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ARTICLE INFO ABSTRACT
Keywords: Background: Abnormal anillin (ANLN) expression has been observed in multiple tumours and is
ANLN closely associated with patient prognosis and clinical features. In this study, we systematically

Renal cell carcinoma
Multi-omics

Immune cell

PI3K signalling

elucidated the clinical significance and biological roles of ANLN in patients with clear cell renal
cell carcinoma (ccRCC).

Methods: We obtained transcriptome and clinical data of patients with ccRCC from public data-
bases. Multi-omics data and clinical samples were combined to analyse the correlation between
ANLN expression and the clinical characteristics of patients with renal cancer. Additionally, the
immune cell landscape of ANLN expression was evaluated using different immune algorithms in
the tumour microenvironment. The tumour-promoting potential of ANLN was confirmed using in
vitro assays, including CCK8 and Transwell assays.

Results: Bioinformatics analysis showed that ANLN is over-expressed in patients with ccRCC, as
validated by clinical samples. Publicly available clinical data suggest that high ANLN expression
may indicate poor outcomes in patients with ccRCC. Moreover, biological function analysis
revealed a marked enrichment of the cell cycle and PI3K-Akt pathways. The distribution of im-
mune cells, particularly M2 macrophages, differed in patients with ccRCC. Furthermore, ANLN
silencing inhibited the proliferation, migration, and invasion of renal cancer cells in vitro. After
ANLN expression was knocked down in 786-O cells, the protein levels of important PI3K sig-
nalling pathway components, including PI3K, Akt, and mTOR, drastically decreased.
Conclusions: These findings suggest that ANLN is dysregulated in renal cancer tissues and pro-
motes tumour progression by activating the PI3K/Akt/mTOR signalling pathway.

1. Introduction

Renal cancer remains a major global public health concern, with trends in its incidence and disease burden varying according to
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economic differences across countries [1]. Clear cell renal cell carcinoma (ccRCC), also known as kidney renal clear cell carcinoma
(KIRC), accounts for 80 % of all renal cancer cases and has a poor prognosis [2-4]. Most patients with renal cancer are diagnosed at an
advanced stage or with metastasis, as patients typically show no evident clinical symptoms in the early stages [5,6]. Patients with
advanced ccRCC respond poorly to chemoradiotherapy, and molecular targeted drugs and immune checkpoint inhibitors have limited
therapeutic effects on the overall survival of these patients [7,8]. No superior treatment strategy is currently available for this ma-
lignant disease; therefore, it is necessary to investigate personalised treatment strategies for patients with ccRCC by identifying
important biomarkers.

Abnormal cell cycle progression is a key characteristic of tumourigenesis, and targeting pericellular phase regulatory proteins may
be an important strategy for tumour therapy [9,10]. Anillin (ANLN), a gene encoding a 1,125-amino acid protein that is located on
chromosome 7p14.2, promotes the cell cycle by binding to GTP-RhoA, actin, and cytokinins, which are crucial regulators of cytokinesis
[11]. ANLN appears to be closely associated with various biological functions in mammalian cells [12,13], and numerous malignant
tumours, including those in lung, pancreatic, colorectal, and breast cancers, exhibit abnormal ANLN expression [14-17]. ANLN is
crucial for tumour cell development [16,18]; it is abnormally expressed in several malignancies and accelerates tumour growth [14,17,
19]. Although multiple studies have demonstrated that ANLN malfunction promotes the malignant proliferation of tumour cells, the
expression pattern and biological functions of ANLN in renal cancer remain unknown.

The tumour microenvironment (TME), which is composed of noncancerous cells and substances, can either promote or prevent the
development, expansion, and metastasis of tumour cells [20-23]. The TME has attracted considerable clinical and academic interest as
a target for cancer therapy [24-26]. Here, we examined the immunological functions and immune cell landscape associated with ANLN
expression in patients with ccRCC. Furthermore, we evaluated the expression profile and clinical significance of ANLN in patients with
ccRCC using multi-omics data and clinical samples. Various immunological algorithms have been used to analyse the immune envi-
ronment involved in ANLN expression. The tumour-promoting effects of ANLN were validated using an in-vitro assay. The objective of
this study was to investigate the biological significance of ANLN expression in patients with ccRCC.

