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Abstract

Nucleolar and spindle-associated protein 1 (NUSAPI), a microtubule-associated protein, has been
recently identified to exhibit aberrant expression patterns that correlate with malignant tumorigenesis
and progression across various cancer types. However, the specific regulatory mechanisms and potential
targeting therapies of NUSAP1 in lung adenocarcinoma (LUAD) remain largely elusive. In this study, by
conducting bioinformatics analyses as well as in vitro and in vivo experiments, we identified that NUSAPI
was significantly upregulated in LUAD, with a notable correlation with poorer overall survival, higher
scores for immunogenicity and immune infiltration, as well as increased sensitivity to conventional
chemotherapeutic drugs such as paclitaxel, docetaxel and vinorelbine in LUAD. Functionally, NUSAPI
overexpression significantly promoted LUAD cell proliferation, while its knockdown markedly
suppressed this process. Interestingly, our results revealed that NUSAP1 upregulation was mediated by
estrogen via ERp activation. Furthermore, we identified entinostat as a novel inhibitor of NUSAPI.
Pharmacological targeting ERB/NUSAPI axis with fulvestrant (ERPB antagonist) or entinostat (novel
NUSAP1 inhibitor) significantly reduced LUAD growth both in vitro and in vivo, which may represent
effective alternative therapeutic strategies for patients with LUAD.
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Introduction

Non-small cell lung cancer (NSCLC) represents  approximately 60% of newly diagnosed cases,

one of the leading cause of cancer-related mortality
globallyll. Among the histological types of NSCLC,
lung adenocarcinoma (LUAD) comprises

exhibiting a substantial increasell" 2. Over the past
decade, the identification of driver oncogenes, such as
EGFR, ALK, ROS], has facilitated the development of
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targeted therapeutic drugs, thereby greatly improving
therapeutic outcomes for LUAD patients harboring
these mutations. However, for patients without active
mutations, the benefit of targeted therapy is limited,
and immune checkpoint inhibitors (ICls) or
combinations with chemotherapy are the standard of
carel3?l. Notably, the efficacy of immunotherapy or
combinations ~ with ~ chemotherapy = remains
suboptimal, highlighting the pressing need to identify
novel effective therapeutic targets to develop
alternative therapeutics to improve outcomes for
LUAD patients.

Nucleolar and spindle-associated protein 1
(NUSAP1) is a microtubule-associated protein
residing on chromosome 15q15.1[61. NUSAP1 has been
identified as a crucial mitotic regulator essential for
multiple stages of cell division, including spindle
assembly, chromosome segregation, cytokinesis,
microtubule crosslinking, bundling, and attachment
to chromosomesl®8l. Notably, numerous studies have
documented aberrant NUSAP1 overexpression as a
key factor in tumor progression across diverse human
cancer types, including gastric cancerl®, bladder
cancer%, and renal cell carcinomal!ll. For instance,
NUSAP1 plays a critical role in metastasis of
pancreatic ductal adenocarcinoma by regulating
lactate dehydrogenase A-mediated glycolysisi'2. In
prostate cancer, NUSAP1 can be upregulated by E2F1
activation or loss of RB1 and thus promoting cancer
invasion and metastasis(!3 4. Moreover, NUSAP1
sustains cancer stemness to promote early recurrence
of hepatocellular carcinomal®l. Intriguingly, study has
reported that NUSAP1 may influence immune
responses through its interaction with DNA or RNA
and implicated in the proliferation of acute myeloid
leukemia (AML) cells ['¢l. Besides, NUSAP1 has been
reported to be correlated with immune infiltration in
cancers including thyroid carcinomal'”], breast
cancer’8land bladder cancer™. Recently, there is a
study reported that aberrant NUSAP1 is closely
involved in the progression and poor prognosis of
NSCLCI. Despite these advances, the precise role
and underlying regulatory mechanisms of NUSAP1 in
LUAD remain largely elusive. Therefore, a thorough
investigation of the specific role and regulatory
mechanisms of NUSAP1 in LUAD may hold great
prospects in developing new therapeutic strategy for
patients with LUAD.

Estrogens, including estradiol (E2), estrone and
estriol, act through their receptors, playing a crucial
role in diverse biological functions, particularly
among femalesi?!#].  Accumulating evidence has
highlighted the important role of estrogen and its
receptors in the tumorigenesis and development of
LUADR+28]. For example, Huang et al. reported that E2

upregulates IL6 expression through the ERP pathway
to promote LUAD progression . Chen et al.
demonstrated that E2 exerts a dual effect in lung
cancer, affecting cancer cells and modulating the
tumor-associated = microenvironment,  ultimately
contributing to a poorer prognosis/?’l. Notably, ERp, a
crucial estrogen receptor, emerges as a pivotal factor
in tumor progression®-32, exhibiting high expression
in NSCLCEl. Remarkably, ERP also plays a
significant role in promoting osimertinib resistance in
NSCLCPB4., In clinical observations, a conspicuously
higher incidence of LUAD is observed among female
patients, coupled with a higher prevalence of specific
driver gene mutationsl®> 3. Recent investigations
have revealed estrogen signaling as a crucial pathway
activated in never-smoker LUAD patients without
EGFR and ALK alterations®’l. All these findings point
to a potential role of estrogen signaling in LUAD
development. However, the precise underlying
mechanism remains elusive and merits further
investigation.

Here, we found that NUSAP1 expression was
significantly upregulated in LUAD, exhibiting a
significant correlation with poorer overall survival,
higher scores for tumor mutation burden (TMB),
neoantigen loads (NALs), immune infiltration, as well
as higher expression of immune checkpoint blockade
(ICB)-relevant genes. In addition, high NUSAP1
expression was associated with increased sensitivity
to conventional chemotherapeutic drugs such as
vinorelbine, docetaxel and paclitaxel, as well as the
combined chemotherapy of carboplatin and paclitaxel
in LUAD. Functionally, NUSAP1 overexpression
significantly promoted LUAD cell proliferation, while
its knockdown significantly suppressed this process.
Interestingly, our results revealed that NUSAP1
upregulation was mediated by estrogen via ERp
activation, and treatment with fulvestrant, an ERp
antagonist, significantly reduced LUAD growth both
in vitro and in vivo by targeting ERB/NUSAP1 axis.
Furthermore, entinostat was identified as a novel
inhibitor of NUSAPI, exhibiting potent anti-LUAD
growth effects in preclinical models. These findings
indicate that NUSAP1 is a promising therapeutic
target in LUAD, and pharmacological inhibition of
NUSAP1 with fulvestrant or entinostat may offer
novel therapeutic strategies for this malignancy.

Materials and Methods

Public data access

RNA sequencing data, along with clinical details
pertaining to LUAD cases, were retrieved from the
Cancer Genome  Atlas (TCGA)  database
(https://cancergenomennih.gov) - Additionally, RNA sequencing
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matrices of normal lung tissues were downloaded
from Genotype Tissue Expression Project (GTEx)
database (https://Commonfund.nih.gov/GTex) . Furthermore,
gene expression matrices were extracted from the
Gene Expression Omnibus (GEO) database
(https://www.ncbi.nlm.nihgov/gds)' R software was utilized for
the integration, analysis and visualization of the
obtained data. The additional renowned web-based
databases employed in this study were described
below.

Differential expression analysis

The differential expression of NUSAP1 mRNA
between normal lung tissues and LUAD tissues was
analyzed using data obtained from databases of
GTEx, TCGA, GEO (datasets: GSE43458, GSE31210,
GSE30219, GSE75037, GSE32863), as well as the
UALCANES, 3] website database
(https://ualcan.path.uabedu/) - Additionally, the differential
expression of NUASP1 protein level was investigated
based on data collected from the Clinical Proteomic
Tumor Analysis Consortium (CPTAC)10
(https://gdecancer.gov/)  and the Human Protein Atlas
(HPA) [41] databases (https://wwwAproteinatlasAorg/)' Besides,
in order to explore the effect of E2 and fulvestrant on
the expression of NUSAP1, GEO datasets (GSE46924,
GSE4668  (E2)); GSE2253  (fulvestrant)) were
downloaded for analysis.

Survival prognosis analysis

LUAD patients from the TCGA-LUAD cohort
were divided into high and low groups based on the
median expression level of NUSAP1. The
Kaplan-Meier method was then used to analyze
overall survival (OS) of these patients. Besides, GEO
datasets (GSE31210, GSE30219, GSE33745, GSE50081,
GSE68465) were utilized to further verify the
influence of NUSAP1 on OS of LUAD patients.

Gene mutation analysis

The TIMER2.0[42] platform (http:/ /timer.cistromeorg/)
was utilized to investigate the association between the
somatic mutations of common driver genes in LUAD
and NUSAP1 expression. The muTarget website
databasel43] (https://wwwnmtargetcom) was employed to
identify other genes whose somatic mutations may
relate to NUSAP1 overexpression in LUAD, with the
mutation prevalence threshold setting at a minimum
of 3%.

Functional Analysis

The CancerSEA] website database
(nttpe/ /bioce hrbmu.edu.cn/CancerSEA /homejsp)  was  utilized  to
examine the expression of NUSAP1 across 14
functional states in LUAD at the single-cell level. In
addition, differentially expressed genes (DEGs) were

identified from the TCGA-LUAD cohorts between
high- and low-NUSAP1 groups, with a threshold of
log> (fold change) > 1.5 and adjust p < 0.05. Gene
Ontology (GO) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) functional analyses were
performed to annotate the DEGs related to NUSAP1.

