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Abstract: Prostate cancer (PCa), especially castration-resistant PCa, is a common and fatal disease. Anillin (ANLN) is
an actin-binding protein that is involved in various malignancies, including PCa. However, the regulatory mechanism
of ANLN in PCa remains unclear. Exploring the role of ANLN in PCa development and discovering novel therapeutic
targets are crucial for PCa therapy. In the current work, we discovered that ANLN expression was considerably el-
evated in PCa tissues and cell lines when compared to nearby noncancerous prostate tissues and normal prostate
epithelial cells. ANLN was associated with more advanced T stage, N stage, higher Gleason score, and prostate-spe-
cific antigen (PSA) level. In addition, we discovered that overexpression of ANLN promoted PCa cell proliferation, mi-
gration, and invasion in vitro and in vivo. Mechanistically, we performed RNA-seq to identify the regulatory influence
of ANLN on the MAPK signal pathway. Furthermore, a favorable association between ANLN expression and IGF2BP1
expression was identified. The tumor-suppressive impact of ANLN downregulation on PCa cell growth was partially
reversed by overexpressing IGF2BP1. Meanwhile, we discovered that ANLN can stabilize the proto-oncogene c-Myc
and activate the MAPK signaling pathway through IGF2BP1. These findings indicate that ANLN could be a potential

therapeutic target in PCa.
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Introduction

Prostate cancer (PCa) is one of the most preva-
lent malignant tumors in men. The According
to the American Cancer Society, there will be
288,300 new cases of PCa in 2023, account-
ing for 29% of all male tumors and ranking first
in male tumor incidence, and 34,700 deaths
from the illness, ranking second in male cancer
mortality [1]. Radical surgery, radioactive seed
implantation, or external radiation are currently
available treatments for localized PCa, but
androgen deprivation therapy is still the only
option for treating advanced PCa [2]. The major-
ity of advanced patients will develop castration-
resistant PCa, which is resistant to current
treatments [3]. Finding novel treatment targets
and researching the molecular mechanisms

that underlie the development of PCa have
therefore become crucial.

Anilin (ANLN), a gene that encodes an actin-
binding protein with 1,125 amino acids, is
located on chromosome 7ql14.2 and is im-
portant for cytokinesis. It has a conserved
N-terminal actin (F-actin) and myosin binding
region as well as a conserved C-terminal pH
binding domain [4-6]. ANLN expression levels
were significantly raised in a range of tumor tis-
sues, including those from breast, ovarian,
colon, lung, and pancreatic malignancies [7-
12]. Recent studies suggest that dysregulated
ANLN plays a role in tumor initiation, growth,
and development. For instance, it has been
demonstrated to promote the growth of pancre-
atic cancer via altering the EZH2/miR-218-5p/
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LASP1 signaling axis [13]. Through the activa-
tion of RhoA, ANLN improved doxorubicin resis-
tance in breast cancer cells [14]. ANLN plays an
important function in human lung carcinogene-
sis by activating RhoA and participating in the
phosphoinositide 3-kinase/AKT pathway [14].
Additionally, ANLN is widely expressed in PCa
tissues, and its levels of expression are related
to the pathogenic grade and stage of the ill-
ness. However, it is uncertain which signaling
pathways and molecular targets are involved in
controlling PCa development function.

IGF2BPs are made up of six standard RNA-
binding domains, two recognition motifs, and
four K-homology domains [15]. IGF2BP1, one of
these family members, has been shown to
enhance the stability of target mRNA and con-
trol gene translation via K homology domains in
a m6A-dependent manner [16]. IGF2BP1 levels
have been linked to the growth and metastasis
of tumors in esophageal adenocarcinomas, leu-
kemia, melanoma, osteosarcoma, rhabdomyo-
sarcoma, and breast, liver, lung, and gastroin-
testinal malignancies, according to previous
research [17]. They are also recognized for
positively regulating the expression of a num-
ber of oncogenic factors, including KRAS,
c-Myc, which promotes tumor cell growth, and
MDR1, which contributes to tumor cells’ drug
resistance [15]. Through interactions with other
proteins, IGF2BP1 is also recognized for its
contribution to signal transduction pathways
such PI3K, mTOR, and MAPKs [18-20]. In addi-
tion to cell proliferation, IGF2BP1 has been
shown to affect tumor cell migration via MK5
and PTEN signaling [21]. However, its precise
biological role in PCa is unknown.

