. SEPT9 
was associated with multiple clinical factors in various 
cancers, except for BRCA, CHOL, LAML, LUAD, MESO, 
OV, SKCM, and UVM (Fig.  4A, B; Table  S3, 4). Next, 
to further explore the impact of SEPT9 expression on 
the outcomes of cancer patients, we analyzed their sur-
vival data using Cox regression and log-rank p methods. 
Elevated levels of SEPT9 in KICH, LAML, LGG, LIHC, 
LUSC, MESO, and UVM were associated with decreased 
OS, PFI, and DSS (Fig. 4C; Fig. S2; Table S5).

Fig. 2 High SEPT9 expression serves as a screening factor for various cancers. (A) Genomic position of SEPT9. (B) SEPT9 expression in healthy 
tissues from GTEx or HPA datasets. (C) Single-cell expression of SEPT9 in normal tissues. (D) SEPT9 expression between healthy and tumor 
tissues from GTEx-TCGA database. (E) SEPT9 expression in cancer cell lines from DepMap portal. (F) Diagnostic value of SEPT9 using ROC 
method from TCGA and GTEx-TCGA databases. (G) The prediction structure of SEPT9 protein with AlphaFold method. Different colors represent 
the per-residue confidence scores. (H) Representative immunofluorescence staining of SEPT9 protein from HPA database. (I, J) Representative 
immunohistochemical staining (I) and statistics (J) of SEPT9 protein consistent with mRNA expression in adjacent and tumor tissue from HPA 
database

(See figure on next page.)
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Fig. 2 (See legend on previous page.)
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Given the consistent expression and clinical signifi-
cance of SEPT9 mRNA and protein, we selected LUSC 
for further validation. The GSE19188 dataset confirmed 
the expression and prognostic outcomes of SEPT9 in 
LUSC (Fig.  4D), whereas GSE3141 and bulk datasets 
containing GSE3141, GSE1918, GSE4573, GSE50081, 
GSE157011, GSE14814, GSE29013, GSE30219, and 
GSE37745 confirmed the prognostic value of SEPT9 
(Fig. 4E). Importantly, the IHC assay of our collected clin-
ical samples revealed a significant upregulation of SEPT9 
protein in LUSC tissues compared to benign ones, indi-
cating high diagnostic value (AUC = 0.892) (Fig.  4F-I). 
Combined with the clinical information of the patients, 
SEPT9 protein expression was associated with the TNM 
stage, PD-L1, and CD68 (Table 1). The stage III, young, 
and low-CD68 groups showed increased SEPT9 pro-
tein levels and vice versa (Fig. 4J; Fig. S3). Patients with 
higher SEPT9 protein expression had shorter OS time 
than those with lower expression (Fig. 4K). In summary, 
SEPT9 is associated with tumor progression and results 
in an unfavorable prognosis in specific cancers, particu-
larly LUSC.

SEPT9 is associated with tumor‑promoting signature 
and TIM and is enriched in both malignant and immune 
cells
We further explored the possible mechanism by which 
SEPT9 causes differences in survival. Patients with high 
SEPT9 expression exhibited significant enrichments in 
tumor-promoting hallmarks, including mitotic spin-
dle, EMT, E2F targets, and G2M checkpoint. However, 
opposite enrichments were observed in immune-related 
hallmarks, including allograft rejection, coagulation, 
complement, IL2 STAT5 signaling, IL6 JAK STAT3 sign-
aling, inflammatory response, and interferon-alpha or 
gamma response. Specifically, positive enrichment was 
found in ACC, LAML, LGG, PCPG, PRAD, THCA, and 
UVM, whereas the opposite was observed in DLBC, 
LUSC, MESO, OV, SARC, SKCM, THYM, UCEC, and 
UCS. Both types of enrichment were simultaneously 
observed in CHOL, KIRP, and LIHC (Fig. 5A; Table S6). 
Together, these results indicated that high SEPT9 expres-
sion promotes the occurrence and progression of most 
tumors; the regulation of the immune microenvironment 
varies depending on the cancer type.