Immunogenicity, immune infiltration and ICB
response analysis

The CAMOIPI43] (http://www.camoip.net/) online tool
was utilized to explore the influence of NUSAP1
expression on immunogenicity, immune infiltration
and immune checkpoint blockade (ICB)-relevant
genes expression in the TCGA-LUAD cohort.
Indicators of immunogenicity encompass tumor
mutation burden (TMB), neoantigen loads (NALs)
and MANTIS scorel*l. The fraction of 22 types of
infiltrating immune cells were determined using the
CIBERSORT algorithmi7l. The ICB-relevant genes
examined comprised PDCD1, CD274, PDCD1LG2,
IDO1, LAG3, TNFSF8, CTLA4, ICOS and HAVCR2.

Drug sensitivity analysis

The Genomics of Drug Sensibility in Cancer
(GDSC)I48] website database (https://www.cancerrxgene.org/)
was utilized to explore the influence of NUSAP1 on
the half-maximal inhibitory concentration (IC50) of
commonly administered chemotherapeutic and
targeted therapeutic drugs for LUAD treatment. In
addition, the Cancer Treatment Response gene
signature DataBase (CTR-DB)#1 (http://ctrdb.cloudna.cn/
home) was employed to explore the response predictive
value of NUSAP1 in combination therapeutic
strategies for LUAD.

Cell culture

Human lung adenocarcinoma cell lines (A549
and H1975) and human embryo kidney (HEK) 293T
cell line were purchased from American Type Culture
Collection (ATCC; Manassas, VA, USA). A549 and
H1975 cells were cultured in Roswell Park Memorial
Institute (RPMI) 1640 medium (Gibco; Rockville, MD,
USA) without phenol red. HEK293T cells were
maintained in Dulbecco’s modified Eagle’s medium
(DMEM). Cell culture mediums were supplemented
with 10% fetal bovine serum (Gibco; Rockville, MD,
USA), 100 pg/mL streptomycin (Hyclone; Logan, UT,
USA), and 100 U/mL penicillin (Hyclone; Logan, UT,
USA). All cells were cultured in a humidified
incubator at 37 °C and 5% CO,. All cell lines were
routinely detected to ensure negative mycoplasma
contamination.

Plasmid construction and lentivirus-mediated
transfection

The cDNAs were obtained by PCR amplification
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and the CDS region of human NUSAP1 or ER(3 were
cloned into a pSin vector. For lentiviral particle
production, lenti-viral plasmids pSin-NUSAP1 or
pSin-ERP were co-transfected with psPAX2 and
pMD2G into HEK293T cells using Lipofectamine™
3000 (Invitrogen; MA, USA) according to the
manufacturers’ protocols. Following 48 h transfection,
the supernatant containing viruses were harvested,
filtered, and used for infecting target cells (A549 and
H1975) in the presence of 8 mg/mL polybrene
(Sigma-Aldrich; St. Louis, MO, USA). Finally, the
transduced cells were selected by treatment with 2
pg/mL puromycin to generate cells with NUSAP1 or
ERp stable overexpression.

siRNAs and transfection

The small interfering RNA (siRNA) sequences
were synthesized by Guangzhou IGE Biotechnology
Ltd. (Guangzhou, China). The siRNA constructs were
as follows: siRNA-NUSAP1(siNUSAP1): 5-GUCA
ACAGAAUUAACUUCUdTAT-3'(sense) and 5'-AGA
AGUUAAUUCUGUUGACATAT-3’ (anti-sense).
siRNA-ERB (siERB): 5-GCAAAGAGGGCUCCCA
GAAdTdT-3'(sense), 5-UUCUGGGAGCCCUCUUU
GCdTdT-3'(anti-sense).  siRNA-negative  control
(siNC):  5-UUCUCCGAACGUGUCACGUATAT-3’
(sense) and 5-ACGUGACACGUUCGGAGAAd
TdT-3" (anti-sense). A549 and H1975 cells were
transfected with siRNAs using Lipofectamine™ 3000
(Invitrogen; MA, USA) according to the
manufacturers” protocols. The efficiency of NUSAP1
knockdown was assessed by western blot.

CCKS8 assay

The indicated cells were seeded in 96-well plates
at a concentration of 3x10° cells/100pL/well. Six
wells were repeated in each group. After overnight
incubation to attachment, cells were treated with
indicated concentrations of FE2, fulvestrant or
entinostat for 0 h, 24 h, 48 h, 72 h and 96 h,
respectively. Then each well was added 10 pL. CCK8
solution (Dojindo Laboratories; Kumamoto, Japan)
and incubated for 2 h. The absorbance at 450 nm was
measured by enzyme immunoassay instrument.

Colony formation assay

The indicated cells were plated into 12-well
plates (500 cells/well). After 7 days, the visible cell
colonies were fixed with 4% paraformaldehyde for 15
min and then stained with 1% crystal violet for 20
min. Finally, the cell colonies (= 50 cells) were
photographed and counted.

Western blot analysis

Western blot analysis was preformed using a
slightly modified protocol of a previously described

method®l. Briefly, cells were lysed on ice for half an
hour in RIPA lysis buffer (Beyotime Biotechnology
Co., Ltd.; Shanghai, China) containing protease and
phosphatase inhibitor cocktail (Beyotime
Biotechnology Co., Ltd.; Shanghai, China). BCA
protein assay kit (Beyotime Biotechnology Co., Ltd.;
Shanghai, China) was utilized for protein
quantification. An aliquot of protein was seperated by
10% SDS-PAGE, and transferred onto polyvinylidene
difluoride (PVDF) membranes. After blocking with
QuickBlock™ Western Blot Blocking Buffer (Beyotime
Biotechnology Co., Ltd.; Shanghai, China) at room
temperature for half an hour, blots were incubated at
4 °C overnight with the following specific antibodies:
anti-NUSAP1(1:5000 dilution; Cat No. 12024-1-AP),
anti-ERp (1:2000 dilution; Cat No. 14007-1-AP) or
GAPDH (1:5000 dilution; Cat No.10494-1-AP) (All
from Proteintech Group, Inc; Wuhan, China). After
washing three times with TBST, blots were incubated
with the corresponding HRP-conjugated secondary
antibody (Beyotime Biotechnology Co., Ltd,;
Shanghai, China) at room temperature for an hour,
and then washed with TBST three times. The
immunoreactivity was determined using a BeyoECL
Moon kit (Beyotime Biotechnology Co., Ltd.;
Shanghai, China). The signal intensity was visualized
using an enhanced chemiluminescence detection
system (BioRad; Hercules, CA, USA).

Molecular docking

The 2D structures of the small molecular
compounds listed in Figure 11A were downloaded
from the PubChem website (https:/ /pubchem.ncbi.nlm.nih.gov/ )
and translated into 3D structures with energies
minimized using Chem3D 17.1. software. The
structure of NUASP1 protein was downloaded from
the Protein Data Bank databasel5!! (https://www.resb.org/)
and imported into AutoDockTools 1.5.7 for removal
of water molecules, hydrogenation, and charge
addition. After setting the grid parameters, AutoDock
Vina (htps//vinascrippsedu/)  was used to execute
molecular docking. PyMOL and Discovery Studio
2019 softwares were utilized to visualize the docking
results.

Animal studies

Female BALB/c nude mice (5 weeksof
age, 18-20 g) were obtained from Guangxi Medical
University ~Experimental ~Animal Center and
maintained under specific pathogen-free condition.
All mice procedures were approved by the Guangxi
Medical University Committee on Use and Care of
Animals.

Xenograft mouse model for E2 and fulvestrant
treatment, mice firstly received ovariectomy under
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isoflurane inhalation anesthesia to avoid the influence
of endogenous estrogen. Then A549 cells (5 x 10°)
were subcutaneously injected into the right flank of
each mouse. Once the tumor volume reached
approximately 100 mm?3, mice were randomly divided
into four groups (five mice per group): vehicle
(saline), E2 (0.09 mg/kg, i.h, q3d), fulvestrant (2.4
mg/kg, i.h, q3d), and E2 plus fulvestrant groups. E2
(Cat No.HY-B0141) and  fulvestrant (Cat
No. HY-13636) were purchased from
MedChemExpress (Monmouth Junction, NJ, USA).
The doses of E2 and fulvestrant were set referring to
the previous studies[?”- 521,

Xenograft mouse model for entinostat treatment,
Ab549 cells (5 x 109) stably expressing either vector or
NUSAP1 were subcutaneously injected into the right
flank of each mouse (ten mice in each setting). Once
the tumor volume reached approximately 100 mm?3,
two settings of mice were further divided into four
groups (five mice in each group): Group I (Control
group) and Group II (OE-NUSAPI1 group) received an
equal volume of saline (1% tween 80) for
intraperitoneal administration; Group III (entinostat
group) and Group IV (OE-NUSAP1 plus entinostat
group) received an intraperitoneal injection of
entinostat (20 mg/kg, q3d) (Cat No. HY-12163;
MedChemExpress). The dosages of entinostat were as
previously described/®3l.

The mouse body weight and tumor growth were
monitored every three days. Tumor volume (V) was
estimated using the formula: V = L(length) x W
(width)2/2. At the end of the experiments, the mice
were euthanized, and the tumors were dissected and
evaluated.

