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proliferation and metastasis through PI3K/AKT pathway
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Abstract: To elucidate the oncogenic role of DLGAP5 in salivary adenoid cystic carcinoma (SACC), we characterized
its expression patterns and functional impact on malignant phenotypes including proliferation, migration, and inva-
sion; we assessed DLGAPS expression using the GEO database, examined its effects on SACC cells through DLGAP5
knockdown and overexpression experiments, verified these findings with a nude mouse subcutaneous tumor model,
and employed virtual screening to identify the lead compound ZINC3809191 targeting DLGAP5, whose inhibitory ef-
fects on SACC were confirmed in vitro. Our results showed that DLGAP5 was highly expressed in SACC and correlated
with clinical stage and pathological grade, and it promoted the proliferation, migration, and invasion of SACC cells
via the PIBK/AKT signaling pathway; additionally, the lead compound ZINC3809191 demonstrated significant abil-
ity to inhibit the proliferation, migration, and invasion of SACC cells. Collectively, our findings indicate that DLGAP5
is upregulated in SACC, associated with clinical stage and pathological grade, and plays a regulatory role in key
malignant phenotypes of SACC cells, while the identification of ZINC3809191 with potent anti-tumor activity against
DLGAPS5 provides a crucial theoretical foundation for the development of potential therapeutic strategies for SACC.
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Introduction

Salivary gland adenoid cystic carcinoma (SACC)
usually originates from the salivary glands and
is characterized by a high recurrence rate,
despite active local treatment [1]. The clinical
prognosis for SACC remains generally poor [2],
with a significant risk of distant metastasis [3],
particularly to the lungs [4]. Histologically, SACC
is characterized with epithelial and myoepithe-
lial differentiated cells [5], and the ratio of myo-
epithelial cells to epithelial cells is a determi-
nant of the tumor growth rate [6]. The 10-year
overall survival rate of patients with SACC is
approximately 29% to 37% [7], and the median
survival time of patients with pulmonary meta-
static SACC is only 20-32 months [8, 9]. So far,
there is no effective treatment for metastatic
SACC [10], making the investigation of its un-
derlying mechanisms a critical area of research
in this domain.

Discs large homolog-associated protein 5 (DL-
GAP5) in chromosome 14922.3 [11] is regard-

ed as a cell cycle regulatory protein [12]. During
mitosis, it stabilizes kinetochore fibers (K-fibers)
and promotes chromosome aggregation by reg-
ulating Kif18A on the centromere microtubules,
playing a crucial role in the regulation of the
M-phase of the cell cycle [13]. It is highly ex-
pressed in ovarian cancer [14], and its high ex-
pression is associated with poor survival prog-
nosis [15]. Furthermore, the expression of DL-
GAPS is regulated through methylation, with its
up-regulation promoting hepatocellular carci-
noma cells tumorigenesis via promoting cell
proliferation [16]. Among endometrial cancer,
DLGAP5S is highly expressed [17], and serves
as a prognostic biomarker [18]. In endometri-
al cancer, DLGAP5 knockdown inhibits Wnt/[3-
catenin signaling, reduces proliferation, induc-
es apoptosis, and impede invasive capabilities
[19]. A recent genome-scale analysis reveals
that DLGAPS5 is significantly overexpressed in
lung cancer samples [20] and has the ability to
diagnose lung cancer and predict prognosis
[24], and indicates that it plays a crucial role in
the development of lung cancer [22]. In conclu-
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sion, DLGAPS is significantly involved in the bio-
logical processes of invasion [23], apoptosis
[15], and epithelial-mesenchymal transition
(EMT) [24], which contribute to the develop-
ment of malignant tumors in various cancer
[25, 26]. However, the role of DLGAPS in SACC
remains unclear.

Structure-based virtual screening is a rapid,
efficient, and economical method widely em-
ployed in modern drug discovery [27, 28]. The
utilization of advanced computer simulation
technology empowers the screening and pre-
diction of compounds exhibiting a robust bind-
ing affinity with established molecular targets,
thereby facilitating the identification of poten-
tial therapeutic agents [29]. The LSD1 inhibitor
SP-2577, which was determined through struc-
ture-based virtual screening, has been appro-
ved by the US Food and Drug Administration
(FDA) for the treatment of Ewing’s sarcoma
[30]. In addition, CC-90011 has advanced to
the clinical trial stage for the treatment of pros-
tate cancer, small cell lung cancer, and other
indications [31]. In our study, structure-based
virtual screening approach was employed to
identify potential inhibitors of DLGAP5. Conse-
quently, our research has identified ZINC380-
9191 as a novel and promising DLGAP5 inhibi-
tor, providing valuable clues for the rational
design of DLGAP5-targeted therapies.