As the TCGA sequencing data contained mixed data of 
not only tumor but also immune, stromal, and other cells, 
we further utilized single-cell data to observe SEPT9 
expression in specific cell types. In most tumors, SEPT9 
was enriched in both malignant and immune cell clus-
ters (Fig. 5B; Table S7). In acute lymphoblastic leukemia 
(ALL-GSE132509), SEPT9 was highly expressed in con-
ventional CD4 T (CD4Tconv), proliferating T (T prolif ), 
CD8T, B, and monocyte/macrophage (Mono/Macro) 
cells, as well as malignant cells. There were also instances 
wherein enrichment tended to occur in a particular cell 
cluster. For example, SEPT9 tended to be enriched in 
malignant cell clusters of gliomas-GSE102130, indicat-
ing that high SEPT9 expression was more conducive 
to the growth of glioma cells in these patients. In con-
trast, SEPT9 was only enriched in immune cell clusters 
of COADREAD-GSE136394, especially CD4Tconv and 
T prolif, indicating that its high expression was more 
favorable for the antitumor immune response in these 
patients (Fig.  5C). Collectively, these results indicated 
that SEPT9 is enriched in both malignant and immune 
cells, and affects the progression of specific tumors by 
regulating the distribution and function of immune cells.

SEPT9‑related TIM is beneficial for predicting 
immunotherapeutic and chemotherapeutic efficacy
Functional enrichment and single-cell expression analy-
ses suggested that SEPT9 participates in TIM regula-
tion. Therefore, we conducted comprehensive analyses of 
the relationship of SEPT9 with TIM infiltration. SEPT9 
showed negative correlations with the ESTIMATE and 
TME scores of BRCA, CESC, DLBC, GBM, HNSC, 
LIHC, LUAD, LUSC, MESO, OV, PRAD, SARC, SKCM, 
TGCT, UCEC, and UCS, while displaying positive cor-
relation with the scores of KIRC, LAML, LGG, PCPG, 
THCA, THYM, and UVM. This suggests that SEPT9 
inhibits TIM infiltration in the former set of cancers 
but enhances the infiltration in the latter. Further analy-
ses of cell types revealed positive correlations between 
SEPT9 and infiltration of NK and Th2 cells in almost all 
tumors, indicating that antitumor immunity represented 
by NK cells and tumor suppression represented by Th2 
cells jointly regulate SEPT9-associated TIM (Fig.  6A, B; 
Table S8). Next, we analyzed the effect of SEPT9 expres-
sion on the cancer-immune cycle, which can be divided 

(See figure on next page.)
Fig. 3 SEPT9 expression is impacted by its genetic alterations, epigenetic modifications, and PTMs. (A) The frequency of SEPT9 genetic variation 
from cBioPortal. (B) Mutation diagram of SEPT9. (C) Correlations of SEPT9 with CNVs. (D) OS of SEPT9 genetic alteration. (E) Detailed chromosomal 
distribution of methylation probes from SMART portal. (F) CpG-aggregated methylation between normal and tumor tissues. Aggregation method: 
median; methylation value: beta-value. (G) Correlations of SEPT9 with CpG-aggregated methylation. (H) OS of CpG-aggregated SEPT9 methylation. 
(I) PTMs of SEPT9 protein from PhosphoSitePlus portal
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into seven steps: cancer antigen release, cancer anti-
gen presentation, priming and activation, immune cell 
recruiting, immune cell infiltration, T cell recognition, 
and cancer cell killing. SEPT9 was negatively correlated 
with the cycles of most cancers, indicating the occur-
rence of immunosuppression, but was positively cor-
related with these cycles in KIRC, LAML, LGG, PAAD, 
PRAD, THCA, and UVM (Fig.  6C; Table  S8). Further-
more, we explored the relationship between SEPT9 and 
the three clusters of immunoregulators. SEPT9 was posi-
tively correlated with them in most cancers but nega-
tively correlated with MHC molecules in LUSC, MESO, 
OV, SARC, TGCT, and THYM, immunostimulators in 
DLBC, GBM, LUSC, SARC, SKCM, and THYM, and 
immunoinhibitors in DLBC, GBM, LUSC, SARC, TGCT, 
and THYM. In particular, its correlation with immunoin-
hibitors may become a key target for immunotherapy 
(Fig. 6D-F; Table S8).