Intracellular signaling mediated by the Erk/
MAPK pathway is connected with a wide range
of cellular functions, including cell proliferation,
differentiation, survival, death, and transforma-
tion [22, 23]. Both primary and metastatic PCa
lesions were discovered to have greatly raised
MAPK levels [24] and inhibiting this pathway
was proven to be very efficient at preventing
the development of metastatic prostate cancer
[25]. The activation of the MAPK pathway has
been linked to the advancement of prostate
cancer to a more advanced stage [26, 27].

Here, we found that ANLN was significantly
raised in PCa tissues and highly correlated with
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the prognosis of PCa patients. Additionally, we
first discovered that ANLN exerts its oncogenic
role in PCa cells via IGF2BP1 to activate the
MAPK signal pathway and stabilize the proto-
oncogene c-Myc. Our finding provided a new
insight into the treatment of PCa.

Materials and methods
Patient tissue specimens and cell lines

30 matched PCa and ANP tissues were patho-
logically validated by two different pathologists.
This study was approved by the Ethics Com-
mittee of Jinshan Hospital, Fudan University. All
patients gave their consent for the use of their
specimens for scientific research.

Cell lines

FuHeng Cell Center (Shanghai, China) provided
HEK293T cells, human PCa cell lines (DU145,
PC-3), and human normal prostate epithelial
cells (RWPE-1). HEK293T and DU145 cells were
grown in DMEM (Gibco, Thermo Fisher Scienti-
fic Inc., USA). PC-3 was grown in DMEM/F12
(HyClone, GE Healthcare Life Science, Utah,
USA). RWPE-1 was grown on keratinocyte SFM
(Gibco, Thermo Fisher Scientific Inc., USA). All
culture mediums were supplemented with 10%
fetal bovine serum (FBS; BI, Beit Haemek,
Israel). All cell lines were grown at 37°C with 5%
CO..
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RNA interference

PC-3 and DU145 cells were grown to 60% con-
fluence in 6-well plates at the time of transfec-
tion. Following the manufacturer’s instructions,
si-ANLN-1, si-ANLN-2, and negative control
siRNAs (GenePharma, Shanghai, China) were
transfected using X-tremeGENE siRNA Trans-
fection Reagent (Roche, Man Manheim, Ger-
many). Sequences of the siRNAs were listed in
Table S1.

Plasmid vector construction and transfection

The CDS of ANLN was synthesized and cloned
into the overexpression vector copGFP-pLVX-
Puro (NovoPro, Shanghai, China) for the ANLN
overexpression vector. The empty vector with-
out the ANLN insertion was used as a negative
control.
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For the ANLN knocking-down vector, Sh-ANLN-
1, Sh-ANLN-2, and Sh-NC were made into
short hairpin RNAs, synthesized, and cloned
into vector PLKO.1 (Genewiz, Suzhou, China).
The sequences of sh-ANLN-1, sh-ANLN-2, and
sh-NC are listed in Table S2.

The LipoD293 DNA transfection reagent
(SignaGene Laboratories, Rockville, USA) was
used to co-transfect pMD2.G, pSPAX2, and
Plvx-IRES-Puro into HEK293T cells, promoting
lentivirus production. Puromycin was employed
to select and maintain stable cells.