2. Materials and methods
2.1. Data collection and analysis

We used publicly available databases that have been described in detail in previous studies [27]. First, we downloaded a stand-
ardised pan-cancer dataset from the UCSC (https://xenabrowser.net/) and GENT2 (http://gent2.appex.kr/gent2/) databases [28,29].
Additionally, 33 tumour cell line expression data were downloaded from the Cancer Cell Line Encyclopedia (https://sites.
broadinstitute.org/ccle) [30]. Subsequently, RNA sequencing and clinical data were obtained from the UCSC database for 527 pa-
tients with KIRC. Finally, UALCAN (http://ualcan.path.uab.edu) and DriverDBv3 (http://ngs.ym.edu.tw/driverdb) databases were
used for clinical feature and prognostic analyses [31,32].

2.2. Correlation analysis with heterogeneity and mutation profiles analysis

We examined the relationship between ANLN expression and eight types of heterogeneity: homologous recombination deficiency
(HRD), loss of heterozygosity (LOH), neoantigen (NEO), tumour ploidy, tumour purity, mutant-allele tumour heterogeneity (MATH),
tumour mutation burden (TMB), and microsatellite instability (MSI) [33]. The “maftools” package and MuTect2 software were used to
further analyse these data, which were retrieved from the Genomic Data Commons website (https://portal.gdc.cancer.gov/) [34,35].

2.3. Univariate and multivariate cox regression analysis

The prognostic significance of ANLN expression in patients with ccRCC was analysed using the “survival” and “survminer”
packages. We conducted univariate and multivariate Cox regression analyses to ascertain the clinical significance of ANLN expression
in patients with ccRCC.

2.4. Gene co-expression analysis and biological function analysis

Genes co-expressed with ANLN were identified in patients with ccRCC using the “limma” package (P-value <0.05 and |log2(Fold
Change)| > 1), and biological functions were examined using the R package “clusterProfiler” [36]. These methods have been described
in detail in previous studies [37,38].

2.5. Immune cell infiltration analysis

We obtained immune cell data from tumour samples and calculated the correlation between ANLN and immune invasion score in
tumour samples using the “psych” package. The correlation between ANLN expression and the immune landscape was evaluated using
the “limma” and “tidyverse” packages in conjunction with the CIBERSORTS tool [39,40].
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2.6. Immunotherapy sensitivity analysis

The immunotherapy response in patients with ccRCC was predicted using data from The Cancer Inmunome Atlas database [41].
Moreover, drug sensitivity analysis was conducted using the “pRRophetic” package and “ggplot2” tools [42].

2.7. Collecting clinical samples

The Ethics Committee of the Second Affiliated Hospital of Anhui Medical University granted its approval for this study (SL-YX2022-
065 [F1]), which was carried out in accordance with the Declaration of Helsinki’s principles. From January 2020 to June 2022, clinical
samples and data from 100 renal cancer and adjacent tissues were collected retrospectively at our medical centre after obtaining
written informed consent from all patients.

2.8. Immunohistochemistry (IHC) analysis

The tissue samples were sectioned, and experiments were performed using an IHC kit (cat. SP-9001; ZSGB-BIO, China). Following
sample preparation, antigen retrieval, and blocking, ANLN (1:100; Affinity Bio., USA) and CD163 (1:100; Abcam, UK) protein ex-
pressions were examined using primary and specific secondary antibodies (Bioyotime, China). Finally, the staining quantity and in-
tensity were comprehensively analysed as low/negative (<4 points) or high (>4 points).