ICB, the most important immunotherapy method, relies 
mainly on immune cell infiltration and is influenced by the 
tumor mutation burden (TMB), microsatellite  instability 
(MSI), and tumor stemness. High TMB or MSI scores indi-
cate high immune cell infiltration and vice versa. The results 
indicated that the correlation between SEPT9 and TMB 
was positive in LGG, PAAD, and SKCM but was negative 
in CESC, PRAD, and THYM. Furthermore, the correla-
tion between SEPT9 and MSI was positive in CESC, LIHC, 
LUSC, OV, and UVM but was negative in PCPG, PRAD, 
and STAD. As tumor stemness is correlated with its metas-
tasis, recurrence, and treatment, we utilized the OCLR 
algorithm to analyze the correlation between SEPT9 and 
tumor stemness. SEPT9 showed negative correlations with 
the stemness of the majority of tumors. However, positive 
correlations with tumor stemness existed in BRCA, SKCM, 
and THYM, indicating that patients with low SEPT9 expres-
sion exhibited higher tumor stemness compared to those 
with high expression (Fig. 6G; Table S8). Next, we predicted 
the treatment impact of ICB and discovered that the low-
SEPT9 group exhibited lower TIDE scores compared to the 
high-SEPT9 group, indicating better treatment effectiveness 
in patients with COAD, ESCA, GBM, HNSC, KIRC, KIRP, 
LGG, LIHC, LUSC, MESO, PAAD, PCPG, PRAD, READ, 
STAD, TGCT, and THCA (Fig. 6H).

Additionally, we further studied the relationship 
between SEPT9 and drug sensitivity. SEPT9 was signifi-
cantly associated with 61 FDA-approved or clinical trial-
tested drugs. Specifically, it was negatively correlated 
with 23 drugs, especially OTS-964, Docetaxel, ARQ-621, 
and AT-7519 (Cor < -0.35), while positively correlated 
with other 38 drugs, especially SNS-314, XL-147, Praci-
nostat, LGK-974, PLX-4720, and Vorinostat (Cor > 0.35), 
implying that patients with high SEPT9 expression were 
particularly sensitive to OTS-964, Docetaxel, ARQ-621, 
and AT-7519, while they exhibited resistance to SNS-
314, XL-147, Pracinostat, LGK-974, PLX-4720, and 
Vorinostat (Fig. 7A, B; Table S9). To further evaluate the 
binding affinity between SEPT9 protein and these candi-
date drugs, we selected OTS-964 (Cor = 0.384) and Vori-
nostat (Cor = 0.463) for molecular docking with SEPT9. 
The results indicated that Vorinostat had a strong bind-
ing activity with SEPT9 (binding energy: -7.097 kal/mol), 
while OTS-964 also had a stable binding activity with 
SEPT9 (binding energy: -6.581 kal/mol) (Fig. 7C). There-
fore, SEPT9 is associated with sensitivity to multiple 
drugs, making it a promising chemotherapeutic target.

An optimized predictive model was established based 
on SEPT9 and mitotic spindle genes
Given the prognostic and therapeutic significance of 
SEPT9 for LUSC, we attempted to construct a bet-
ter prognostic model to enhance the prognostic value 
and improve treatment outcomes. Venn analysis identi-
fied 272 shared genes among SEPT9-associated genes, 
DEGs, and prognostic genes (Fig. 8A; Table S10). These 
genes were used to divide LUSC patients into two clus-
ters (Fig.  8B-D), which were distinguished well by the 
PCA plot (Fig. 8E). The OS of C1 cluster was worse than 
that of C2 cluster (Fig. 8F). Analyses of immunoregulator 
expression in the two clusters revealed that most immu-
noregulators were more highly expressed in cluster 1 
compared to cluster 2, indicating that the overall immune 
infiltration in the C1 cluster may be enhanced (Fig. 8G).