RNA extraction and quantitative real-time poly-
merase chain reaction (QRT-PCR)

TRIzol Reagent (Takara, Shiga, Japan) was
used to extract total RNA from PCa and ANP
tissues. Total RNA was extracted from cell
lines using the RNA-Quick Purification Kit
(Yishan, Shanghai, China). Nanodrop 2000
(Thermo Fisher Scientific, Waltham, USA) was
used to quantify RNA purity and concentration.
PrimeScript RT Master Mix (Takara, Shiga,
Japan) was used for reverse transcription. A
gRT-PCR reaction system was prepared using
the BeyoFast SYBR Green qPCR Mix (Beyotime,
Shanghai, China), and the PCR reaction was
performed using the ABI 7300 Real-Time PCR
equipment (Thermo Fisher Scientific, Waltham,
USA). GAPDH served as an internal control, and
all samples were run three times. Gene expres-
sion was analyzed using the 2-AACT method
[28]. Sequences of primers were listed in Table
S3.

Western blot analysis and antibodies

Western blot was used to first determine ANLN
protein levels in prostate cancer and normal
cell lines, then to determine transfection effi-
ciency after cell transfection, and finally to
determine IGF2BP1, c-Myc, and MAPK path-
way-related protein expression levels after
transfection. The primary antibodies used in
the present study are shown in Table S4. After
extracting total protein with a Protein Extraction
Kit (Beyotime, Shanghai, China) and quantifying
protein content with a BSA Protein Quantifica-
tion Kit (Beyotime, Shanghai, China), the
Loading Buffer was added to each sample and
cooked at 100°C for 10 minutes. SDS/PAGE
gels separated equal quantities of protein,
which were then transferred to a PVDF mem-
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brane (Millipore, Boston, USA). After blocking
for 1.5 hours at room temperature with 5% non-
fat milk, membranes were incubated with pri-
mary antibodies overnight at 4°C, followed by
1.5 hours at room temperature with secondary
antibodies. An improved chemiluminescence
detection reagent (Millipore, Boston, USA) was
used to detect the signal. As a loading control,
GAPDH and a-tubulin were found.

CCK-8 assay

DU145 and PC-3 cells were seeded in 96-well
plates at 4 x 102 per well and cultivated for 24
hours for the CCK-8 test. Then, 10 pl CCK-8
reagent (Beyotime, Shanghai, China) was added
to each well, and absorbance at 450 nm was
recorded every 24 hours using a microplate
reader (BioTek, USA).

EdU assay

Following the manufacturer’s procedure, the
BeyoClick EdU Cell Proliferation Kit with Alexa
Fluor 555 (Beyotime, Shanghai, China) was
used to analyze cell proliferation. The photos
were taken with an Olympus IX73 fluorescent
inverted microscope system (Olympus, Tokyo,
Japan).

Clonogenic assay

Transfected cells were extracted, counted, and
planted at a density of 1000 cells/well in 6-well
plates for 2 weeks before being fixed with 4%
paraformaldehyde for 30 minutes and stained
with crystal violet solution for 15 minutes.
After that, the colonies were counted and
evaluated.

Cell cycle measurement

Cells were collected, fixed with 70% alcohol
solution at 4°C for 2 hours, rinsed with ice-
cold PBS, then stained for 30 minutes at room
temperature with propidium iodide buffer (BD
Pharmingen, USA). A Gallios flow cytometer
(Beckman Coulter, Brea, USA) was used to
measure the cell cycle. The ModFit LT program
was used to analyze the results.

Transwell assay
For migration assay, DU145 (4 x 10%/well) and

PC-3 (8 x 10%well), cells were thoroughly
resuspended in serum-free media and placed
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in the upper chambers of transwell plates
(Corning, New York City, USA). Simultaneously,
the finished medium enriched with 20% FBS
was introduced to the Transwell plate’s lower
chamber. The cells on the bottom surface of
the upper chambers were fixed with 4% para-
formaldehyde for 30 minutes and stained with
crystal violet for 30 minutes after the pre-
scribed culture times (DU145 for 24 hours;
PC-3 for 48 hours). Using an inverted micro-
scope (Olympus, Tokyo, Japan), migratory cells
were counted in three random visual fields. The
bottom surface of the Transwell upper chamber
was precoated with diluted matrigel (Corning,
New York City, USA) for the invasion test, and
the other methods were the same as for the
migration experiments.