Statistical analysis

Statistical analysis was conducted using R
software (Version 4.1.1) or GraphPad Prism 8
Software (San Diego, CA, USA). For public data
analysis, the Wilcoxon rank-sum test was used to
compare the gene expression between two groups.
Significance of survival analysis was calculated using
Kaplan-Meier analysis with the Log-rank test.
Measurement data of in vitro and in vivo experiments
were presented as means * standard deviation (SD)
and analyzed using Student’s t-test for two groups or
one-way analysis of variance (ANOVA) for multiple
groups. p < 0.05 was considered statistically
significant.

Results
NUSAPI is highly expressed in LUAD

Firstly, we assessed the mRNA expression of
NUSAPI1 across pan-cancer by analyzing data from
the TCGA and GTEx database. Our results showed

that, in comparison to normal samples, the expression
levels of NUSAP1 mRNA were significantly elevated
in most human cancer tissues, including LUAD
(Figure 1 A, B). Consistent with these observations, a
comparison between LUAD and paired normal lung
tissues also showed a significant upregulation of
NUSAP1 mRNA expression in LUAD (Figure 1 C). In
addition, results from five independent GEO datasets
(GSE43458,  GSE31210, GSE30219, GSE75037,
GSE32863) and UALCAN database reconfirmed the
higher expression of NUSAP1 mRNA in LUAD
compared to unpaired or paired normal lung tissues
(Figure 1 D-I).

Subsequently, we further analyzed the protein
expression of NUSAP1 in LUAD utilizing the CPTAC
database. Our results showed a significantly higher
expression of NUSAP1 protein in LUAD tissues
compared to normal tissues (Figure 1 J). Likewise,
data from the Human Protein Atlas database further
corroborated our findings as evidenced by stronger
NUSAP1 protein staining in LUAD tissues compared
to normal lung tissues (Figure 1 K).

Collectively, these results indicate an abnormal
expression of NUSAP1 in LUAD, suggesting its
potential involvement in the development of LUAD.

Prognostic potential of NUSAPI in LUAD

To further explore the potential association
between NUSAP1 expression and prognosis of LUAD
patients, we classified patients in TCGA-LUAD
cohort into high- and low-NUSAP1 expression groups
(cutoff: median) to perform survival analysis. The
Kaplan-Meier survival analysis showed that patients
with higher NUSAP1 expression had worse overall
survival (OS) (Figure 2 A). Besides, analysis from five
independent GEO datasets (GSE31210, GSE30219,
GSE33745, GSE50081 and GSE68465) concurred with
this observation (Figure 2 B-F), suggesting that
NUSAP1 is closely positively associated with poor OS
of LUAD patients.

Correlation between NUSAPI1 expression and
LUAD driver genes mutation

Next, we sought to address whether NUSAP1
expression correlated with genetic abnormalities of
LUAD driver genes (including EGFR, ALK, ROSI,
BRAF, KRAS, MET, RET, ERBB2 and NTRK1/2/3),
which are crucial for LUAD occurrence and
progression. The results showed that, compare to the
wild-type group, NUSAP1 was significantly
overexpressed in mutated groups of ALK, ROS1, RET
and NTRK3 (Figure 3 A-D) while inversely
low-expressed in EGFR-mutated group (Figure 3 E).
No significant NUSAP1 expression changes were
observed between wild-type and mutated groups of
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NTRK1, NTRK2, BRAF, MET, ERBB2 and KRAS
(Figure 3 F-K). Considering the current evidence
primarily revealing a correlation between NUSAP1
overexpression and mutations of major driver genes
including ALK, ROS1, RET and NTRK3 in LUAD, we
speculate that NUSAP1 may involve in the
tumorigenesis and progression of LUAD.

Somatic mutations of genes showed altered
NUSAPI expression in LUAD

By analyzing the muTarget database, we further
discovered that somatic mutations in various genes
showed altered expression of NUSAP1 in LUAD, such
as the top ten genes of TP53, PTPRT, SCNI1A,
SORCS1, HERC2, CD163L1, DZIP3, MMRN1, CD163
and STAB2 (Figure 4 A-J). These findings suggest the
significant role of NUSAP1 in the development of
LUAD.

NUSAP I -related functional analyses in LUAD

To further validate the functional role of
NUSAP1 in LUAD, we employed two scRNA
sequencing datasets (EXP0066 and EXP0067) in
CancerSEA database to analyze the functional states
associated with NUSAP1 expression at the single-cell
level. The results showed that in both datasets,
NUSAP1 expression positively correlated with
functional states pertinent to cell cycle, proliferation,
DNA damage and DNA repair in LUAD (Figure 5

-D). Moreover, GO and KEGG analyses showed
that, the NUSAP1-related upregulated DEGs from
TCGA-LUAD cohort enriched mainly in terms
involving in the regulation of cell mitotic division and
cell cycle (Figure 5 E-H). These results verify the
pivotal role of NUSAP1 in the malignant process of
LUAD.
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Figure 1. NUSAPI is highly expressed in LUAD. (A) NUSAP1 mRNA expression in pan-cancer including LUAD and corresponding organ normal tissues from TCGA &
GTEx databases. ("p < 0.05; **p < 0.001; ns, not significant). (B) NUSAP1 mRNA expression in LUAD and unpaired normal lung tissues from TCGA & GTEx databases. (*p <
0.001). (C) NUSAPI mRNA expression in LUAD and paired normal lung tissues from TCGA database. (*p < 0.01). (D-F) NUSAPI mRNA expression in LUAD and unpaired
normal lung tissues from independent GEO datasets: GSE43458 (D), GSE31210 (E) and GSE30219 (F). (**p < 0.001). (G-H) NUSAP1 mRNA expression in LUAD and paired
normal lung tissues from independent GEO datasets: GSE75037 (G) and GSE32863 (H). (“*p < 0.001). (I) NUSAP1 mRNA expression in LUAD and unpaired normal lung tissues
from UALCAN website database. (*p < 0.01). (J) NUSAPI protein expression in LUAD and normal lung tissues from CPTAC database. (“p < 0.01). (K) Representative
immunohistochemical images of NUSAPI protein staining in LUAD and normal lung tissues from Human Protein Atlas database.
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Figure 2. Prognostic potential of NUSAPI in LUAD patients. (A) Kaplan-Meier curve of overall survival (OS) for LUAD patients with high- and low-NUSAPI
expression from TCGA-LUAD cohort. (B-F) Kaplan-Meier curves of OS for LUAD patients with high- and low-NUSAP1 expression from independent GEO datasets: GSE31210

(B), GSE30219 (C), GSE33745 (D), GSE50081 (E) and GSE68465 (F).

Analysis between NUSAPI and
immunogenicity, immune infiltration or
ICB-relevant genes expression in LUAD

We subsequently investigated whether NUSAP1
is associated with immunogenicity, immune
infiltration and ICB-relevant genes expression in
LUAD. By analyzing the TCGA-LUAD cohort
utilizing the CAMOIP online tool, we found that
high-NUSAP1 expression group exhibited higher
scores for tumor mutation burden (TMB) and
neoantigen loads (NALs), but not MANTIS (Figure 6
A-C). Furthermore, analysis based on the CIBERSORT
algorithm showed that LUAD patients with high
NUSAP1 expression were infiltrated with greater
proportion of immune cells, such as CD8* T cells,
activated CD4* memory T cells, MO and M1
macrophages (Figure 6 D). Concurrently, we found
that elevated NUSAP1 expression was associated
with increased expression of ICB-relevant genes,
including PDCD1, CD274, PDCD1LG2, IDO1 and
LAGS3, and inversely decreased TNFSF8 expression
(Figure 6 E-J). No significant expression changes of
CTLA4, ICOS and HAVCR2 were observed between

high- and low-NUSAP1 expression groups (Figure 6
K-M). These findings suggest a significant association
between NUSAP1 and immune microenvironment in
LUAD, which may influence the response to
immunotherapy.

Different chemotherapeutic and targeted
therapeutic responses based on NUSAPI
expression in LUAD

To further elucidate the predictive value of
NUSAP1 in LUAD patients’ response to conventional
chemotherapy and targeted therapy, we analyzed
data from GDSC database to compare the half
maximal inhibitory concentration (IC50) of common
chemotherapeutic and targeted therapeutic drugs
between high- and low-NUSAP1 expression groups of
LUAD patients. As depicted in Figure 7 A-C, the
high-NUSAP1 expression group exhibited greater
sensitivity to vinorelbine, docetaxel and paclitaxel as
evidenced by lower IC50 compared to low-NUSAP1
expression group in LUAD. Conversely, no significant
difference was found in the IC50 of cisplatin in LUAD,
gefitinib and erlotinib in EGFR-mutated LUAD, or
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crizotinib in ALK-mutated LUAD between high- and
low-NUSAP1 expression groups (Figure 7 D-G).
Additionally, further analysis in CTR-DB database
revealed that patients with LUAD who responded
favorably to the combination therapy of carboplatin
and paclitaxel exhibited higher NUSAP1 expression
compared to non-responders (Figure 7 H). Notably,
NUSAP1 expression was specific and sensitive in
predicting the response status of LUAD patients
receiving this combination therapy (Figure 7 I). These
results suggest that high NUSAP1 expression in
LUAD may serve as a predictor of a favorable
response to conventional chemotherapy, thereby
assisting physicians in providing personalized
treatment plans for LUAD patients.