2.9. Constructs and cell transfection

We purchased 786-O and ACHN cell lines from Procell Life Science & Technology Ltd. (Wuhan, China), and targeted ANLN short
hairpin RNA (shRNA) and a negative control from GenePharm (Shanghai, China). The sequence of ANLN-shRNAs was listed: shANLN-
1: 5-TCCTGGGAAGAT

GATGTAAATTTCAAGAGAATTTACATCATCTTCCCAGGATT-3’; shANLN-2: 5-ATGGCGA

TGCCTCTTTGAATATTCAAGAGATATTCAAAGAGGCATCGCCATTT-3'; shNC: 5-TTCTCC

GAACGTGTCACGTTTCAAGAGAACGTGACACGTTCGTTCGGAGAATT-3.

2.10. Quantitative real-time reverse-transcription polymerase chain reaction (QRT-PCR) assay

Total RNA was extracted using TRIzol reagent and reverse transcribed into complementary DNA using a reverse transcription kit
(Novabio, China). Following qRT-PCR, the results were analysed using the 2~ 2% method. The primer sequences are listed in Table 1.

2.11. Cell proliferation assay

Cell proliferation was assessed using a CCK8 kit, and 3,000 cells were seeded into each well of a 96-well plate. After 0, 24, 48, 72,
and 96 h, the optical density was determined at 450 nm (Thermo Fisher Scientific, USA).

2.12. Transwell assay

Transwell chambers (Corning Inc., USA) were used for Transwell assays. A total of 2 x 10° cells were inoculated into the upper
chamber for approximately 24 h, and medium containing 10 % foetal bovine serum was added to the lower chamber. For the invasive
assay, 50 pL Matrigel (Corning Inc., USA) was added to the upper chamber, with all other steps being the same. Finally, the cells were
fixed, stained, and photographed (Leica Corporation).

2.13. Western blot assay

Protein sample preparation and western blotting were performed as previously described [43]. Protein samples were separated
using sodium dodecyl sulphate-polyacrylamide gel electrophoresis and transferred to polyvinylidene fluoride (PVDF) membranes. The
PVDF membrane was blocked with milk and subsequently incubated with primary antibodies against glyceraldehyde 3-phosphate
dehydrogenase (1:1000; Affinity, USA), PCNA (1:1000; CST. Inc., USA), cyclin B1 (1:1000; CST. Inc., USA), Akt antibody (1:1000;
CST. Inc., USA), PI3K (1:1000; CST. Inc., USA), and anti-mTOR (1:1000; CST. Inc., USA). The membranes were then incubated with

Table 1
Primer sequences used for qRT-PCR amplification.
Gene Forward primer Reverse primer
(5-3") (5-3")
ANLN CAGACAGTTCCATCCAAGGGAG CTTGACAACGCTCTCCAAAGCG
GAPDH GTCTCCTCTGACTTCAACAGCG ACCACCCTGTTGCTGTAGCCAA

qRT-PCR, quantitative real-time polymerase chain reaction.
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Fig. 1. ANLN is overexpressed in renal cancer. (A) Pan-cancer analysis of ANLN expression in human cancers. Unpaired (B) and paired (C)
expression data analyses indicated that ANLN expression was markedly higher in patients with ccRCC. (D) ROC analysis of ANLN expression in the
diagnosis of patients with ccRCC. (E) ANLN expression in renal cancer cell line and normal cell line based on the CCLE database. (F) Correlation
between tumour heterogeneity and ANLN expression in patients with ccRCC. (G) Representative pictures of IHC staining of ANLN in tumour and
matched adjacent normal tissues (magnification: 200 x ). (H) Quantitative and percentage analysis of ANLN staining in tumour and adjacent normal
tissues. (I) Correlation between ANLN expression and several clinical features in patients with ccRCC. ANLN = anillin; ccRCC = clear cell renal cell
carcinoma; ROC = receiver operating characteristic curve; CCLE = Cancer Cell Line Encyclopedia; IHC = immunohistochemistry.
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horseradish peroxidase-conjugated goat anti-rabbit IgG (1:10000; Affinity Bio., USA) and goat anti-mouse IgG (1:10000; Affinity Bio.,
USA) secondary antibodies. The results were analysed using an ECL kit (Thermo Fisher Scientific).