This study investigated the role of DLGAP5S in
SACC through online databases and gene kno-
ckdown. These findings indicated that DLGAPS
is highly expressed in SACC and is correlated
with clinical stage and pathological grade, play-
ing a regulatory role in cell proliferation, migra-
tion and invasion. Mechanistically, the knock-
down of DLGAPS5 significantly reduced the pro-
liferation, migration and invasion of SACC-83
and SACC-LM cells by reducing the activity of
PIBK/AKT signaling. Furthermore, through vir-
tual screening, we identified DLGAP5-targeting
compounds capable of suppressing SACC. The-
se results not only establish DLGAP5 as a key
oncogenic driver in SACC but also provide a
pharmacological strategy for targeted interven-
tion.

Materials and methods

GEO database retrieval and DEGs identifica-
tion

The data were obtained from the Gene Ex-
pression Omnibus (GEO) database (https://
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www.ncbi.nim.nih.gov/geo/). Two datasets of
surgical samples of SACC and normal salivary
gland tissues were obtained, including GSE88-
804 and GSE153002. In order to identify the
different genes at the intersection of the two
datasets, the RobustRankAggreg package was
used to sort the results of the differential analy-
sis by the RRA method to obtain the differential
genes at the intersection of the two datasets.
The logFC absolute value greater than 1 and
the corrected p value less than 0.05 were used
to screen 747 differential genes. The utilisation
of the heatmap package is imperative for the
visualisation of the top 20 up-regulated and
down-regulated genes.

In order to address the issue of inadequate
samples for statistical analysis, the datasets
were consolidated and the SVA (Surrogate Va-
riable Analysis) package was employed to de-
batch the merged expression data. The screen-
ing of differentially expressed genes was con-
ducted in accordance with the absolute value
of logFC greater than 1 and the corrected P
value less than 0.05. A total of 1739 differen-
tially expressed genes were screened.

Human tissue samples

SACC tissues and normal salivary gland tissues
were obtained from the Department of Oral
and Maxillofacial Surgery at Zhongnan Hospital
of Wuhan University (ZNWH). The Institutional
Ethics Review Board provided prior authoriza-
tion for this research. All participants provided
written informed consent, thereby ensuring
adherence to ethical standards.

Cell lines

Human SACC cell lines, including SACC-83 and
SACC-LM, were obtained from Central Labo-
ratory, Peking University School of Stomatology
(Beijing, China). All cells were cultivated in com-
plete medium comprising 10% fetal bovine
serum (FBS) and 1% (100 mg/ml) penicillin/
streptomycin in an incubator with a 5% CO,
atmosphere at 37°C.