NUSAPI promotes LUAD cell proliferation

Encouraged by these promising bioinformatic

B

NUSAP1 expression
NUSAP1 expression

results, we next performed in vitro experiments to
verify the impact of NUSAP1 on the proliferation of
LUAD cells. To this end, we established LUAD cell
lines (A549 and H1975) stably expressing NUSAP1
(Figure 8 A). Subsequent CCKS assay results showed
that NUSAP1 overexpression significantly promoted
the proliferation of A549 and H1975 cells (Figure 8 B),
which were corroborated by colony formation assay
(Figure 8 C). On the contrary, we transiently
transfected NUSAP1-siRNAs into A549 and H1975
cells to specifically knock down NUSAP1 expression
(Figure 8 D). Subsequent CCK8 and colony formation
assays showed that NUSPA1 knockdown
significantly inhibited the proliferation of A549 and
H1975 cells (Figure 8 E-F). These results suggest that
NUSAP1 functions as an oncogene to promote cell
proliferation of LUAD cells.
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Figure 3. Relationship between genetic abnormalities of LUAD driver genes and NUSAP1 expression from TIMER 2.0 website database. (A-K) NUSAPI
expression in wild type and mutated groups of common LUAD driver genes, including ALK (A), ROSI (B), RET (C), NTRK3 (D), EGFR (E), NTRK1 (F), NTRK2 (G), BRAF

(H), MET (1), ERBB2 (J), KRAS (K). (*p < 0.01; **p < 0.001; ns, not significant).

https://www.ijbs.com



Int. J. Biol. Sci. 2024, Vol. 20 5383

C *kk D *kk
82000 = g2500 ': R ° <
2 %2000 ﬁzooo o :.l: 2 2000
g1500 S 51500 el &
8 1000 s s st
T T 1000 7 1000 o @] 1000
& 500 s & 500 e =
o =] =] o}
Z 0 . : z 0 . : zZ 0 . . zZ 0 : .
Wild Mutant wild Mutant Wild Mutant Wild Mutant Wild Mutant
TP53 mutation status PTPRT mutation status SCN1A mutation status SORCS1 mutation status HERC2 mutation status
F *kk H *kk I *kk
| — | | — | ]
5 - 520001 g ° 5 1 5
I R 1, ¥ ¥ [ 3
21500 o o 1500 1 °9 ¢ 2 '!. o
o o o - 0.2000 L o
%1000 8 51000 I o
T . z z eof el & 1000 ouel I
& 500 < < 500 v g PO T
s =) | -] -}
z 0 T T z 0 T T z 0 T T z 0 T T z
Wild Mutant Wild Mutant Wild Mutant Wild Mutant Wwild Mutant
CD163L1 mutation status DZIP3 mutation status MMRN1 mutation status CD163 mutation status STAB2 mutation status
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NUSAP1 induced by E2 (Figure 9 E), indicating that
E2 promoted NUSAP1 expression via ER( activation.

ERpB activation
B ) ) ) It is well known that fulvestrant functions as a pure
Given the established oncogenic role of NUSAP1 antiestrogen and a potent estrogen receptor (ER)

in LUAD, we were interested in elucidating how antagonist that inhibits ERPB6 . Intriguingly,
NUSAP1 is regulated in LUAD. Interestingly, as  hrouoh analysis of GSE22533 dataset which
aforementioned, we noted a significant enrichment in comprises fulvestrant treatment data, we found that
estrogen signaling pathway from the KEGG analy§1s NUSAP1 was markedly downregulated upon
of  NUSAPI-related ) upregulated  DEGs  in fyjyestrant treatment in both breast cancer and liver
TCGA-LUAD cohort (Figure 5 H). Since accumulating  qpcer cell lines (Figure 9 F-G). Consistently, we
studies have consistently demonstrated the important 1,404 that blockade of ERP activation by fulvestrant
role of estrogen in promoting lung carcinogenesis and significantly suppressed NUSAP1 protein expression
development upon its receptor activationl® >4 %I, we "y AS49 and H1975 LUAD cells. which was
specula'ted that estrogen might be involved in the reversed by ERB overexpression (Figure 9 H), while
regulation of NUSAP1 in LUAD. To test this  NUSAP] ~ overexpression could not —reverse
hypothesis, first of all, we performed bioinformatics  fyestrant-induced ERB protein decrease (Figure 9 I).
analysis of two GEO datasets comprising estradiol Furthermore, the co-treatment assay showed that
(E2)-treatment  data. We found that NUSAPL  fjyestrant sufficiently blocked the enhancement
expression was  significantly upregulated in  offact of E2 on ERB/NUSAPI1 axis (Figure 9 J-K).

E2-treated breast cancer cells compared to the Taken together, these results clearly suggest that

vehicle-treated control in GSE46924 dataset (Figure 9 NjUSAP] is upregulated by estradiol through ERp
A). Consistently, analysis of GSE4668 dataset showed  .tivation.

a concentration-dependent increase of NUSAPI1
expression in breast cancer cells treated with  Fulvestrant suppresses LUAD growth through
increasing concentrations of E2 (Figure 9 B), inhibiting ERB/NUSAPI axis in vitro and in vivo

indicating that E2 positively regulates NUSAP1 The above results prompted us to examine
expression. Subsequently, we treated LUAD cell lines  y hether blockade of ERB/NUSAP1 axis by
(A549 and H1975) with E2. As anticipated in Figure 9 fyjyestrant exhibits anti-LUAD effects. As expected,
C, E2 treatment activated ERP as previous study  results from CCKS8 assay showed that E2 significantly
reported!?s}, accompanied  with  significant  promoted the proliferation of A549 and H1975 cells,
upregulation of NUSAPL. Moreover, E2-induced ERP  yhjle NUSAP1 knockdown significantly attenuated
activation could not be reversed by NUSAP1  ihis effect (Figure 10 A-B). On the contrary,
knockdown (Figure 9 C), while ERP knockdown  fylyestrant significantly inhibited the proliferation of
significant ~downregulated NUSAP1 expression  A549 and H1975 cells, which was significantly
(Figure 9 D) and reversed the upregulation of  yegcyed by NUSAP1 overexpression (Figure 10 C-D).

NUSAPI is upregulated by estradiol through
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Figure 5. NUSAP-related functional analyses in LUAD. (A-B) Relationship between NUSAPI expression and 14 different cancer functional states in LUAD at single cell
level base on two datasets (EXP0066 and EXP0067) from CancerSEA website database (*p < 0.05; *p < 0.01; **p < 0.001). (C-D) Association between NUSAP1 expression and
the top 4 significant functional states in LUAD at single cell level base on two datasets (EXP0066 and EXP0067) from CancerSEA website database. (*p < 0.05; “p < 0.01; **p <
0.001). (E-G) GO terms functional analyses of NUSAPI-related upregulated differentially expressed genes (DEGs) from TCGA-LUAD cohort. BP, biological process (E), CC,
cellular component (F), MF, molecular function (G). (H) KEGG pathway analyses of NUSAPI-related upregulated DEGs from TCGA-LUAD cohort.
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Figure 6. Analysis between NUSAPI and immunogenicity, immune infiltration or ICB-relevant genes expression in LUAD. (A-C) Immunogenicity indicators
of tumor mutation burden (TMB) (A), neoantigen loads (NALs) (B) and MANTIS (C) score in high- and low-NUSAPI expression groups from TCGA-LUAD cohort. (D) The
fraction of 22 types of infiltrating immune cells in high- and low-NUSAPI expression groups from TCGA-LUAD cohort. (E-M) Expression of classical ICB-relevant genes
including PDCD1 (E), CD274 (F), PDCDILG2 (G), IDO1 (H), LAG3 (I), TNFSF8 (J), CTLA4 (K), ICOS (L) and HAVCR2 (M) in high- and low-NUSAP1 expression groups
from TCGA-LUAD cohort.
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Figure 8. NUSAPI promotes LUAD cell proliferation. (A) Cells were infected with overexpressing-NUSAP1 or negative control lentiviral particles, then selected by
treatment with 2 pg/mL puromycin, and ultimately collected for detection of NUSAPI expression by western blot assay. (B) Cells stably expressing either vector or NUSAPI
were subjected to CCK8 assay. Results are presented as means * SD. (**p<0.001). (C) Cells stably expressing either vector or NUSAP| were subjected to colony formation
assay. The representative images (left) and quantitative results (right) were presented. Quantitative data are presented as means * SD. (**p < 0.001). (D) Cells were transfected
with siRNA-control or siRNA-NUSAPI and collected 48 h later for detection of NUSAP1 expression by western blot assay. (E) Cells transfected with siRNA-control or
siRNA-NUSAPI were subjected to CCK8 assay. Results are presented as means + SD. (**p < 0.001). (F) Cells transfected with siRNA-control or siRNA-NUSAPI were
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Figure 9. NUSAPI1 is upregulated by estradiol through ERB activation. (A-B) NUSAPI expression between E2-treated breast cancer cell lines and the vehicle-treated
control group in GSE46924 (A) and GSE4668 (B) datasets. (“p < 0.05, “p<0.01, **p < 0.001). (C) Cells were transfected with E2 alone (100 nM) or along with siRNA against
NUSAPI and collected 48 h later for detection of NUSAPI and ERB expression by western blot assay. (D) Cells were transfected with siRNA-control or siRNA-ERB and
collected 48 h later for detection of ERB and NUSAP1 expression by western blot assay. (E) Cells were transfected with E2 alone (100 nM) or along with siRNA against ERB and
collected 48 h later for detection of ERB and NUSAP1 expression by western blot assay. (F-G) NUSAP1 expression between E2-treated breast (F) or liver (G) cancer cell lines
and the corresponding vehicle-treated control in GSE22533 dataset. (**p < 0.001). (H) Cells stably expressing either vector or ERB were treated with fulvestrant (100 nM) and
collected 48 h later for detection of ERB and NUSAPI expression by western blot assay. (I) Cells stably expressing either vector or NUSAPI were treated with fulvestrant (100
nM) and collected 48 h later for detection of ERP and NUSAPI expression by western blot assay. (J-K) Cells were treated with E2 (100 nM) or fulvestrant (100 nM) alone or both
combination for 48 h and then subjected to western blot assay for detection of ERB and NUSAP1 expression.