2.14. Statistical analysis

R (version 4.2.1) was used for data analysis. All continuous data were tested for normality and compared between multiple groups
using one-way analysis of variance. Data between the two groups were compared using either the t-test or chi-square test. Statistical
significance was set at P < 0.05.

3. Results
3.1. Expression analysis and clinical significance of ANLN expression in renal cancer

We investigated the expression patterns of ANLN in 34 tumour and normal samples and observed that ANLN was up-regulated in
almost all tumour tissues, except glioblastoma multiforme, based on a pan-cancer dataset from the TCGA database (Fig. 1A). According
to the pan-cancer dataset from the GENT2 database, ANLN was found to be up-regulated in 24 human tumour tissues (Fig. S1A). Using
unpaired and paired analyses, we examined ANLN expression in ccRCC tumour and normal samples (Fig. 1B and C), and found that
ANLN expression increased in almost all tumour cell lines, with the highest expression observed in brain lower-grade glioma cell lines
(Fig. S1B). Fig. 1D shows the ANLN expression levels in 35 renal carcinoma cell lines and two normal cell lines. Additionally, receiver
operating characteristic curve (ROC) analysis revealed decreased ANLN expression in patients with ccRCC (AUC: 0.904) (Fig. 1E).
ANLN expression was positively correlated with LOH (P < 0.01), HRD, and NEO in terms of tumour heterogeneity, but negatively
correlated with TMB, MSI, MATH, ploidy, and purity (Fig. 1F). To validate these results, we collected 100 renal cancer tissue samples
and performed IHC analysis. The results suggested that ANLN expression was enhanced in tumour tissues (Fig. 1G and H). The clinical
information is shown in Table 2 and Table S1. N stage, M stage, grade, clinical stage, and T stage were statistically significant (Fig. 1I).
Similarly, ANLN expression varied according to the sample type, individual cancer stage, patient race, patient sex, patient age, tumour
grade, nodal metastasis status, and KIRC subtype in the UALCAN database (Fig. S2).

3.2. Independent prognostic value of ANLN expression in patients with ccRCC

Based on publicly available clinical data, increased ANLN expression may indicate poor prognosis in patients with ccRCC. Using the
DriverDBv3 database, we found that higher ANLN expression was associated with worse overall survival, progression-free interval, and
disease-specific survival, but not with disease-free interval, in patients with ccRCC (Fig. 2A). Univariate Cox regression analysis

Table 2
Clinical characteristics and follow-up data for our patients with renal cancer.

Variable Value High Low/Negative P-value

Total (%) 100 61 (61.00) 39 (39.00)

Age, years >60 33 (33.00) 18 (54.54) 15 (45.46) 0.353
<60 67 (67.00) 43 (64.18) 24 (35.82)

Gender Male 64 (64.00) 40 (62.50) 24 (37.50) 0.682
Female 36 (36.00) 21 (58.33) 15 (41.67)

Location Left 47 (47.00) 28 (59.57) 19 (40.43) 0.596
Right 52 (52.00) 32 (61.54) 20 (38.46)
Bilateral 1 (1.00) 1 (100.00) 0

Tumor subtypes ccRCC 85 (85.00) 54 (63.53) 31 (36.47) 0.465
pRCC 9 (9.00) 4 (44.44) 5 (55.55)
cRCC 6 (6.00) 3(50.00) 3(50.00)

Pathologic tumor stage Ta-T1 48 (48.00) 32 (66.67) 16 (33.33) 0.002
T2-T3 30 (30.00) 11 (36.67) 19 (63.33)
T4 22 (22.00) 18 (81.82) 4 (18.18)

Lymph node status NO 9 (9.00) 6 (66.67) 3(33.33) 0.588
>N1 5 (5.00) 4 (80.00) 1 (20.00)
Nx 86 (86.00) 51 (59.30) 35 (40.70)

Metastasis status MO 0 (0.00) 0 0 1.00
>M1 1(1.00) 1 (100.00) 0
Mx 99 (99.00) 60 (60.61) 39 (39.39)

Tumor size, cm <4 40 (40.00) 23 (57.50) 17 (42.50) 0.147
4-7 23 (23.00) 18 (78.26) 5(21.74)
>7 37 (37.00) 20 (54.05) 17 (45.95)