Previous GSEA analyses showed that SEPT9-asso-
ciated genes were highly enriched in the mitotic spin-
dle gene set. Therefore, we integrated the two gene 
sets from Hallmark and GO and demonstrated a 

Fig. 4 SEPT9 correlates with clinical factors and is an effective prognostic factor for various cancers, especially LUSC. (A) Clinical correlation of SEPT9 
from baseline datasheets. Red and gray boxes represent p < 0.05 and p ≥ 0.05, respectively. (B) Clinical correlation of SEPT9 from bar charts. Red, 
gray, and blue indicate positive correlation, no significant correlation, and negative correlation, respectively. (C) Correlations of SEPT9 with survival 
probability. Red and blue boxes indicate risky and protective factors, respectively. (D) Violin plot of SEPT9 expression in normal and LUSC tissue 
and OS curve of SEPT9 with GSE19188 dataset. (E) OS curves of SEPT9 with GSE3141 dataset and GSE bulk datasets containing GSE3141, GSE19188, 
GSE4573, GSE50081, GSE157011, GSE14814, GSE29013, GSE30219, GSE37745 from GEO portal. (F–H) Panoramic (F), representative (G), and statistical 
graph (H) of SEPT9 IHC staining in adjacent and LUSC tissues in microarrays. (I) Diagnostic ROC curve of SEPT9 protein. (J) Clinical correlation 
of SETP9 protein with significant differences. (K) OS curves of SEPT9 protein

(See figure on next page.)
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Fig. 4 (See legend on previous page.)
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significant correlation between SEPT9 and the new 
gene set (Cor = 0.346, p < 0.001) (Fig.  9A; Table  S11). 
Venn analysis was conducted between the 272 clus-
ter genes and the new gene set, resulting in nine prog-
nostic genes (Fig.  9B). Multivariate Cox regression 
analysis of SEPT9 and these genes yielded six independ-
ent prognostic genes (Fig.  9C), thereby establishing the 
prognostic risk signature. The equation for risk score 
was: Risk score = 0.380× SEPT9+ 0.316× ARAP3+

0.356×HSF1+ (−0.395)× FAM83+ (−0.463)× KIF20B

+(−0.349)× TUBB8 . SEPT9, ARAP3, and HSF1 were 
risk genes, whereas KIF20B, FAM83D, and TUBB8 were 
protective genes (Fig.  9D). The KM plot confirmed that 
high-risk patients had poorer OS than low-risk patients 
(Fig.  9E). ROC analysis revealed that the AUCs of 1-, 
3-, and 5-year OS were 0.633, 0.712, and 0.679, respec-
tively (Fig.  9F). Clinical factors were then included in 
the prognostic model. Univariate Cox analysis found 
that increased risk scores were highly correlated with 
the malignant progression of LUSC, including patho-
logic stage III&IV, T3&4, and M1, and with tumor after 
therapy, but was negatively correlated with short smoke 
history and progressive or stable disease after primary 
therapy. Multivariate Cox regression analysis confirmed 
that only risk score, T stage, smoking history, tumor 
status, and PTO were independent prognostic fac-
tors (Fig.  9G). Based on these factors, we established a 
nomogram model to predict 1-, 3-, and 5-year survival 
(Fig. 9H). The prognostic calibration curve and the ideal 
diagonal matched well, and the concordance (0.755) was 
also relatively high (Fig. 9I). DCA indicated that the nom-
ogram was an effective prognosticator (Fig.  9J). These 
results indicated that the constructed model is an excel-
lent indicator of LUSC prognosis.

Moreover, we investigated the relationship of the risk 
signature with the TIM. Consistent with the previous 
speculation of immune infiltration between clusters, the 
immune infiltration in the high- and low-risk groups 
was reversed, with high-risk patients having higher TME 
scores than low-risk patients (Fig.  9K, L). However, the 
TMB and stemness scores of the high-risk group were 
lower than those of the low-risk group, whereas no sig-
nificant difference in MSI was observed (Fig.  9M). ICB 
prediction also showed high consistency with immune 
infiltration, and that the low-risk group was more effec-
tive than the high-risk group (Fig. 9N). Overall, C1 clus-
ter patients had more correlations with the high-risk, 
high-ESTIMATE, high-TME, and high-TIDE groups, as 
well as dead status, whereas C2 cluster patients showed 
the opposite trend (Fig. 9O).

Discussion
Cancer has the highest incidence and mortality rates 
worldwide, and its etiology and treatment remain a great 
concern [1]. SEPT9, a member of the fourth cytoskel-
etal protein family, plays important roles in cytoskeletal 
assembly and cytoplasmic division. Although its carcino-
genicity has received increasing attention, its specific role 
in various cancers remains unclear.