Wound-healing assay

The following wound healing tests were carried
out. When 90% confluency was obtained, cells
were planted on a 6-well plate and scraped
with a 200 | pipette tip. Original scratch widths
were recorded, then the scratch widths of PC-3
after 24 hours and DU145 after 36 hours were
measured. The percentage of wound healing
was calculated as the following formula: (origi-
nal scratch width - scratch width after healing)/
(original scratch width) x 100%.

RNA-seq analysis

TRIzol® Reagent was used to extract total RNA
from DU145 cells transfected with shRNA for
ANLN or control shRNA according to the manu-
facturer’s instructions (Magen). RNA samples
were detected using a Nanodrop ND-2000
system (Thermo Scientific, USA) and the RIN of
RNA was evaluated using an Agilent Bioanalyz-
er 4150 system (Agilent Technologies, CA,
USA). Only qualifying samples will be utilized to
build the library.lllumina Novaseq 6000 (App-
lied Protein Technology Co., Ltd., Shanghai,
China) was used to sequence the RNA of
DU145 cells transfected with shRNA for ANLN
or control shRNA.

Tumor xenografts in mice

Sixteen 6-week-old BALB/c nude mice were
randomly assigned to either the sh-NC or sh-
ANLN groups. 1 x 107/mouse DU145 cells (sta-
bly transfected with sh-ANLN or sh-NC plas-
mids) were subcutaneously injected into the
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right upper back of the nude mice. The lengths
and widths of the tumors were measured once
a week by digital calipers, and tumor volumes
were calculated using the formula: V = (length x
width?)/2. All animals were sedated, slaugh-
tered, and the tumors were subsequently
removed and gathered for immunohistochem-
istry (IHC) four weeks later. All laboratory ani-
mals were cared for and used in accordance
with institutional policies, and they were housed
in a pathogen-free environment.

Gene expression analysis

The ANLN gene expression dataset in prostate
cancer was obtained and analyzed from the
National Cancer for Biotechnology Information-
Gene Expression Omnibus (https://www.ncbi.
nim.nih.gov/geo/) and The Cancer Genome
Atlas (TCGA) database (https://www.cancer.
gov/ccg/research/genome-sequencing/tcga).

Statistical analyses

All experiments were repeated at least three
times. Prism 8 (GraphPad Software, San Diego,
USA) was used for all statistical analyses. For
comparisons, relevant statistical procedures
such as Student’s t-test, One-way ANOVA, Two-
way ANOVA, Wilcoxon matched-pairs signed-
rank test, Mann-Whitney U test, and chi-
squared test were employed depending on the
data type. The significant levels were set at: ns
P >0.05, *P < 0.05, **P < 0.01, ***P < 0.001
and ****P < 0.0001.

Results

ANLN was highly expressed in prostate cancer
and was associated with a poor prognosis

Previously, we used mRNA microarray analysis
to identify a set of differentially expressed
MRNAs in 5 matched PCa and ANP tissues
[29]. According to this data, ANLN was upregu-
lated in PCa (Figure 1A). Besides, we sequenc-
ed two pairs of wild-type and highly invasive
PC-3 cells and discovered that ANLN was sub-
stantially expressed in the highly invasive PC-3
(Figure S1A). Using gRT-PCR, we found that
ANLN expression was considerably higher in
PCa tissues (Figure 1B and 1C). The expression
of ANLN was greater in 24 (73.3%) PCa tissues
than in corresponding ANP tissues among 30
paired PCa tissues (Figure S1B). The mRNA
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Figure 1. ANLN is highly expressed in prostate cancer patients. A. The normalized intensity of ANLN in 5 paired PCa
and ANP tissues. **P < 0.01. B, C. Relative expression of ANLN in ANP and PCa tissues of 30 patients, analyzed
by qRT-PCR. *P < 0.05. D, E. Relative RNA levels of ANLN in prostate cancer and corresponding paraneoplastic tis-
sues in TCGA. **P < 0.01, ***P < 0.001. F. Relative RNA levels of ANLN in primary prostate cancer and metastatic
prostate cancer in GSE3325. **P < 0.01. G, H. The ANLN protein expression levels were increased in four prostate
cancer cell lines (PC-3, 22RV1, LNCaP and DU145) compared with those in the RWPE-1 cell line. ***P < 0.001,