Recurrence Yes 9 (9.00) 6(9.84) 3(7.69) 0.715
No 91 (91.00) 55 (90.16) 36 (92.31)

Current status Death 3 (3.00) 2 (3.28) 1 (2.56) 0.838
Alive 97 (97.00) 59 (96.72) 38 (97.44)

RCC, renal cell carcinoma; ccRCC, clear cell RCC; pRCC, papillary RCC; cRCC, chromophobe RCC.
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Fig. 2. Analysis of the prognostic value of ANLN expression in patients with ccRCC. (A) Five-year and overall survival analysis of ANLN expression
in patients with ccRCC. Univariate (B) and multivariate (C) Cox regression analysis showed that ANLN was an independent risk factor correlated
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Fig. 3. Biological function and mutation profiles of ANLN in ccRCC. (A) Co-expressed genes significantly associated with ANLN were shown as
correlation circle plots. Red, positive correlation; green, negative correlation. (B) Heatmap showing the top 50 up-regulated DEGs and top 50 down-
regulated DEGs; red, up-regulated genes; blue, down-regulated genes. (C) GO analysis results of ANLN expression in ccRCC. (D) KEGG analysis
results of ANLN expression in ccRCC. (E) The mutation profiles of 15 genes in patients with ccRCC with low and high ANLN expressions. ANLN =
anillin; ccRCC = clear cell renal cell carcinoma; DEGs = differentially expressed genes; GO = gene ontology; KEGG = Kyoto Encyclopedia of Genes
and Genomes. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)



M. Gao et al. Heliyon 10 (2024) e23522

A

TCGA-KIRC(N=527): p1.56:7 023 «

TCGA-KIRC(N=527): p=}:le-10 =028

TCGA-KIRC(N=527): p=2,0e-10 =027

€. ¢
e
88 3
'z 4
Z3 3
2 1
Z 0
8% 3
25 3
_5 @ T T T T T T T T T T LI T T T T T T T T T T LI T T T T T T T T T 1
-0.10.0 0.1 020304 00 02 04 0.6 —02.002040.60.81.01.2 00 02 04 -0.2 00 02 04 06 00 05 10 15
B cell T cell CD4 T cell CD8 Neutrophil Macrophage DC
D ANLN EHE Low HE High E Mectophages 2 o001
. - Macrophages MO —_—0 0.001
o.e . R Neutophils ] 0006
coa ) .. . :s Mast cells activated —_—0 0012
z L -
8 . s e, T cells CD4 memory activated L — 0031 abscor)
= e - 3
oz2]{2. - .- :° _i .1, .. Macrophages M1 - 0489 001
== - s, 7787 S ©  Toels CD4 memory resting - 0631 002
- ep T3 - - }
- 3 - 4 -
— “L-Ll _ .!.f.u u.l.!. LINYY " TTONY il Eosinophis « 0741 003
P I I N e O s S O S T oels CD4 e 09% 05
<% LSS T T I TS T T )
TSRS <= SIS L T cells follicular helper 0918
J ~SF s
"i > Monocytes — 0442
F ANLN E3 low E3 high B cells naive — 0437
.00 - - - 'f"&' - - - - T cells regulatory (Tregs) - 0414
. %l_li_, - B cels memory -— 0403 pvalue
075 L %# 7. Dendiic celsresing — 0103 0
o # t#l#l D L % Teells CD8 -— 0079 I 02
Boso] | b - NK cells activated ~— 0054 04
* . %é 3 - - . = Dendritc cells activated *— 0052 06
025 Tl te .. R . .- H . NK cellsrestng (— 0029 08
.. Plasma cells — 0015 1
&F é&a\/ ég-}\o’* ‘&\\é‘ &5 Qogf' &“& Mestoelsresting (e <0.001
&S 03 02 01 00 01 02 03
Correlation Coefficient