RNA extraction and RT-qPCR

Total RNA extraction was performed using
TrizolTM reagent (Invitrogen), and the concen-
tration was subsequently measured using the
Nano DropTM ND-1000. The TransScript® Two-
Step RT-PCR SuperMix (TransGen Biotech) was
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Table 1. Primer sequences for qRT-PCR
GAPDH-F 5’-CATCTCTGCCCCCTCTGCTGA-3’
GAPDH-R 5’-GGATGACCTTGCCCACAGCCT-3’
CENPF-F 5-CTCTCCCGTCAACAGCGTTC-3’
CENPF-R 5-GTTGTGCATATTCTTGGCTTGC-3’
TTK-F 5’-GTGGAGCAGTACCACTAGAAATG-3’
TTK-R 5’-CCCAAGTGAACCGGAAAATGA-3’
CDK1-F 5-TGGGAAGTTGGTAGCTCTGAA-3’
CDK1-R 5-CCAGGGTGCTTGTCCATGTA-3’
CEP55-F 5-AGTAAGTGGGGATCGAAGCCT-3’
CEP55-R 5’-CTCAAGGACTCGAATTTTCTCCA-3’
NUF2-F 5-GGAAGGCTTCTTACCATTCAGC-3’
NUF2-R 5-GACTTGTCCGTTTTGCTTTTGG-3’
KIF20A-F 5’-TGCTGTCCGATGACGATGTC-3’
KIF20A-R 5’-AGGTTCTTGCGTACCACAGAC-3’
CCNA2-F 5-CGCTGGCGGTACTGAAGTC-3’
CCNA2-R 5-GAGGAACGGTGACATGCTCAT-3’
KIF11-F 5-TCCCTTGGCTGGTATAATTCCA-3’
KIF11-R 5-GTTACGGGGATCATCAAACATCT-3’
ASPM-F 5’-GGCCCTAGACAACCCTAACGA-3’
ASPM-R 5-AGCTTGGTGTTTCAGAACATCA-3’
BUB1B-F 5-AAATGACCCTCTGGATGTTTGG-3’
BUB1B-R 5’-GCATAAACGCCCTAATTTAAGCC-3’
CENPE-F 5’-GATTCTGCCATACAAGGCTACAA-3’
CENPE-R 5-TGCCCTGGGTATAACTCCCAA-3’
NCAPG-F 5-GAGGCTGCTGTCGATTAAGGA-3’
NCAPG-R 5-AACTGTCTTATCATCCATCGTGC-3’
DLGAP5-F 5-AAGTGGGTCGTTATAGACCTGA-3’
DLGAP5-R  5-TGCTCGAACATCACTCTCGTTAT-3’
BUB1-F 5’-GCACCGACAATTCCAAGCTC-3’
BUB1-R 5-TGTGCTTCGTTGTGGTACAGA-3’
TPX2-F 5-ATGGAACTGGAGGGCTTTTTC-3’
TPX2-R 5 -TGTTGTCAACTGGTTTCAAAGGT-3’
TOP2A-F 5’-ACCATTGCAGCCTGTAAATGA-3’
TOP2A-R 5-GGGCGGAGCAAAATATGTTCC-3’
NUSAP1-F  5-AGCCCATCAATAAGGGAGGG-3’
NUSAP1-R  5-ACCTGACACCCGTTTTAGCTG-3’
CCNB2-F 5-CCGACGGTGTCCAGTGATTT-3’
CCNB2-R 5-TGTTGTTTTGGTGGGTTGAACT-3’
MELK-F 5-TCTCCCAGTAGCATTCTGCTT-3’
MELK-R 5-TGATCCAGGGATGGTTCAATAGA-3’
KIF23-F 5’-AGTCAGCGAGAGCTAAGACAC-3’
KIF23-R 5-GGTTGAGTCTGTAGCCCTCAG-3’

utilised for the synthesis of cDNA, while the
PerfectStart® Green gPCR SuperMix (TransGen
Biotech) was employed for gqRT-gPCR. Relative
gene expression levels were calculated using
the comparative threshold cycle (2-AACT) me-
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thod with GAPDH as endogenous control. The
primer sequences corresponding to the afore-
mentioned genes are presented in Table 1.

Library preparation, sequencing, and bioinfor-
matics analysis

Library preparation (lllumina® Stranded mRNA
Prep Kit) and sequencing (NovaSeq X Plus,
2x150 bp) were performed by Hangzhou Cos-
mos Wisdom Biotech. Raw reads were trimmed
with fastp, aligned to the reference genome via
HISAT2, and assembled using StringTie. Gene
expression was quantified by RSEM (TPM), with
differential expression genes (DEGs) identified
via DESeq2/DEGseq (|log2FC| > 1, FDR <
0.05/0.001). GO/KEGG functional enrichment
analyses were conducted using Goatools and
KOBAS, and alternative splice events were de-
tected with rMATS. RNA-seq data analyzed in
this study can be obtained from NCBI (https://
submit.ncbi.nim.nih.gov/subs/sra/), PRINA13-
79690.

Western blot

Protein separation was conducted via SDS-
PAGE, followed by electrical transfer to a polyvi-
nylidene fluoride membrane. The samples were
blocked with a 5% skimmed milk solution for
a period of two hours at room temperature.
Thereafter, they were transferred and incubat-
ed in a primary antibody solution at 4°C for a
period of 12 hours. The utilisation of an en-
hanced chemiluminescence (ECL) kit is a meth-
od of detecting blots.

Colony formation assay

Different groups of SACC-83 and SACC-LM
cells were inoculated in 6-well plates for a peri-
od of 14 days (1000 cells/well) with medium
renewal every 3 days. The cells were then fixed
with 4% paraformaldehyde and stained with
0.3% crystal violet for a period of 30 minutes.

Wound healing assay

SACC cells were plated in six-well plates. Upon
attaining a cell fusion rate of 95%, linear inci-
sions were meticulously crafted using the preci-
sion tip of a 200 ul pipette. The cells were culti-
vated in serum-free medium for a period of 24
hours. The images were obtained using invert-
ed microscopes at O and 24 hours.
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Animal experiments

4-week-old female BALB/c nude mice were pur-
chased from Wuhan WOJX BIO-TECHNOLOGY.
Mice were housed within an SPF-grade animal
facility, placed in individually ventilated cages
(IVCs). The environmental conditions were stri-
ctly controlled at 22-25°C and a relative humid-
ity of 40-60%, while the mice had unrestricted
access to sterilized rodent chow and filter-
ed drinking water. Regular health monitoring
was conducted, and environmental enrichment
measures - including nesting substrates and
chew toys - were provided to safeguard the
mice’s welfare and alleviate stress responses.