In the present study, our aim was to explore the impact 
of SEPT9 on cancer occurrence and development. To this 
end, we first conducted expression analysis. In normal 

Table 1 Baseline datasheet of correlation of SEPT9 protein with 
clinical factors in LUSC

Characteristics SEPT9‑low (33) SEPT9‑high (55) p

Pathologic grade, n (%) 0.063

Grade II 24 (27.3%) 29 (33%)

Grade III 9 (10.2%) 26 (29.5%)

TNM stage, n (%) 0.020

Stage I 8 (12.9%) 8 (12.9%)

Stage II 15 (24.2%) 12 (19.4%)

Stage III 3 (4.8%) 16 (25.8%)

T stage, n (%) 0.106

T2 19 (30.6%) 17 (27.4%)

T3 6 (9.7%) 14 (22.6%)

T4 1 (1.6%) 5 (8.1%)

N stage, n (%) 0.294

N0 18 (21.7%) 24 (28.9%)

N1 13 (15.7%) 28 (33.7%)

M stage, n (%) 1.000

M0 32 (36.4%) 54 (61.4%)

M1 1 (1.1%) 1 (1.1%)

Gender, n (%) 0.448

Male 33 (37.5%) 52 (59.1%)

Female 0 (0%) 3 (3.4%)

Age, n (%) 0.142

 >  = 65 16 (18.2%) 18 (20.5%)

 < 65 17 (19.3%) 37 (42%)

Tumor size, n (%) 0.550

 < 5 cm 13 (19.7%) 23 (34.8%)

 >  = 5 cm 13 (19.7%) 17 (25.8%)

Pathomorphology, n (%) 0.890

Central 19 (45.2%) 16 (38.1%)

Peripheral 3 (7.1%) 4 (9.5%)

PD-L1, n (%) 0.013

Low 17 (19.8%) 41 (47.7%)

High 16 (18.6%) 12 (14%)

CD8, n (%) 0.783

Low 17 (19.3%) 30 (34.1%)

High 16 (18.2%) 25 (28.4%)

CD68, n (%) 0.009

Low 17 (19.3%) 43 (48.9%)

High 16 (18.2%) 12 (13.6%)
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human tissues, SEPT9 is highly expressed in lymphoid 
tissue and bone marrow, which are the most active areas 
of cell division and are therefore most likely to undergo 

carcinogenesis. Single-cell sequencing analysis of healthy 
tissues revealed high enrichments of SEPT9 in immune 
cells, suggesting it is involved in immune cell infiltration. 

Fig. 5 SEPT9 is associated with tumor-promoting signature and TIM and is enriched in both malignant and immune cells by functional enrichment 
and single-cell expression analyses. (A) GSEA of SEPT9-associated DEGs in hallmarks in pan-cancer. Red and blue boxes represent positive 
and negative enrichments, respectively. (B) Cluster heatmap of SEPT9 expression in cancers. (C) Representative UMAP plots of SEPT9-enriched cell 
clusters in ALL, COADREAD, and Glioma
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Fig. 6 SEPT9-related TIM is beneficial for predicting immunotherapeutic efficacy. (A, B) Correlation of SEPT9 with TME infiltration using the ssGSEA 
and ESTIMATE (A), as well as xCell (B) algorithms. (C) Correlation of SEPT9 with immunity cycle using TIP portal. (D‑F) Correlation of SEPT9 with MHC 
molecules (D), immunostimulators (E), and immunoinhibitors (F). (G) Correlation of SEPT9 with TMB, MSI, and Stem score. (H) Comparison 
of predicted TIDE score according to SEPT9 expression using the TIDE algorithm
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Fig. 7 SEPT9 is associated with drug sensitivity. (A) Correlation of SEPT9 with IC50 of drug from CellMiner database. (B) Scatter plots of the top 10 
drugs with the highest correlation with SEPT9. (C) Molecular docking of SEPT9 protein with the most negative and positive related drugs
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Fig. 8 Identification and evaluation of SEPT9-associated prognostic clusters in LUSC. (A) Venn analysis of SEPT9-associated genes, DEGs, 
and prognostic OS genes. (B) Consensus CDF curve. (C) Relative area changes. (D) Differential expression of genes in two clusters. (E) PCA 
plot. (F) OS curve. (G) Comparison of immunoregulators expression between two clusters, including MHC molecules, immunostimulators, 
and immunoinhibitors
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Comparison of normal and tumor tissues revealed that 
SEPT9 was highly expressed in most tumor tissues and 
was associated with multiple clinical factors, demonstrat-
ing its prognostic value for various cancers, including 
KICH, LAML, LGG, LIHC, LUSC, MESO, and UVM. 
Furthermore, we confirmed that high SEPT9 mRNA 
and protein expression can serve as good diagnostic and 
prognostic indicators for LUSC.