z 3
ANLN expression

CD163 Expression

Pearson
R =0.430
. . P=0010

& 2 3
ANLN Expression

Fig. 4. Dysregulated ANLN reveals the immune cell landscape for patients with ccRCC. (A) Correlation between ANLN expression and three types of
microenvironment scores in patients with ccRCC. (B) Three types of microenvironment scores in patients with ccRCC with low and high ANLN
expressions. (C) Correlation between six immune cells and ANLN expression in patients with ccRCC based on the TIMER method. (D) Proportion of
22 immune cells infiltrating in low and high ANLN expression groups. (E) Relationships between the expression of ANLN and 22 types of immune-
infiltrating cells. (F) Correlations between ANLN expression and various immune functions. (G) Correlation between ANLN expression and
macrophage M2 infiltration in patients with ccRCC. (H) Representative images of IHC staining of ANLN and CD163 expression in 35 ccRCC tissues
(magnification: 100 x ); (I) Correlation between ANLN and CD163 expression in patients with ccRCC. ANLN = anillin; ccRCC = clear cell renal cell
carcinoma; IHC = immunohistochemistry.



M. Gao et al. Heliyon 10 (2024) e23522

showed that ANLN expression and several other characteristics had a negative effect on patient prognosis, but only age affected patient
survival in multivariate analysis (Fig. 2B and C). Subsequently, we constructed a prognostic nomogram combining the clinical features
and ANLN expression based on the above results (Fig. 2D). The 1-, 3-, and 5-year survival calibration curves of these patients
demonstrated the performance of our model (Fig. 2E).

3.3. Biological function and mutation profiles of ANLN expression in patients with ccRCC

We found genes that were either positively or negatively co-expressed with ANLN in patients with ccRCC to explore the possible
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Fig. 5. Role of ANLN in immunotherapy response. (A) and (B) correlation between ICIs and ANLN. (C) Correlation between ANLN expression and
immune response score of PD1" patients. (D) Correlation between ANLN expression and immune response score in ccRCC patients. (E) Sensitivity
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roles of this protein. (Table S2). In patients with ccRCC, the top ten co-expressed genes were either positively or negatively correlated
with ANLN expression (Fig. 3A). The top 50 up-regulated and 50 down-regulated genes were screened using a heat map (Fig. 3B). In
Gene Ontology analysis revealed that nuclear division, external encapsulating structure organisation, extracellular matrix organisa-
tion, spindle formation, receptor ligand activity, signalling receptor activator activity, and extracellular matrix structural constituents
were significantly enriched in these patients (Fig. 3C). In the Kyoto Encyclopedia of Gene and Genome analysis, the cell cycle, PI3K-Akt
signalling pathway, cytokine-cytokine receptor interaction, and motor proteins were significantly enriched in these patients (Fig. 3D).
In patients with ccRCC, substantial genetic mutations were observed between ANLN high- and low-groups, including VHL, PBRM, TTN,
SETD2, BAP1, MUC16, MTOR, KDM5C, XIRP2, BRCA2, LRP1, ZEB2, FAM135A, NUP205, and ADAMTS19 (Fig. 3E).
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Fig. 6. Effects of ANLN silencing on the carcinogenesis of renal cancer cell lines. (A) ANLN silencing by targeted shRNA was confirmed using qRT-
PCR. (B) Proliferation of renal cancer cells detected using CCK8 assays. (C) Western blotting analysis of PCNA and cyclin B1 expression in 786-O
cells. (D) and (E) Representative images of migration and invasion assays (100 x ) and quantification analysis in renal cancer cells. (F) and (G)
Western blotting and quantification analyses detected PI3K, Akt, and mTOR in 786-O cells. ANLN = anillin; qRT-PCR = quantitative real-time
reverse-transcription polymerase chain reaction; ShRNA = short hairpin RNA.
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3.4. Immune landscape analysis of ANLN expression in patients with ccRCC