The Animal Welfare Ethics Committee of Zhong-
nan Hospital of Wuhan University has granted
ethical approval to all animal studies. Stable
sh-NC cells and sh-DLGAP5 cells (1x107 cells)
were subcutaneously injected into 4-week-old
female BALB/c nude mice. Three weeks later,
the mice were euthanised and the volume and
weight of the tumour were measured. Mice
were first anesthetized with 5% isoflurane to a
state of deep unconsciousness, followed by
cervical dislocation performed by well-trained
personnel. Death was subsequently confirmed
by the cessation of respiration and cardiac
activity. The calculation formula is as follows:
The volume of the tumour is calculated using
the following formula: tumor volume (mm3) =
(length x width2)/2.

In the context of drug treatment, SACC-83 cells
and SACC-LM cells (1x107 cells) were injected
subcutaneously into 4-week-old female BALB/c
nude mice (obtained from GemPharmatech).
The mice were treated intraperitoneally with
abiraterone (0.5 mmol/kg) once a day for a
period of two weeks. Subsequent to the com-
pletion of the treatment regimen, the mice were
euthanised and the volume and weight of the
tumour were measured.

Virtual screening

Virtual Screening (VS) is a significant technique
in the field of computer-aided drug design,
which is typically employed to screen a sub-
stantial number of chemical library molecules
and identify potential drug candidate mole-
cules. The 5,903 small-molecule compounds in
the world database were retrieved and extract-
ed in mol2 format. Thereafter, the mol2 format
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files were converted to pdbqt format files us-
ing the prepare_ligand4.py function within the
MGTOOLS software suite. Protein: The three-
dimensional structure of the protein was con-
structed using Alphfold3, and then dehydrated
and hydrogenated in Autodock software and
saved as a.pdbQT format file. The utilisation
of the auto dock vina software facilitates the
batch docking of DLGAP5 with small molecule
compounds. The configuration file employed
for molecular docking must be edited. The fol-
lowing parameters are to be utilised during
the docking process: centre_x:-21, centre_y:-2,
centre_z:-3, size_x=24, size_y=24, size_z=24.
The molecular docking of all ligands and recep-
tors was conducted utilising the Autodock vina
command-line batch processing functionality.

Statistical analysis

Each experiment was independently repeated
on three occasions, and the results were pre-
sented as the mean * standard deviation. P <
0.05 indicated a statistically significant differ-
ence. All statistical analyses were performed
using GraphPad Prism or Image J software.
The statistical methods employed in this study
include two-tailed unpaired Student’s t test,
two-tailed paired Student’s t test, one-way anal-
ysis of variance (ANOVA) and two-way analy-
sis of variance (ANOVA). The specific statistical
method applied to each experiment is detailed
in the corresponding figure legends.

Results

DLGAPS is highly expressed in tumors and is
associated with poor prognosis in SACC

To identify the potential genes involved in SACC,
we analyzed two GEO datasets (GSE88804
and GSE153002). The GSE88804 dataset had
1012 downregulated genes and 806 up-regu-
lated genes, while the GSE153002 dataset
had 998 downregulated genes and 901 up-
regulated genes (Figure 1A, 1B). We use the
Proxy Variable Analysis (SVA) package for batch
effect removal and data normalization after
data integration. The normalization quality and
data distribution were evaluated by drawing
box plots before and after normalization and
principal component analysis (PCA) (Figure
S1A, S1B), and further difference analysis was
conducted on the data after batch removal and
merging, identifying 975 down-regulated genes
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Figure 1. DLGAP5S is highly expressed in tumors and is associated with poor prognosis in SACC. A, B: Clustering
heat map and volcano plot of GSE88804 and GSE153002. C: Clustering heat map of the data after batch removal
and merging. D: The top 20 up-regulated and down-regulated genes of RRA analysis. E: Venn plot to screen the dif-
ferentially expressed genes. F-I: Analysis of the DLGAPS expression in SACC with different clinical stage and patho-
logical stage. J: The mRNA expression of DLGAP5 in normal glandular tissues and SACC tissues. K, L: The protein
expression of DLGAP5 in paired adjcent normal parotid gland tissues and SACC parotid gland tissues. M: DLGAP5
expression level in normal glandular tissues and SACC tissues using IHC (magnification: 6x and 200x). The data are
presented as the means + SD. *P < 0.05; **P < 0.01; ***P < 0.001 and ****P < 0.0001, Student’s t test [F-L].

and 764 up-regulated genes (Figure 1C). Our regulated genes and 340 up-regulated gen-
subsequent RRA analysis identified 407 down- es, and presented the top 10 up-regulated
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and down-regulated genes (Figure 1D). Subse-
quently, we used the Venn plot to screen the
overlapping genes among the differentially
expressed genes, and a total of 741 differen-
tially expressed genes were screened out: 336
genes were up-regulated and 405 genes were
down-regulated (Figure 1E). Then, using the
string database, a protein network of DEGs was
constructed, and the top twenty proteins were
screened out as candidate targets (Figure S1C).