Besides, we found that E2-induced LUAD cell
proliferation could be sufficiently reversed by adding
fulvestrant treatment (Figure 10 E-F). To corroborate
these in vitro results, we established subcutaneous
xenograft model by implanting A549 cells into the
ovariectomized (OVX) female nude mice (Figure 10
G). The in vivo growth results showed that E2
significantly promoted tumor growth as evidenced by
increased tumor volume and tumor weight, whereas
fulvestrant treatment generated the opposite effects
(Figure 10 H-J). Notably, the stimulatory effect of E2

on LUAD tumor growth was significantly reversed
when co-treated with fulvestrant (Figure 10 H-J). Of
important note, NUSAP1 protein expression in tumor
tissues was significantly upregulated when ERP was
activated by E2, while such effect was significantly
reversed by fulvestrant antagonising ERp (Figure 10
K), which was consistent with the in vitro results as
aforementioned (Figure 9 J-K). Taken together, these
results suggest that fulvestrant suppresses LUAD
growth through inhibiting ERB/NUSAP1 axis in vitro
and in vivo.
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Figure 10. Fulvestrant suppresses LUAD growth through inhibiting ERB/NUSAPI1 axis in vitro and in vivo. (A-B) Cells were treated with E2 (100 nM) alone or
along with siRNA against NUSAP1 for 48 h and then subjected to CCK8 assay. Results are presented as means * SD. (**p < 0.001). (C-D) Cells stably expressing either vector
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or NUSAP1 were treated with fulvestrant (100 nM) and then subjected to CCK8 assay. Results are presented as means * SD. (**p<0.001). (E-F) Cells were treated with E2 (100
nM) or fulvestrant (100 nM) alone or both combination for 48 h and then subjected to CCK8 assay. Results are presented as means * SD. (**p < 0.001). (G) Schematic illustrating
the in vivo experimental design. Ovariectomized (OVX) female nude mice were subcutaneously injected with A549 cells (5 % 10¢). When the tumor volume reached about 100
mm3, the mice were randomly divided into four group and subcutaneously treated with vehicle (saline) or E2 (0.09 mg/kg, i.h, q3d) or fulvestrant (2.4 mg/kg, i.h, q3d) or E2 plus
fulvestrant. After 21 days of drug administration, the mice were euthanized, and the tumors were harvested for analysis. (H) Images of the tumors. (I) The tumor growth curves.
Results are presented as means + SD. (**p < 0.001). (J) The tumor weight. Results are presented as means * SD. (**p < 0.001). (K) The protein expression of NUSAP1 and ERB

in the tumor tissues detected by western blot assay.

Entinostat is a novel inhibitor of NUSAP1 and
exhibits a significant growth inhibitory effect
on LUAD growth in vitro and in vivo

Finally, we wonder whether directly targeting
NUSAP1 could also exert great therapeutic efficiency
on LUAD. Due to no commercially available NUSAP1
inhibitors currently, we summarized eight potential
small molecule compounds that may target NUSAP1
for the treatment of LUAD identified by the
Connectivity Map/[®®l analysis reported in a published
literaturel®]. We then further conducted molecular
docking analysis to evaluate the affinity of NUSAP1
with the eight compounds. The details of the eight
compounds and the docking results were listed in
Figure 11 A, from which we found that the docking
energy of entinostat-NUSAP1 complex (-6.8
kcal/mol) was lowest (Figure 11 A, B), indicating
entinostat may have the strongest potential to inhibit
NUSAP1, so we chose entinostat for further
experimental verification. The western blot analysis
showed that entinostat could inhibit the expression of
NUSAP1 in A549 and HI1975 cells in a
dose-dependent manner (Figure 11 C), while
NUSAP1 overexpression was able to reverse the
entinostat-induced inhibitory effect on NUSAP1
(Figure 11 D). Moreover, CCKS8 results showed that
entinostat significantly suppressed the proliferation of
both A549 and H1975 cells, which was significantly
reversed by NUSAP1 overexpression (Figure 11 E, F),
indicating that entinostat inhibited LUAD cell
proliferation through targeting NUSAPI.

To further verify the impact of entinostat in vivo,
Ab549 cells stably expressing either vector or NUSAP1
were subcutaneously injected into nude mice to
establish subcutaneous xenograft model, and then
treated with entinostat (Figure 12 A). As shown in
Figure 12 B-D, NUSAP1 overexpression was found to
significantly trigger tumor growth as evidenced by
increased tumor volume and tumor weight, while
entinostat generated the significant inhibitory effects.
Noteworthily, the entinostat-induced tumor growth
inhibition =~ was  counteracted by  NUSAP1
overexpression (Figure 12 B-D). In addition, no
noticeable loss of appetite, nausea, vomiting, or
significant weight loss was found in mice throughout
the experiment. (Figure 12 E). Furthermore, consistent
with in vitro results in Figure 11 D, western blot
assays of tumors verified the significant inhibitory
effects of entinostat on NUSAP1, which was

significantly revered by NUSAP1 overexpression
(Figure 12 F).

Taken together, these results suggest that
entinostat is a potent inhibitor of NUSAP1 and
exhibits a significant growth inhibitory effect on
LUAD growth in vitro and in vivo, providing an
optional therapeutic agent for the treatment of LUAD
(Figure 12G).

Discussion

Unperturbed mitosis is a pivotal biological
process requiring intricate regulation mediated by
diverse proteins. Among these, NUSAP1, a vital
microtubule-binding and  stabilizing  protein,
participates in regulating both early and late stages of
mitosisl®?l. Given the well-documented dysregulation
of mitosis in various tumor types, the association
between NUSAP1 and malignant tumor has been
increasingly revealed. Aberrant expression of
NUSAP1 has been observed in multiple types of
cancers, and has been implicated in tumorigenesis
and development, and associated with unfavorable
clinical outcomesl® 15 61,621, In present study, we found
elevated NUSAP1 expression in LUAD, which
correlated with somatic mutations of multiple
oncogenes including ALK, ROS1, RET and NTRK3
driver genes. In addition to a poor prognostic
biomarker, we further found that NUSAP1
overexpression significantly promoted LUAD cell
proliferation, while its knockdown exhibited the
opposite effect, which was consistent with previous
findings[? %31, These findings jointly revealed that
NUSAP1 functions as an oncogene in LUAD.
Conversely, contradictory results in cervical cancer
showed that decreased NUSAP1 expression was
correlated with poor prognosisi®l. We speculate that
NUSAP1 may participate in discrepant functional
process of mitosis in different types of cancer,
resulting in opposing effects.

It is universally acknowledged that immune
checkpoint inhibitors (ICls) constitute an effective
treatment strategy for LUAD. However, only a subset
of patients benefits from ICIs. Although the
combination of ICIs and chemotherapy enhances
treatment efficacy in LUAD, the response rate remains
approximately 50%!65 ¢l Therefore, it is of great
importance to identify predictive biomarkers for
selecting LUAD patients for ICIs and explore novel
treatment strategies for LUAD.
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compounds and docking energy of the eight compounds with NUSAP1 protein. (B) The 3D (left) and 2D (right) docking diagram of the interaction between entinostat and
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Figure 12. Entinostat suppresses LUAD tumor growth via targeting NUSAP1 in vivo. (A) Schematic illustrating the in vivo experimental design. A549 cells stably
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Notably, our study revealed that LUAD patients  scores for TMB and NALs, which are commonly
with elevated NUSAP1 expression exhibited higher = known predictors of the ICls treatment efficacy [67-69.
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Furthermore, LUAD patients with high NUSAP1
expression displayed a greater proportion of immune
cells such as CD8* T cells, activated CD4* memory T
cells, MO and M1 macrophages, as well as augmented
expression of ICB-relevant genes, significantly
contributing to the facilitation of anti-cancer immune
activity. Based on our findings, it is plausible to
postulate that high NUSAP1 expression may serve as
a predictive biomarker to identify LUAD patients
who may gain benefit from ICIs, which necessitates
validation in clinical cohorts. Additionally, given that
NUSAP1 may play a role in regulating the tumor
microenvironment, modulating NUSAP1 expression
may represent a promising therapeutic strategy to be
combined with ICIs. Of note, we also found that
higher NUSAP1 expression is associated with
increased sensitivity to vinorelbine, docetaxel and
paclitaxel, as well as the combined chemotherapy of
carboplatin and paclitaxel. Such enhanced treatment
response may signify an increased release of tumor
neoantigens, which stimulates anti-cancer immune
activity and potentially enhances the efficacy of
ICIsl70, 711, Therefore, for LUAD patients exhibiting
higher NUSAP1 expression, combining ICIs and
chemotherapy regimens that exhibit significant
sensitivity and high response rates may be an efficient
treatment strategy. However, the underlying
mechanism governing the relationship between
NUSAP1 and immune activity remains to be further
elucidated.