The crosstalk between TME and cancer cells has attracted considerable research interest [44,45]. We found that ANLN expression in
patients with ccRCC was positively correlated with stromal, immune, and ESTIMATE scores (Fig. 4A). Moreover, significant differences
were observed between the three scores in groups with high and low ANLN expression (Fig. 4B). Subsequently, we investigated the
association between ANLN expression and the infiltration of six types of immune cells using the TIMER method (Fig. 4C). The per-
centages of 22 immune cell types in patients with ccRCC were determined using the CIBERSORT algorithm. Difference analysis showed
the distribution of immune-infiltrating cells based on ANLN expression, such as plasma cells, MO macrophages, M2 macrophages,
resting mast cells, and neutrophils (Fig. 4D). ANLN expression was significantly positively correlated with M2 macrophages, MO
macrophages, neutrophils, activated mast cells, and activated CD4 memory T cells, but negatively correlated with resting natural killer
cells, plasma cells, and resting mast cells (Fig. 4E). The immune cell status was determined using several common algorithms
(Fig. S3A-B) according to ANLN expression in patients with ccRCC. Furthermore, we found that ANLN expression was strongly
associated with a range of immune functions in patients with ccRCC (Fig. 4F). The association between ANLN expression and
macrophage M2 infiltration has been focused on these immune cells (Fig. 4G). From our sample cohort, we selected 35 ccRCC tissue
samples for correlation analysis. The results showed that ANLN and CD163 expression (a macrophage M2 marker) were positively
correlated in patients with ccRCC (Fig. 4H and I).

3.5. Correlation between immunotherapy drug sensitivity and ANLN expression in patients with ccRCC

We performed correlation analysis to assess the role of immune checkpoints in patients with ccRCC. According to our findings,
ANLN was negatively correlated with some immune checkpoint inhibitors (ICIs), such as CD48, CD28, CD27, CD200R1, CD200, BTLA,
CD40LG, LAIR1, and TNFSF14, while exhibiting a positive correlation with other ICIs, such as CD247, TNFRSF25, IDO1, and TNFSF9
(Fig. 5A and B). Subsequently, we predicted the effect of ANLN expression on immunotherapy. Abnormal ANLN expression may affect
the efficacy of immunotherapy in PD1" patients; however, no difference was observed in PD1" patients (Fig. 5C and D). For anticancer
drugs, patients with ccRCC with low ANLN expression showed high sensitivity to bortezomib, buparlisib, cediranib, dasatinib, and
taselisib (Fig. SE), whereas patients with ccRCC with high ANLN expression showed high sensitivity to drugs such as linsitinib,
nilotinib, sorafenib, sinularin, and vorinostat (Fig. 5F).

3.6. Validation of the biological function of ANLN in a renal cancer cell line

The tumour-promoting effects of ANLN were validated in a renal cancer cell line. Two shRNA knockout cell models were con-
structed and used in subsequent experiments. ANLN expression was noticeably suppressed in 786-O and ACHN cells (Fig. 6A), and
silencing of ANLN weakened cancer cell proliferation in both cell lines (Fig. 6B). Furthermore, ANLN silencing reduced the expression
of PCNA and cyclin B1 in 786-0 cells (Fig. 6C) and attenuated the migration and invasion abilities of these cells (Fig. 6D and E). After
ANLN expression was knocked down in 786-O cells, the protein levels of important PI3K signalling pathway participants, such as PI3K,
Akt, and mTOR, were drastically decreased (Fig. 6F and G).

4. Discussion

Patients with advanced ccRCC do not respond to targeted therapy or immunotherapy owing to the lack of specific targets [46].
Previous studies have shown that ANLN expression is substantially correlated with the prognosis of patients with multiple solid tu-
mours [14-16,19]. The expression pattern and biological functions of ANLN in renal carcinoma remain unknown, although various
studies have demonstrated that ANLN deregulation results in aberrant cell proliferation.