Next, we verified the mRNA expression of the
above twenty genes in salivary gland epithelial
cells, SACC-83, and SACC-LM. We found that
DLGAP5 was lowly expressed in normal salivary
gland epithelial cells, but highly expressed in
SACC-83 and SACC-LM (Figure S1D).

To further explore the relationship between
DLGAP5 and SACC, data form El - Naggar Adel
K (https://data.mendeley.com/datasets/6sbv-
Tbpjbn/1) were analyzed. It was found that the
expression level of DLGAP5 in SACC was signifi-
cantly correlated with the clinical stage (Figure
1F), tumor size (Figure 1G) and the distant
metastasis level (Figure 1H, 11).

To study the expression of DLGAP5 in SACC tis-
sues, we detected the expression of DLGAP5S in
normal glandular tissues and SACC tissues. It
was found that the expression of DLGAP5 in
SACC increased in both mRNA (Figure 1J) and
protein (Figure 1K, 1L) levels.

Furthermore, the results of immunohistochem-
istry showed that the expression of DLGAP5
was significantly higher in SACC than normal
salivary gland tissues (Figure 1M).

DLGAPS facilitates SACC proliferation in vitro
and in vivo

To gain further insight into the impact of
DLGAP5, a pan-cancer Gene Set Enrichment
Analysis (GSEA) was conducted using the inte-
grated dataset derived from the two GEO data-
sets (GSE88804 and GSE153002) after batch
effect removal. This analysis examined DEGs
between NUSAP1-high and -low patients in
SACC. The resulting heatmap revealed signifi-
cant enrichment of cell proliferation-related sig-
naling pathways, including MYC, Mitotic spin-
dle, G2M, and E2F pathways, in the DLGAP5-
high patients (Figure 2A). This finding aligns
with a previous report suggesting that DLGAPS
promotes the organization of mitotic spindle
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microtubules around chromosomes, indicating
its crucial role in regulating cell proliferation
[32].

To explore the relationship between DLGAP5
and proliferation, stable DLGAP5 knockdown
SACC cell lines were generated, the efficiency
of knocking down has been verified by RT-gPCR
and western blot assays (Figure 2B-G). The role
of DLGAP5 in proliferation was examined by
CCK-8, colony formation, and EdU staining. The-
se results demonstrated that the knockdown
of DLGAPS5 resulted in a significant decrease in
the capacity of cell proliferation in SACC-83
and SACC-LM cells (Figure 2H-M). To determine
if DLGAP5 has contributed to the malignant
activity of SACC in vivo, we generated subcuta-
neous tumor nude mouse models. For the sub-
cutaneous tumor model, mice were injected
with sh-NC or sh-DLGAP5 SACC-83 cells. The
results demonstrated that mice injected with
sh-DLGAP5 SACC-83 cells exhibited significant-
ly smaller tumors compared with the control
group (Figure 2N-P). The subcutaneous tumors
were sectioned and assessed with H&E stain-
ing and immunohistochemistry for Ki67 expres-
sion (Figure 2Q, 2R). Besides, an increase in
cell proliferation was observed in SACC-83 and
SACC-LM cells in response to the over-expres-
sion of DLGAP5S (Figure 2S-X). All of the above
implies that DLGAP5 may promote SACC cell
proliferation both in vitro and in vivo.