We further explored the possible mechanism by which 
SEPT9 causes prognostic differences with functional 
enrichment and single-cell expression analysis of tumor 
tissues. SEPT9-associated DEGs correlated with various 
cancer-promoting and immune-related signatures, and 
SEPT9 was widely enriched in malignant and immune 
cells, especially in the latter, suggesting its important role 
in tumor development, immune infiltration, and immu-
notherapy. An increasing number of studies have linked 
SEPTs with TIM infiltration. For example, SEPT2 knock-
down inhibits Fc receptor-mediated phagocytosis in 
HeLa cells and macrophages, increases the permeability 
of human bronchial epithelial and endothelial cells, and 
accelerates leukocyte migration and thrombin-induced 
barrier disruption [34–37]. Meanwhile, SEPT7 knockout 
suppresses mouse T-cell migration and increases the per-
meability of human colon epithelial cells [38]. Knockout 
of SEPT7 or SEPT9 inhibits T cell proliferation in mice, 
thereby reducing the number of mature T cells [39–42]. 
In the present study, we found that SEPT9-related TIM 
was exceptionally complex, as SEPT9 not only positively 
or negatively correlated with two immune cell types with 
opposite functions in the same tumor, but also consist-
ently correlated with immune-promoting and-suppres-
sive factors. Increased SEPT9 expression promoted 
immune infiltration in KIRC, LAML, LGG, PCPG, 
THCA, THYM, and UVM and inhibited immune infiltra-
tion in BRCA, CESC, DLBC, GBM, HNSC, LIHC, LUAD, 
LUSC, MESO, OV, PRAD, SARC, SKCM, TGCT, UCEC, 
and UCS. Therefore, in tumors wherein SEPT9 and TIM 
are positively correlated, ICB treatment was more effec-
tive in suppressing immune checkpoints of the low-
SEPT9 group than of the high-SEPT9 group. In addition, 
SEPT9 and the IC50 of drugs were correlated, particu-
larly Vorinostat and OTS-964. High SEPT9 expression 

was sensitive to OTS-964, while it exhibited resistance 
to Vorinostat. Molecular docking showed strong binding 
activity between SEPT9 and Vorinostat, and stable bind-
ing with OTS-964. These results indicated that SEPT9 
can serve as a potential target of these drugs, helping 
predict chemotherapy sensitivity and resistance. Our 
research reveals the potential for targeting the fourth 
cytoskeleton represented by SEPT9 as a novel and effec-
tive cancer treatment strategy.

As the recently released global cancer statistics 
remind us of the urgent need for research in and 
treatment of lung cancer, we continue to explore the 
SEPT9-associated prognostic model for LUSC to 
improve their prognostic performance and treatment 
efficacy [1]. Functional enrichment analysis men-
tioned that SEPT9-associated DEGs were the most 
enriched mitotic spindle genes. The precise assembly 
of the mitotic spindle is crucial for ensuring the equal 
distribution of chromosomes between two daugh-
ter cells and plays an indispensable role in maintain-
ing genomic stability [43]. Currently, only two reports 
have described the role of the mitotic spindle sig-
nature in LUAD using bioinformatics [44, 45]. Our 
study is the first to apply the mitotic spindle prognos-
tic signature, which includes SEPT9, HSF1, ARAP3, 
KIF20B, FAM83D, and TUBB8, to LUSC and associ-
ate them with clinical factors to obtain a better prog-
nostic model. Heat shock factor protein 1 (HSF1), a 
stress-induced and DNA-binding transcription fac-
tor, protects cells from damage and promotes cancer 
development, including EMT, cancer-related meta-
bolic changes, cancer stemness, and malignant trans-
formation, and is associated with the deterioration 
of the condition of cancer patients [46–48]. Arf-GAP 
with Rho-GAP domain, ANK repeat and PH domain-
containing protein 3 (ARAP3) is a GTPase-activating 
protein that regulates actin cytoskeleton remodeling. 
During gastric cancer development, ARAP3 affects 
cell invasion by regulating cell adhesion and motility, 
thereby inhibiting the peritoneal spread of refractory 
cancer cells [49]. ARAP3 may also be a prognostic fac-
tor of breast cancer and SARC, which are related to 
breast metastasis and the immune infiltration of SARC 