Available evidence suggests that ANLN is necessary for tumour cell growth and that its aberrant expression leads to the dysre-
gulation of cell division [47]. We found that ANLN expression was significantly increased in ccRCC tissues compared to normal
samples, which is consistent with ANLN expression in multiple cancers [48-50]. Moreover, upregulation of ANLN expression predicts
an unfavorable prognosis in these patients [19]. ANLN expression differed among patients with renal cancer at different pathological
stages, including our verification cohort and the TCGA-KIRC cohort. Additionally, ANLN expression differed significantly between
patients with ccRCC with different pathological characteristics. ANLN expression is associated with ccRCC subtypes, particularly in
patients with the ccB subtype. Multiple solid malignancies have revealed that ANLN has oncogenic effects, and ANLN overexpression
disrupts cell division, which may be a key mechanism in cancer development [48]. In patients with colorectal cancer, increased ANLN
expression leads to cancer invasion and enlarged tumour size [17]. The clinical samples used in the current study revealed that the
tumour tissues had significantly higher levels of ANLN expression. ANLN expression varies in patients with renal cancer at different
pathological stages, which prompted us to further study the effects of ANLN in these patients. However, survival analysis of the renal
cancer cohort could not be performed owing to insufficient follow-up data. Furthermore, as the verification cohort had a short
follow-up period, instances of recurrence and mortality were uncommon. Our findings from the TCGA-KIRC cohort suggest that ANLN
expression may be a prognostic factor for these patients. Better prognosis was associated with renal carcinoma cells expressing ANLN in
the cytoplasm [51]. The results of multivariate analysis were unremarkable; however, univariate analysis revealed that ANLN
expression may negatively affect the prognosis of patients with ccRCC. These results can be attributed to the small sample size. These
findings confirmed that ANLN expression can affect the prognosis of patients with ccRCC.

Despite the advances in targeted therapies, improving the overall prognosis of patients with renal cancer remains a major challenge
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[52]. Immune cell infiltration is closely associated with tumour progression and treatment; however, there are few reports on the
association between ANLN expression and the TME in patients with RCC. Our results suggest that ANLN expression is positively
correlated with the three immune-related scores, and these scores differ significantly between patients with ccRCC with high and low
ANLN expression. Immune cells interact with each other and the host immune system to control and influence cancer progression [53].
The immune cell landscape revealed a strong correlation between ANLN overexpression and number of M2 macrophages. The
prognosis of patients with metastatic ccRCC is affected by the mutual aggregation of CD68" tumour-associated macrophages and
tumour cells [54]. Targeting macrophages is a promising strategy because of their key carcinogenic roles in tumour progression [55].
ANLN expression was positively correlated with the M2-type macrophage surface marker CD163 in ccRCC tissues, indicating that
ANLN may play a role in the polarisation of M2 macrophages. Inmunotherapy responses generally depend on the interaction between
tumour cells and TME in human cancers [23,56,57]. Owing to the high immunogenicity of renal carcinoma, the immunosuppressive
milieu in which these patients are treated can have a major impact on their clinical outcomes [5,58]. We discovered that the dysre-
gulation of ANLN, particularly in PD1" patients with ccRCC, is substantially affected by numerous ICIs and may influence their response
to immunotherapy. All these findings indicate that ANLN is a potential regulator of immune cell-induced tumour escape and one of the
primary mechanisms driving tumour spread.

Impaired cell cycle pathways can result in unchecked cell proliferation and, eventually, the development of malignancy [49,59].
Previous studies have shown that ANLN silencing causes G2/M phase arrest and suppression of cyclin-related proteins [60,61]. The
PI3K-Akt pathways and cell cycle-related functions were highly enriched in these patients, which supports the findings of the
aforementioned study. In particular, the abnormal activation of the PI3K/Akt/mTOR signalling pathway, a cancer driver involved in
tumour growth, frequently results in severe diseases [62,63]. We further confirmed that silencing of ANLN expression inhibited the
carcinogenesis of renal cancer cells by regulating the PI3K/AKT/mTOR pathway, indicating that ANLN may represent a novel target
for pharmaceutical research. Nevertheless, additional research is required to support our findings, and we must consider the impact of
other possible factors controlling ANLN expression. To further support the transcriptome findings, we also needed to increase the
number of clinical samples.

5. Conclusions

In summary, our results suggest that ANLN is dysregulated in renal cancer tissues and promotes tumour progression via the PI3K/
Akt/mTOR signalling pathway.
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