DLGAPS5 promotes SACC migration and inva-
sion

In order to ascertain the effect of DLGAP5 on
SACC migration and invasion, a series of experi-
ments were performed, including wound heal-
ing and transwell assays. The results demon-
strated that downregulating DLGAP5 decreased
the capacity of SACC cells for migration and
invasion (Figure 3A-J). Furthermore, the immu-
nofluorescence assay revealed that the DL-
GAP5 knockdown group of SACC cells exhibited
a reduced expression of the mesenchymal-
related protein Vimentin in comparison with the
control group (Figure 3K). Subsequently, immu-
nohistochemical staining was performed on
subcutaneous tumors in nude mice. The results
demonstrated that, compared with the control
group, the expression level of the mesenchy-
mal-related protein Vimentin was reduced, whi-
le the expression level of the epithelial-related
protein E-cadherin was increased (Figure 3L-N).
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Figure 2. DLGAPS5 facilitates SACC proliferation in vitro and in vivo. A: GSEA heatmap revealed significant enrichment
of MYC, Mitotic spindle, G2M, and E2F pathways. B-G: DLGAP5 knockdown efficiency were evaluated by qRT-PCR
and western blot statistical analysis. H-J: Images of representative colonies of the indicated cells and clone number
of statistics. K: EdU staining images of DLGAP5 knockdown SACC cells (magnification: 200x). L, M: CCK8 assay to
evaluate proliferation of DLGAP5 knockdown SACC cells. N: Subcutaneous tumors of the mice inoculated with the
indicated cells. O: Tumor growth curves. P: Tumor weight. Q: H&E staining and IHC detection of Ki-67 expression in
subcutaneous tumors (maghnification: 20x and 200x). R: IHC score. S-U: Images of representative colonies of the
indicated cells and statistical analysis. V: EdU staining images of DLGAP5-overexpressing SACC cells (magnification:
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200x). W, X: CCK8 assay to evaluate proliferation of DLGAP5-overexpressing SACC cells. The data are presented as
the means + SD. *P < 0.05; **P < 0.01; ***P < 0.001 and ****P < 0.0001, Student’'s ttest[B,C, F,G,|,J, O, P,
R, T and U], two-way repeated measures ANOVA [L, M, W, and X].

In addition, the upregulation of DLGAP5 could
also promote the migration and invasion abili-
ties of SACC cells (Figure 30-X).

DLGAP5 promotes SACC progression through
PI3K/AKT signaling pathway

In order to gain further insight into the mole-
cular mechanism by which DLGAPS exerts its
oncogenic effects in SACC, we conducted RNA-
seq to discern the DEGs between sh-NC and
sh-DLGAP5 SACC-LM cells (Figure 4A). KEGG
enrichment analysis revealed that the PI3K/
AKT pathway linked to cell proliferation signifi-
cantly activated (Figure 4B). Therefore, we fur-
ther investigated whether the effects of DL-
GAP5 were dependent on PIBK/AKT signaling.
As demonstrated in Figure 4C, the levels of
PI3K, AKT, and phospho-AKT proteins were
reduced following the knockdown of DLGAPS.
These results suggest that DLGAPS might acti-
vate the PI3BK/AKT pathway in tumor progres-
sion. To investigate this hypothesis, DLGAP5-
overexpressed SACC-83 and SACC-LM cells
were treated with PI3K inhibitor (LY294002).
The colony formation and CCK8 assays demon-
strated that the proliferation of DLGAP5-over-
expressed cells was significantly suppressed
with the treatment of LY294002 (Figure 4D-F).
Furthermore, the results of the wound healing
and transwell assays demonstrated that the
migration and invasion abilities of the DLGAP5-
overexpressing cells were significantly inhibited
by the treatment with LY294002 (Figure 4G-M).
These observations indicate that DLGAPS ex-
erts a regulatory effect on the proliferation and
the process of EMT of SACC cells by activating
the PI3BK/AKT pathway.

ZINC3809191 targets DLGAPS to suppress
tumor progression

To identify the lead compounds that target
DLGAP5 and inhibit cancer progression, we
performed virtual screen in world database,
approved drugs in major juridications, includ-
ing the FDA, i.e DrugBank approved (https://
zinc15.docking.org/substances/subsets/wor-
Id/) (Figure BA). The three-dimensional struc-
ture of DLGAPS was modeled using AlphaFold3.
Through structure-based virtual screening tar-
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geting the DLGAP5S protein, five candidate com-
pounds exhibiting high binding affinity were
selected for functional evaluation (Figure 5B).
Compared with other compounds, ZINC3809-
191 was found to exert a most significantly in-
hibitory effect on SACC cell proliferation (Figure
5C, 5D). Furthermore, we detected the effect
of ZINC3809191 on the proliferation ability of
SACC cells through colony formation experi-
ments. The results indicated that ZINC3809191
could significantly inhibit the colony formation
ability of SACC cells (Figure 5E). Furthermore,
molecular docking and dynamics simulations
suggested that Ser533, Asn538 in DLGAP5
may be responsible forits binding with ZINC380-
9191 (Figure 5F). Besides, our transwell assays
and wound healing assays results found that
the ZINC3809191 can also inhibit the EMT pro-
cession (Figure 5G-J).