(See figure on next page.)
Fig. 9 Establishment and evaluation of SEPT9 and mitotic spindle-associated nomogram based on the clusters in LUSC. (A) Correlation of SEPT9 
and mitotic spindle genes. (B) The Venn diagram of SEPT9-associated differentially expressed prognostic genes and mitotic spindle genes. 
(C) Constructing prognostic risk from selected nine genes using multivariate Cox regression of OS. (D) Prognostic risk factor plot of six genes. 
(E) OS curve. (F) Time-dependent ROC curve. (G) Uni- and multi-variate Cox analyses of risk scores and clinical factors. (H) Construction of OS 
nomogram with independent prognostic factors. (I) Prognostic calibration analysis. (J) DCA plots. (K, L) Comparison of TIM infiltration between risk 
groups. (M) Comparison of TMB, MSI, and Stem scores between risk groups. (N) Comparison of TIDE scores from ICB therapy. (O) Sankey diagram 
of the relationship among the clusters, risk scores, ESTIMATE score, TME score, TIDE score, and survival status
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Fig. 9 (See legend on previous page.)
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[50, 51]. Kinesin-like protein KIF20B (KIF20B) is a 
plus-end-directed motor enzyme required for cytoki-
nesis, which promotes cancer cell proliferation and 
inhibits apoptosis [52–56]. FAM83D inhibits tumor 
cell autophagy and promotes proliferation, EMT, 
migration, and invasion by activating ERK1/ERK2 
signaling, inhibiting MTOR, JUN, and MYC signal-
ing, and recruiting KIF22 to mitotic spindle [57–59]. 
TUBB8 is a basic component of microtubules and plays 
crucial roles in meiotic spindle assembly and oocyte 
maturation. However, its association with cancer has 
not been reported yet [60].

Interestingly, a comparison of our prognostic model 
with SEPT9 expression alone revealed a shift in the 
correlation between our constructed model and TIM, 
which can better explain the choice of ICB treatment 
patients. Specifically, SEPT9 and TIM were negatively 
correlated in LUSC, but ICB treatment was more effec-
tive for the low-SEPT9 group. As per our model, the 
immune infiltration in the high-risk group was stronger 
than that in the low-risk group, thus TIM was more 
beneficial for patient recovery in the high-risk group, 
while ICB treatment was more effective for the low-risk 
population.

Inevitably, there are also certain shortcomings in this 
study. Although we used tissue microarray to validate 
the diagnostic and prognostic significance of SEPT9 
in LUSC, further research has not been conducted on 
other prognostic-related cancers, especially gliomas, as 
reports have suggested that abnormal expression and 
mutations in SEPT9 are associated with neurological dis-
eases, and drug research targeting SEPTs provides new 
effective treatment strategies for neurodegenerative dis-
eases [61–66]. Moreover, our research lacked systematic 
research on the SEPT family, particularly regarding their 
functional complementarity in tumorigenesis and clini-
cal practice. Therefore, larger-scale basic experiments 
in vivo and in vitro are needed in the future to determine 
the specific molecular mechanisms of SEPT9 and its fam-
ily affecting cancer occurrence and development, as well 
as to conduct clinical sample studies at the pan-cancer 
levels.

Conclusions
Our study demonstrates that SEPT9 is a potential pan-
cancer screening and prognostic biomarker associated 
with TIM, providing a new target for immunotherapy 
and drug therapy. We applied the mitotic spindle prog-
nostic model to LUSC for the first time, which not only 
enhanced its predictive value but also reshaped the 
immune microenvironment, making immunotherapy 
more effective for LUSC patients.
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