***%*pP < 0.0001.

expression profile of ANLN in PCa was then vali-
dated using The Cancer Genome Atlas (TCGA)
database and the public GEO database. The
TCGA dataset revealed that ANLN mRNA
expression was increased in PCa compared to
normal controls (Figure 1D and 1E). The
GSE3325 dataset revealed that ANLN mRNA
expression was higher in metastatic prostate
cancer than in primary prostate cancer (Figure
1F). ANLN protein levels were measured in PCa
cell lines and normal prostate epithelial cells.
ANLN was shown to be strongly expressed in
PCa cell lines when compared to normal pros-
tate epithelial cells, particularly in DU145 and
PC-3 cells (Figure 1G and 1H). The Cancer
Genome Atlas (TCGA) database was then used
to examine the relationship between ANLN
expression and clinical prognosis. We discov-
ered that elevated ANLN expression was asso-
ciated with advanced T stage, N stage, higher
Gleason score, and prostate-specific antigen
(PSA) level (Figure 2A-D). ANLN expression and
other clinical characteristics in prostate cancer
patients were analyzed in Table 1. Patients
with greater ANLN expression exhibited a worse
prognosis, according to Kaplan-Meier survival
curves (Figure 2E and 2F).
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ANLN regulated proliferation in prostate can-
cer cells

To further explore the biological functions of
ANLN in PCa, we first established ANLN knock-
down and overexpression systems using si-
ANLN and ANLN-copGFP-pLVX-Puro in PC-3 and
DU145 cells. After transfection with si-ANLN or
ANLN-copGFP-pLVX-Puro, ANLN was drastically
downregulated or upregulated, showing that
the systems were successfully created. gRT-
PCR and Western blot were used to assess
the efficacy of knockdown and overexpression
(Figure 3A-D). Next, we conducted a series of
ANLN cell function experiments. The knocking-
down of ANLN dramatically decreased cell pro-
liferation in PC-3 and DU145 cells, according to
cell proliferation assays (Figure 3E and 3F),
whereas overexpressing ANLN dramatically
increased cell proliferation in PC-3 and DU145
cells (Figure 3G and 3H). Similar to this, colony
formation experiments showed that colony
numbers were significantly reduced when ANLN
was silenced and drastically raised when ANLN
was overexpressed (Figure 3I-L). This data pro-
vides more evidence for the impact of ANLN on
PCa cell proliferation. The EdU test consistently
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Figure 2. ANLN was highly expressed in advanced prostate cancer and was associated with a poor prognosis. A. The
correlation between T stage and ANLN expression in prostate cancer. ***P < 0.001. B. The correlation between N
stage and ANLN expression. ***P < 0.001. C. The correlation between Gleason scores and ANLN expression. *P
< 0.05, ***P < 0.001. D. The correlation between PSA levels and ANLN expression. **P < 0.01. E. Kaplan Meier
curves showed the correlation between ANLN expression and PFl in patients with prostate cancer according to
TCGA database. F. Kaplan Meier curves showed the correlation between ANLN expression and OS in patients with

prostate cancer according to TCGA database.

confirmed that ANLN downregulation signifi-
cantly reduced the percentages of EdU-positive
cells in PC-3 and DU145 cells, indicating a
lower proliferation capacity (Figure 3M and
3N). However, the overexpression of ANLN
increased the proportions of EdU-positive cells
in PC-3 and DU145 cells, indicating an im-
proved capacity for proliferation (Figure 30 and
3P). Since ANLN dramatically influenced PCa
cell proliferation, we next investigated whether
knockdown or overexpression of ANLN caused
PCa cell proliferation to be inhibited or promot-
ed as a result of arrest in a particular phase of
the cell cycle. ANLN deficiency halted the cell
cycle at the G1/S junction in PCa cells, accord-
ing to flow cytometry studies (Figure 4A-D). In
contrast, ANLN increase of function accelerate
the cell cycle’s transition from the G1 to the S
phases (Figure 4E-H).