In addition to being a potential predictive
biomarker of benefit from ICIs for LUAD patients,
NUSAP1 contributed to oncogenic function,
indicating it is an effective therapeutic target for the
treatment of LUAD. Clarifying how NUSAP1 is
regulated has enormous clinical translational
significance for developing effective therapeutic
strategy. Notably, our study showed that the estrogen
signaling pathway was enriched in NUSAP1-related
upregulated DEGs, and E2 was proved as a key cause
for NUSAP1 upregulation in LUAD. Over the past
decade, gender differences in NSCLC have been
increasingly recognized. Notably, the incidence of
lung cancer, particularly LUAD, has escalated among
womenl’> 731, Additionally, pre-menopausal women
tend to be diagnosed with more advanced stages of
the disease, exhibiting a poorer prognosis compared
to their post-menopausal counterparts and male
patients’#76l.  Conversely, hormone replacement
therapy has been associated with an accelerated
progression of lung cancer, in particular NSCLC771,
These findings indicate that sex hormones play an
influential role in the progression of NSCLC,
underscoring  their significance. = Accumulating
evidence has highlighted estrogen and its related

pathways as potential contributors to lung cancer
development?6-28], yet the underlying mechanisms
remain incompletely elucidated. In this study, we
confirmed that E2 significantly promoted LUAD
progression in vitro and in vivo. Additionally, our
results revealed that NUSAP1 was significantly
upregulated by E2 via ERP activation, thereby
promoting LUAD growth, which has enhanced our
understanding about the oncogenic role of estrogen
and the upstream regulatory mechanisms of NUSAP1
in LUAD. Consequently, blocking the
E2/ERB/NUSAP1 axis may serve as a promising
treatment strategy in LUAD.

Previous studies have shown that fulvestrant, a
pure antiestrogen and a potent estrogen receptor (ER)
antagonist, exhibited a distinct anti-cancer effect on
LUADI8 7, yet the precise mechanism underlying
this effect remains elusive. In our current study, we
have validated the inhibitory effect of fulvestrant on
the proliferation of LUAD cells. Besides, we also
uncovered that fulvestrant suppressed the expression
of NUSAP1 via inactivating ERp, subsequently
impeding the progression of LUAD. Our finding
further corroborates the involvement of the
E2/ERPB/NUSAP1 axis in LUAD, indicating that
targeting estrogen receptor signaling through
fulvestrant presents a promising therapeutic strategy
for LUAD. However, it is crucial to acknowledge that
estrogen-estrogen receptor signaling pathway also
plays a pivotal role in regulating numerous tissue and
organ functions during physiological processes!?1-23l.
Therefore, directly blocking NUSAP1 instead of
applying fulvestrant may emerge as an optimal
therapeutic option for the treatment of LUAD.

Currently, there is no FDA-approved NUSAP1
inhibitor. A previous study performed Connectivity
Mapl8l analysis and demonstrated several small
molecular compounds with potential ability to inhibit
NUSAP1), necessitating further validation in
preclinical study. Among these previously reported
compounds, we further confirmed that entinostat is a
novel and promising inhibitor of NUSAP1. Entinostat,
previously identified as a class I selective histone
deacetylase (HDAC) inhibitor, has found to exert
inhibitory effects on cell proliferation and promote
apoptosis in breast cancer. In clinical trial,
entinostat has displayed anticancer effects as
evidenced by improved progression-free survival
when combined with exemestane compared to
exemestane alonelfll. Solta and his colleagues
demonstrated that entinostat significantly enhances
the efficacy of chemotherapy in small cell lung cancer
by inducing S-phase arrest and reducing base excision
repairl®. Intriguingly, a recent study reported that
entinostat promotes inflammatory remodeling of the
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tumor microenvironment, contributing to an
enhancement of epitope spreading and antitumor
immunity[$3l. In current study, we demonstrated that
entinostat  significantly =~ suppressed = NUSAP1
expression and effectively halted LUAD growth in
both preclinical in wvitro and in wvivo models.
Conversely, NUSAP1 overexpression reversed these
inhibitory effects. However, given that epigenetic
aberrations are pivotal in lung carcinogenesis, we
cannot discount the potential role of entinostat as a
HDAC inhibitor in modulating histone acetylation
status, a key factor in cancer development.
Nevertheless, our findings provide compelling
evidence that the anti-cancer effect of entinostat is, at
least partially, mediated through the inhibition of
NUSAP1 expression. In addition, no obvious adverse
event was found with entinostat treatment. However,
whether entinostat regulates NUSAP1 expression also
associated with its modulation on histone acetylation
are yet to be fully elucidated. In addition, the
therapeutic role of entinostat in LUAD remains to be
further validated in clinical trials. Future studies
focused on addressing these issues would be
necessary.

Conclusion

In conclusion, NUSAP1 is elevated in LUAD and
contributes to a poor overall survival. NUSAP1 is
upregulated by estradiol through ERpP activation,
thereby promoting LUAD growth. Entinostat was
identified as a novel inhibitor of NUSAP1, exhibiting
potent anti-LUAD growth effects. Pharmacological
targeting ERB/NUSAP1 axis with fulvestrant (ERP
antagonist) or entinostat (novel NUSAP1 inhibitor)
may represent effective alternative therapeutic
strategies for patients with LUAD.

Acknowledgements

Funding

This work was carried out with the supports of
China Postdoctoral Science Foundation
(2022MD713734), Natural Science Foundation of
Guangxi  (2023GXNSFBA026245) and National
Natural Science Foundation of China (82303657).

Data availability

Data are available in a public, open access
repository. All data related to this article are shown or
available upon reasonable request.

Author contributions

SPZ, XZZ and WJH: collection, analysis and
interpretation of data, manuscript writing; GL], YXM,
LXW: collection and interpretation of data; W], MJC,
PMEF: conception and design, interpretation of data,

manuscript revision. All authors read and approved
the final version of manuscript.

Ethics approval and consent to participate

All mice procedures in this study were approved
by the Guangxi Medical University Committee on Use
and Care of Animals (approval number: KY-2022-
343).

Competing Interests

The authors have declared that no competing
interest exists.

References

1. Herbst RS, Morgensztern D, Boshoff C. The biology and management of
non-small cell lung cancer. Nature. 2018; 553: 446-54.

2. Chen Z, Fillmore CM, Hammerman PS, Kim CF, Wong KK. Non-small-cell
lung cancers: a heterogeneous set of diseases. Nature reviews Cancer. 2014; 14:
535-46.

3. SuiH,MaN, Wang Y, Li H, Liu X, Su Y, et al. Anti-PD-1/PD-L1 Therapy for
Non-Small-Cell Lung Cancer: Toward Personalized Medicine and
Combination Strategies. Journal of immunology research. 2018; 2018: 6984948.

4. Remon ], Vilarifio N, Reguart N. Immune checkpoint inhibitors in non-small
cell lung cancer (NSCLC): Approaches on special subgroups and unresolved
burning questions. Cancer treatment reviews. 2018; 64: 21-9.

5. Rassy E, Mezquita L, Remon J, Besse B. Non-small-cell lung cancer: what are
the benefits and challenges of treating it with immune checkpoint inhibitors?
Immunotherapy. 2019; 11: 1149-60.

6. Raemaekers T, Ribbeck K, Beaudouin J, Annaert W, Van Camp M, Stockmans
I, et al. NuSAP, a novel microtubule-associated protein involved in mitotic
spindle organization. The Journal of cell biology. 2003; 162: 1017-29.

7. Ribbeck K, Raemaekers T, Carmeliet G, Mattaj IW. A role for NuSAP in linking
microtubules to mitotic chromosomes. Current biology : CB. 2007; 17: 230-6.

8. Vanden Bosch A, Raemaekers T, Denayer S, Torrekens S, Smets N, Moermans
K, et al. NuSAP is essential for chromatin-induced spindle formation during
early embryogenesis. Journal of cell science. 2010; 123: 3244-55.

9. Guo H, Zou ], Zhou L, Zhong M, He Y, Huang S, et al. NUSAP1 Promotes
Gastric Cancer Tumorigenesis and Progression by Stabilizing the YAP1
Protein. Frontiers in oncology. 2020; 10: 591698.

10. ChenY, Liu J, Zhang W, Kadier A, Wang R, Zhang H, et al. O-GlcNAcylation
Enhances NUSAP1 Stability and Promotes Bladder Cancer Aggressiveness.
OncoTargets and therapy. 2021; 14: 445-54.

11. Fang L, Zhang M, Chen L, Xiong H, Ge Y, Lu W, et al. Downregulation of
nucleolar and spindle-associated protein1 expression suppresses cell
migration, proliferation and invasion in renal cell carcinoma. Oncology
reports. 2016; 36: 1506-16.