In order to explore the role of ZINC3809191 in
vivo, subcutaneous tumour was conducted
in nude mice using SAC-83 cells and SAC-LM
cells, and ZINC3809191 was injected. The re-
sults demonstrate that ZINC3809191 has the
capacity to inhibit tumour growth to a signifi-
cant degree (Figure 5K-0). Taken together, we
have identified a potential targeted inhibitor of
DLGAPS that can promote tumor growth and
metastasis.

Discussion

SACC, the second most prevalent malignant
neoplasm of the salivary gland, exhibits a slow
natural progression [33, 34]. However, the dis-
ease is distinguished by its high recurrence
rate [35], perineuronal infiltration [36], and dis-
tant metastasis [37], particularly in the lung
[38]. Consequently, the overall prognosis of
SACC remains poor, with the long-term overall
survival rate ranging from 23% to 40% [39]. In
this study, we revealed the key role of DLGAP5
in the occurrence and development of SACC. In
order to ascertain the potential genes associ-
ated with SACC, a comprehensive analysis of
two GEO datasets (GSE88804 and GSE153-
002) was conducted. Subsequent to the elimi-
nation of batch effects and the integration of
data, a further difference analysis was con-
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Figure 3. DLGAP5 promotes SACC migration and invasion. A, B: The migration ability was evaluated in SACC-83 cells
with DLGAP5 knockdown using wound healing assay and its statistical analysis (magnification: 100x). C, D: The
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migration ability was evaluated in SACC-LM cells with DLGAP5 knockdown using wound healing assay and its statis-
tical analysis (magnification: 100x). E-G: Transwell assay to assess the migration ability of SACC-83 and SACC-LM
cells with DLGAP5 knockdown and its statistical analysis (magnification: 100x). H-J: Invasion ability of SACC-83 and
SACC-LM cells with DLGAP5 knockdown and its statistical analysis (magnification: 100x). K: Immunofluorescence
assay to determine the Vimentin in SACC cells (maghnification: 200x). L-N: IHC detection of E-cadherin and Vimentin
expression in subcutaneous tumors and IHC score (magnification: 200x). O-R: The migration ability of SACC-83 and
SACC-LM cells with overexpression of DLGAP5 was evaluated by wound healing experiments and statistical analysis
(magnification: 100x%). S-X: The migration and invasion abilities of SACC-83 and SACC-LM cells with overexpression
of DLGAPS were evaluated by the transwell assays and statistical analysis was conducted (magnification: 100x).
The data are presented as the means + SD. *P < 0.05; **P < 0.01; ***P < 0.001 and ****P < 0.0001, Student’s
ttest[B,D,F, G,I,J,M,N,P,R, T, U, Wand X].
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Figure 4. DLGAP5 promotes SACC progression through the PI3K/AKT signaling pathway. A: Clustering heat map and
volcano map of the RNA-seq data between sh-NC and sh-DLGAP5 cells. B: KEGG pathway analysis of the RNA-seq
data. C: Western blot analysis of PI3K/AKT pathway-related protein expression in SACC cells. D: Images of represen-
tative colonies of the SACC cells treated with LY294002. E, F: CCK8 assay to evaluate DLGAP5-OE cells treated with
LY294002. G-J: The migration ability of SACC cells treated with LY294002 was measured with wound healing assay
and statistical analysis (magnification: 100x). K-M: Transwell assay to assess SACC-83 and SACC-LM cells treated
with LY294002 (magnification: 100x). The data are presented as the means + SD. *P < 0.05; **P < 0.01; ***P <
0.001 and ****P < 0.0001, two-way repeated measures ANOVA [E, F], one-way ANOVA [l, J, L and M].

ducted on the data. Subsequent bioinformatics
analysis and RT-gPCR verification identified
that DLGAP5S is significantly overexpressed in
SACC.

The DLGAP family, which consists of five mem-
bers (DLGAP1-5), was first discovered in rats
and has three key domains [40]. The protein
contains a 14-amino acid repeating domain, a
dynamic protein light chain domain, and a gua-
nosine kinase-associated protein homologous
domain [41, 42]. According to the extant litera-
ture, DLGAP5 has been implicated in the devel-
opment and progression of various neoplasias,
including bladder cancer [4 3], endometrial can-
cer [19], ovarian cancer [14] and lung cancer
[44, 45]. In this study, we systematically inves-
tigated the clinical revelance of DLGAP5 in
SACC. Notably, DLGAP5 expression levels exhi-
bited strong positive correlations with advan-
ced clinical stages and higher pathological
grades. These findings indicated that DLGAP5
may act as a prognostic biomarker and an
effective target for SACC therapy.