12. Chen M, Cen K, Song Y, Zhang X, Liou YC, Liu P, et al
NUSAP1-LDHA-Glycolysis-Lactate feedforward loop promotes Warburg
effect and metastasis in pancreatic ductal adenocarcinoma. Cancer letters.
2023; 567: 216285.

13. Gulzar ZG, McKenney JK, Brooks JD. Increased expression of NuSAP in
recurrent prostate cancer is mediated by E2F1. Oncogene. 2013; 32: 70-7.

14. Gordon CA, Gulzar ZG, Brooks JD. NUSAP1 expression is upregulated by loss
of RB1 in prostate cancer cells. The Prostate. 2015; 75: 517-26.

15. Li J, Tang M, Wu J, Qu H, Tu M, Pan Z, et al. NUSAP1, a novel
stemness-related protein, promotes early recurrence of hepatocellular
carcinoma. Cancer science. 2022; 113: 4165-80.

16. Wadia PP, Coram M, Armstrong R], Mindrinos M, Butte AJ, Miklos DB.
Antibodies specifically target AML antigen NuSAP1 after allogeneic bone
marrow transplantation. Blood. 2010; 115: 2077-87.

17. Gao T, Zhao L, Zhang F, Cao C, Fan S, Shi X. Evaluate the diagnostic and
prognostic value of NUSAP1 in papillary thyroid carcinoma and identify the
relationship with genes, proteins, and immune factors. World journal of
surgical oncology. 2022; 20: 207.

18. Li M, Yang B. Prognostic Value of NUSAP1 and Its Correlation with Immune
Infiltrates in Human Breast Cancer. Critical reviews in eukaryotic gene
expression. 2022; 32: 45-60.

19. Wen X, HouJ, ChuY, Liao G, Wu G, Fang S, et al. Inmunotherapeutic value of
NUSAP1 associated with bladder cancer through a comprehensive analysis of
33 human cancer cases. American journal of cancer research. 2024; 14: 959-78.

20. Ling B, Wei P, Xiao ], Cen B, Wei H, Feng X, et al. Nucleolar and
spindle-associated protein 1 promotes non-small cell lung cancer progression
and serves as an effector of myocyte enhancer factor 2D. Oncology reports.
2021; 45: 1044-58.

21. McDonnell DP, Norris JD. Connections and regulation of the human estrogen
receptor. Science (New York, NY). 2002; 296: 1642-4.

https://www.ijbs.com



Int. J. Biol. Sci. 2024, Vol. 20

5394

22.

23.

24,

25.

26.

27.

28.

29.

30.

31

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Gruber CJ, Tschugguel W, Schneeberger C, Huber JC. Production and actions
of estrogens. The New England journal of medicine. 2002; 346: 340-52.
Simpson ER. Sources of estrogen and their importance. The Journal of steroid
biochemistry and molecular biology. 2003; 86: 225-30.

Toh CK, Ahmad B, Soong R, Chuah KL, Tan SH, Hee SW, et al. Correlation
between epidermal growth factor receptor mutations and expression of female
hormone receptors in East-Asian lung adenocarcinomas. Journal of thoracic
oncology : official publication of the International Association for the Study of
Lung Cancer. 2010; 5: 17-22.

Dougherty SM, Mazhawidza W, Bohn AR, Robinson KA, Mattingly KA,
Blankenship KA, et al. Gender difference in the activity but not expression of
estrogen receptors alpha and beta in human lung adenocarcinoma cells.
Endocrine-related cancer. 2006; 13: 113-34.

Hammoud Z, Tan B, Badve S, Bigsby RM. Estrogen promotes tumor
progression in a genetically defined mouse model of lung adenocarcinoma.
Endocrine-related cancer. 2008; 15: 475-83.

Tang H, Liao Y, Xu L, Zhang C, Liu Z, Deng Y, et al. Estrogen and insulin-like
growth factor 1 synergistically promote the development of lung
adenocarcinoma in mice. International journal of cancer. 2013; 133: 2473-82.
Huang Q, Zhang Z, Liao Y, Liu C, Fan S, Wei X, et al. 17B-estradiol upregulates
IL6 expression through the ERPB pathway to promote lung adenocarcinoma
progression. Journal of experimental & clinical cancer research : CR. 2018; 37:
133.

Chen YC, Young MJ, Chang HP, Liu CY, Lee CC, Tseng YL, et al.
Estradiol-mediated inhibition of DNMT1 decreases p53 expression to induce
M2-macrophage polarization in lung cancer progression. Oncogenesis. 2022;
11: 25.

He M, Jiang W, Li X, Liu H, Ren H, Lin Y. 25-hydroxycholesterol promotes
proliferation and metastasis of lung adenocarcinoma cells by regulating
ERB/TNFRSF17 axis. BMC cancer. 2024; 24: 505.

LiuS, HuC, LiM, An ], Zhou W, Guo ], et al. Estrogen receptor beta promotes
lung cancer invasion via increasing CXCR4 expression. Cell death & disease.
2022; 13: 70.

Campbell-Thompson M, Lynch IJ, Bhardwaj B. Expression of estrogen
receptor (ER) subtypes and ERbeta isoforms in colon cancer. Cancer research.
2001; 61: 632-40.

Smida T, Bruno TC, Stabile LP. Influence of Estrogen on the NSCLC
Microenvironment: A Comprehensive Picture and Clinical Implications.
Frontiers in oncology. 2020; 10: 137.

Meng Y, Lin W, Wang N, Wei X, Mei P, Wang X, et al. USP7-mediated ERp
stabilization mitigates ROS accumulation and promotes osimertinib resistance
by suppressing PRDX3 SUMOylation in non-small cell lung carcinoma.
Cancer letters. 2024; 582: 216587.

Mitsudomi T, Kosaka T, Endoh H, Horio Y, Hida T, Mori S, et al. Mutations of
the epidermal growth factor receptor gene predict prolonged survival after
gefitinib treatment in patients with non-small-cell lung cancer with
postoperative recurrence. Journal of clinical oncology : official journal of the
American Society of Clinical Oncology. 2005; 23: 2513-20.

Mazieres J, Rouquette I, Lepage B, Milia J, Brouchet L, Guibert N, et al.
Specificities of lung adenocarcinoma in women who have never smoked.
Journal of thoracic oncology : official publication of the International
Association for the Study of Lung Cancer. 2013; 8: 923-9.

Park SJ, Ju S, Goh SH, Yoon BH, Park JL, Kim JH, et al. Proteogenomic
Characterization Reveals Estrogen Signaling as a Target for Never-Smoker
Lung Adenocarcinoma Patients without EGFR or ALK Alterations. Cancer
research. 2024; 84: 1491-503.

Chandrashekar DS, Bashel B, Balasubramanya SAH, Creighton CJ,
Ponce-Rodriguez I, Chakravarthi B, et al. UALCAN: A Portal for Facilitating
Tumor Subgroup Gene Expression and Survival Analyses. Neoplasia (New
York, NY). 2017; 19: 649-58.

Chandrashekar DS, Karthikeyan SK, Korla PK, Patel H, Shovon AR, Athar M,
et al. UALCAN: An update to the integrated cancer data analysis platform.
Neoplasia (New York, NY). 2022; 25: 18-27.

Edwards NJ, Oberti M, Thangudu RR, Cai S, McGarvey PB, Jacob S, et al. The
CPTAC Data Portal: A Resource for Cancer Proteomics Research. Journal of
proteome research. 2015; 14: 2707-13.

Thul PJ, Lindskog C. The human protein atlas: A spatial map of the human
proteome. Protein science : a publication of the Protein Society. 2018; 27:
233-44.

Li T, Fu J, Zeng Z, Cohen D, Li J, Chen Q, et al. TIMER2.0 for analysis of
tumor-infiltrating immune cells. Nucleic acids research. 2020; 48: W509-w14.
Nagy A, Gy6rffy B. muTarget: A platform linking gene expression changes
and mutation status in solid tumors. International journal of cancer. 2021; 148:
502-11.

Yuan H, Yan M, Zhang G, Liu W, Deng C, Liao G, et al. CancerSEA: a cancer
single-cell state atlas. Nucleic acids research. 2019; 47: D900-d8.

Lin A, Qi C, Wei T, Li M, Cheng Q, Liu Z, et al. CAMOIP: a web server for
comprehensive analysis on multi-omics of immunotherapy in pan-cancer.
Briefings in bioinformatics. 2022; 23: bbac129.

Bonneville R, Krook MA, Kautto EA, Miya ], Wing MR, Chen HZ, et al.
Landscape of Microsatellite Instability Across 39 Cancer Types. JCO precision
oncology. 2017; 2017.

Newman AM, Liu CL, Green MR, Gentles A], Feng W, Xu Y, et al. Robust
enumeration of cell subsets from tissue expression profiles. Nature methods.
2015; 12: 453-7.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Yang W, Soares ], Greninger P, Edelman EJ, Lightfoot H, Forbes S, et al.
Genomics of Drug Sensitivity in Cancer (GDSC): a resource for therapeutic
biomarker discovery in cancer cells. Nucleic acids research. 2013; 41: D955-61.
Liu Z, Liu ], Liu X, Wang X, Xie Q, Zhang X, et al. CTR-DB, an omnibus for
patient-derived gene expression signatures correlated with cancer drug
response. Nucleic acids research. 2022; 50: D1184-d99.

Chen M, Xiao C, Jiang W, Yang W, Qin Q, Tan Q, et al. Capsaicin Inhibits
Proliferation and Induces Apoptosis in Breast Cancer by Down-Regulating
FBI-1-Mediated NF-xB Pathway. Drug design, development and therapy.
2021; 15: 125-40.

Berman HM, Westbrook J, Feng Z, Gilliland G, Bhat TN, Weissig H, et al. The
Protein Data Bank. Nucleic acids research. 2000; 28: 235-42.

Liu C, Liao Y, Fan S, Tang H, Jiang Z, Zhou B, et al. G protein-coupled
estrogen receptor (GPER) mediates NSCLC progression induced by
17B-estradiol (E2) and selective agonist G1. Medical oncology (Northwood,
London, England). 2015; 32: 104.

Luo BL, Zhou Y, Lv H, Sun SH, Tang WX. MS-275 potentiates the effect of
YM-155 in lung adenocarcinoma via survivin downregulation induced by
miR-138 and miR-195. Thoracic cancer. 2019; 10: 1355-68.

Chen Z, Zhang Y, Yang J, Jin M, Wang XW, Shen ZQ, et al. Estrogen promotes
benzo[a]pyrene-induced lung carcinogenesis through oxidative stress damage
and cytochrome c-mediated caspase-3 activation pathways in female mice.
Cancer letters. 2011; 308: 14-22.

Stabile LP, Siegfried JM. Estrogen receptor pathways in lung cancer. Current
oncology reports. 2004; 6: 259-67.

Wakeling AE, Dukes M, Bowler J. A potent specific pure antiestrogen with
clinical potential. Cancer research. 1991; 51: 3867-73.

Jones SE. Fulvestrant: an estrogen receptor antagonist that downregulates the
estrogen receptor. Seminars in oncology. 2003; 30: 14-20.

Lamb J, Crawford ED, Peck D, Modell JW, Blat IC, Wrobel M], et al. The
Connectivity Map: using gene-expression signatures to connect small
molecules, genes, and disease. Science (New York, NY). 2006; 313: 1929-35.
Zheng H, Wang M, Zhang S, Hu D, Yang Q, Chen M, et al. Comprehensive
pan-cancer analysis reveals NUSAP1 is a novel predictive biomarker for
prognosis and immunotherapy response. International journal of biological
sciences. 2023; 19: 4689-708.

Iyer J, Moghe S, Furukawa M, Tsai MY. What's Nu(SAP) in mitosis and
cancer? Cellular signalling. 2011; 23: 991-8.

Liu Z, Guan C, Lu C, Liu Y, Ni R, Xiao M, et al. High NUSAP1 expression
predicts poor prognosis in colon cancer. Pathology, research and practice.
2018; 214: 968-73.

Gou R, Zheng M, Hu Y, Gao L, Wang S, Liu O, et al. Identification and clinical
validation of NUSAP1 as a novel prognostic biomarker in ovarian cancer.
BMC cancer. 2022; 22: 690.

Xu Z, Wang Y, Xiong J, Cui F, Wang L, Peng H. NUSAP1 knockdown inhibits
cell growth and metastasis of non-small-cell lung cancer through regulating
BTG2/PI3K/ Akt signaling. Journal of cellular physiology. 2020; 235: 3886-93.
Xie Q, Ou-Yang W, Zhang M, Wang H, Yue Q. Decreased Expression of
NUSAP1 Predicts Poor Overall Survival in Cervical Cancer. Journal of Cancer.
2020; 11: 2852-63.

Huang Y, Yang Y, Zhao Y, Zhao H, Zhou N, Zhang Y, et al. QL1706 (anti-PD-1
IgG4/CTLA-4 antibody) plus chemotherapy with or without bevacizumab in
advanced non-small cell lung cancer: a multi-cohort, phase II study. Signal
transduction and targeted therapy. 2024; 9: 23.

Garassino MC, Gadgeel S, Speranza G, Felip E, Esteban E, Démine M, et al.
Pembrolizumab Plus Pemetrexed and Platinum in Nonsquamous
Non-Small-Cell Lung Cancer: 5-Year Outcomes From the Phase 3
KEYNOTE-189 Study. Journal of clinical oncology : official journal of the
American Society of Clinical Oncology. 2023; 41: 1992-8.

Chabanon RM, Pedrero M, Lefebvre C, Marabelle A, Soria JC, Postel-Vinay S.
Mutational Landscape and Sensitivity to Immune Checkpoint Blockers.
Clinical cancer research : an official journal of the American Association for
Cancer Research. 2016; 22: 4309-21.

Ricciuti B, Wang X, Alessi JV, Rizvi H, Mahadevan NR, Li YY, et al.
Association of High Tumor Mutation Burden in Non-Small Cell Lung Cancers
With Increased Immune Infiltration and Improved Clinical Outcomes of
PD-L1 Blockade Across PD-L1 Expression Levels. JAMA oncology. 2022; 8:
1160-8.

Zhang Q, Jia Q, Zhang J, Zhu B. Neoantigens in precision cancer
immunotherapy: from identification to clinical applications. Chinese medical
journal. 2022; 135: 1285-98.

Chen DS, Mellman I. Oncology meets immunology: the cancer-immunity
cycle. Immunity. 2013; 39: 1-10.

Galluzzi L, Humeau J, Buqué A, Zitvogel L, Kroemer G. Immunostimulation
with chemotherapy in the era of immune checkpoint inhibitors. Nature
reviews Clinical oncology. 2020; 17: 725-41.

Lortet-Tieulent J, Renteria E, Sharp L, Weiderpass E, Comber H, Baas P, et al.
Convergence of decreasing male and increasing female incidence rates in
major tobacco-related cancers in Europe in 1988-2010. European journal of
cancer (Oxford, England : 1990). 2015; 51: 1144-63.

Maitra R, Malik P, Mukherjee TK. Targeting Estrogens and Various
Estrogen-Related Receptors against Non-Small Cell Lung Cancers: A
Perspective. Cancers. 2021; 14: 80.

Stabile LP, Dacic S, Land SR, Lenzner DE, Dhir R, Acquafondata M, et al.
Combined analysis of estrogen receptor beta-1 and progesterone receptor

https://www.ijbs.com



Int. J. Biol. Sci. 2024, Vol. 20

5395

75.

76.

77.

78.

79.

80.

81.

82.

83.

expression identifies lung cancer patients with poor outcome. Clinical cancer
research : an official journal of the American Association for Cancer Research.
2011; 17: 154-64.

Rodriguez-Lara V, Avila-Costa MR. An Overview of Lung Cancer in Women
and the Impact of Estrogen in Lung Carcinogenesis and Lung Cancer
Treatment. Frontiers in medicine. 2021; 8: 600121.

Moore KA, Mery CM, Jaklitsch MT, Estocin AP, Bueno R, Swanson 5], et al.
Menopausal effects on presentation, treatment, and survival of women with
non-small cell lung cancer. The Annals of thoracic surgery. 2003; 76: 1789-95.
Chlebowski RT, Schwartz AG, Wakelee H, Anderson GL, Stefanick ML,
Manson JE, et al. Oestrogen plus progestin and lung cancer in postmenopausal
women (Women's Health Initiative trial): a post-hoc analysis of a randomised
controlled trial. Lancet (London, England). 2009; 374: 1243-51.

Hamilton DH, Griner LM, Keller J]M, Hu X, Southall N, Marugan J, et al.
Targeting Estrogen Receptor Signaling with Fulvestrant Enhances Immune
and Chemotherapy-Mediated Cytotoxicity of Human Lung Cancer. Clinical
cancer research : an official journal of the American Association for Cancer
Research. 2016; 22: 6204-16.

Almotlak AA, Farooqui M, Soloff AC, Siegfried JM, Stabile LP. Targeting the
ERB/HER Oncogenic Network in KRAS Mutant Lung Cancer Modulates the
Tumor Microenvironment and Is Synergistic with Sequential Immunotherapy.
International journal of molecular sciences. 2021; 23: 81.

Trapani D, Esposito A, Criscitiello C, Mazzarella L, Locatelli M, Minchella I, et
al. Entinostat for the treatment of breast cancer. Expert opinion on
investigational drugs. 2017; 26: 965-71.

Xu B, Zhang Q, Hu X, Li Q, Sun T, Li W, et al. Entinostat, a class I selective
histone deacetylase inhibitor, plus exemestane for Chinese patients with
hormone receptor-positive advanced breast cancer: A multicenter,
randomized, double-blind, placebo-controlled, phase 3 trial. Acta
pharmaceutica Sinica B. 2023; 13: 2250-8.

Solta A, Boettiger K, Kovacs I, Lang C, Megyesfalvi Z, Ferk F, et al. Entinostat
Enhances the Efficacy of Chemotherapy in Small Cell Lung Cancer Through
S-phase Arrest and Decreased Base Excision Repair. Clinical cancer research :
an official journal of the American Association for Cancer Research. 2023; 29:
4644-59.

Nguyen A, Ho L, Hogg R, Chen L, Walsh SR, Wan Y. HDACi promotes
inflammatory remodeling of the tumor microenvironment to enhance epitope
spreading and antitumor immunity. The Journal of clinical investigation. 2022;
132: €159283.

https://www.ijbs.com