To investigate the function of DLGAP5 in the
biological process of SACC, two DLGAP5-kno-
ckdown and two DLGAP5-overexpressed SACC
cell lines were established. Cytological experi-
ments have demonstrated that the knock-
down of DLGAP5 can significantly inhibit the
proliferation, migration, and invasion of SACC in
vitro. Conversely, the overexpressed of DLGAPS
has been observed to significantly promote the
proliferation, migration, and invasion of SACC.
In addition, subcutaneous tumor model was es-
tablished in mice by subcutaneous injection
of SACC-83-sh-NC and SACC-83-sh-DLGAP5
cells. The results indicated that the knockdown
of DLGAP5 could inhibit the growth of SACC in
vivo, consistent with the results in vitro.

In order to investigate the specific mechanism

of DLGAP5 in SACC, RNA-seq was conducted
on SACC-LM-sh-NC and SACC-LM-sh-DLGAP5
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cells. The results indicated that the pro-cancer
effect of DLGAP5 was mediated by the PI3K/
AKT signal. It is widely known that the PI3K/AKT
pathway plays a critical role in the development
of malignant tumors and is a significant mecha-
nism contributing to tumorigenesis [46, 47]. In
this study, we demonstrated that the knock-
down of DLGAP5S resulted in the inhibition of
the PIBK/AKT pathway. Subsequent experimen-
tal investigations revealed that the PI3K inhibi-
tor (LY294002) was capable of reversing the
alterations in proliferation, migration, and inva-
sion capacity induced by the over-expression of
DLGAPS. This finding suggests that the activa-
tion of the DLGAP5/PI3K/AKT pathway plays a
substantial role in the development and pro-
gression of SACC.

In order to explore the potential targeted thera-
py of DLGAP5, five potential inhibitors were
screened out through virtual screening. Among
these, the compound ZINC3809191 demon-
strated the strongest tumor suppression ability.
Molecular docking and dynamic simulations
suggested that Ser533 and Asn538 in DL-
GAP5 might be responsible for its binding with
ZINC3809191. Vitro experiments further dem-
onstrated that ZINC3809191 could inhibit the
proliferation, migration, and invasion abilities
of SACC cells. These findings not only reveal the
feasibility of DLGAPS as a drug target, but also
provide a lead compound with therapeutic
potential, ZINC3809191, which has significant
anti-tumor activity targeting DLGAP5, offering
an important theoretical basis for the drug
development of this disease.

In conclusion, DLGAP5 is upregulated in SACC
and is associated with clinical stage and patho-
logical grade, playing a regulatory role in cell
proliferation, migration, and invasion. Addition-
ally, the identification of ZINC3809191 with sig-
nificant anti-tumor activity against DLGAP5 pro-
vides a crucial theoretical foundation for the
potential therapeutic strategies for SACC.
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Figure 5. ZINC3809191 targets DLGAP5 to suppress tumor progression. A: Schematic diagram of screening strate-
gies for the DLGAPS-targeting small molecule compounds. B: The docking conformation of DLGAP5 with the top 5
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small molecule compounds in terms of binding energy and its interaction forces with key residues. C, D: The inhibi-
tory effects of 5 candidate compounds on SACC cell proliferation were detected with CCK8 assay. E: Images of rep-
resentative colonies of the indicated cells. F: The structure of the DLGAP5 protein complexed with ZINC3809191.
G, H: Transwell assay to assess the migration and invasion ability of SACC-83 and SACC-LM cells treated with
ZINC3809191 (magnification: 100x). I, J: Wound healing assay and its statistical analysis of SACC cells treated with
ZINC3809191 (magnification: 100x%). K: Subcutaneous tumors of the mice injected with PBS or ZINC3809191. L,
M: Tumor growth curves and tumor weight of SACC-83. N, O: Tumor growth curves and tumor weight of SACC-LM.
The data are presented as the means + SD. *P < 0.05; **P < 0.01; ***P < 0.001 and ****P < 0.0001, one-way

ANOVA [C and D], Student’s t test [G-J, L-O].
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Figure S1. DLGAPS5 is overexpressed in SACC. A, B: Box plots and principal component analysis (PCA) before and af-
ter normalization. C: The PPI network of the DEGs. Nodes represent proteins, edges represent interactions between
proteins. Proteins with more interaction were shown in the center of the network. Red represents up-regulated
genes, blue represents down-regulated genes, and yellow indicates the top 20 proteins in terms of degree. D: mRNA
expression of the above twenty genes in salivary gland epithelial cells, SACC-83, and SACC-LM. The data are pre-
sented as the means + SD. *P < 0.05; **P < 0.01; ***P < 0.001 and ****P < 0.0001, one-way ANOVA.