ANLN inhibits the migration and invasion of
PCa cells

We used wound-healing and Transwell assays
to more clearly characterize the roles of ANLN
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in PCa cell migration and invasion. In wound-
healing experiments, ANLN depletion lowered
the wound-healing rates of DU145 and PC-3
cells, which was consistent with the prolifera-
tion findings (Figure 5A, 5B). However, ANLN
overexpression dramatically increased the wo-
und-healing rates (Figure 5C, 5D). Transwell
migration and invasion assay findings revealed
that, in comparison to the control groups, ANLN
knockdown reduced the number of migrating
and invading cells (Figure 5E-H). In comparison
to the control groups, ANLN overexpression sig-
nificantly enhanced cell counts for migration
and invasion (Figure 5I-L).

ANLN expression was positively associated
with IGF2BP1 expression and MAPK pathways

We performed mRNA-seq on DU145 cells trans-
fected with sh-NC or sh-ANLN to better clarify
the molecular mechanisms of ANLN in prosta-
te cancer progression. Sequencing identified
987 genes that were substantially differently
expressed, with 169 being upregulated and
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Table 1. Correlation between ANLN expression and clinicopatho-

logical characteristics in PCa

Anillin promotes prostate cancer progression

(RBP) family with three mem-
bers (IGF2BP1-3). IGF2BP1 is

Low expression High expression

the most conserved posttran-

Characteristics of ANLN of ANLN Pvalue scriptional regulator in the fam-
n 250 251 ily of IGF2BP proteins, and it is
Pathologic T stage, n (%) <0.001 commonly believed to induce
T2 121 (24.5%) 68 (13.8%) pro-oncogenic, pllro-prol|ferat|ve
cancer tendencies. However,

T3 122 (24.7%)  172(34.8%) the study of IGF2BP1 in pros-
T4 3(0.6%) 8(1.6%) tate cancer remains unclear.

Pathologic N stage, n (%) 0.002 Therefore, we chose IGF2BP1
NO 174 (40.7%) 174 (40.7%) for subsequent analyses. Ta-
N1 25 (5.8%) 55 (12.9%) ken together, these data indi-

Gleason score, n (%) <0.001 cated that IGF2BP1 may be a
6 34 (6.8%) 12 (2.4%) potential downstream target of
7 149 (29.7%) 99 (19.8%) ANLN.. ANLN has the p.otenFiaI
s 28 (5.6%) 37 (7.4%) to activate the MAPK signaling
9810 39 (7.8%) 103 (20.6%) pathway.

PSA (ng/ml), n (%) 0.026 ANLN promotes prostate can-
<4 216 (48.6%) 201 (45.3%) cer progression via IGF2BP1
>4 8 (1.8%) 19 (4.3%)

PFl event, n (%) < 0.001 We then intended to further
No 220 (43.9%) 187 (37.3%) elucidate the functions of the
Yes 30 (6%) 64 (12.8%) ANLN and IGF2BP1 in prostate

Note: The ANLN low and high-expression groups were divided by the median

ANLN expression value.

818 being downregulated (Figure 6A and 6B).
Furthermore, pathway analysis using data from
the Kyoto Encyclopedia of Genes and Genomes
(KEGG) revealed that the MAPK signaling path-
way was the most significantly enriched (Fi-
gure 6C). Western blot was used to ascertain if
ANLN might impact the expression levels of
MAPK related proteins such as p-ERK1/2,
p-P38, t-ERK1/2, and t-P38. The expression of
ERK1/2 and P38 phosphorylation levels were
considerably decreased after ANLN knock-
down, but there was no discernible change in
total ERK1/2 and P38 expression (Figure 6D
and 6E). Overexpression of ANLN could in-
crease phosphorylated ERK1/2 and P38 with-
out altering the total ERK1/2 and P38 (Figure
6D and 6E). We further screened the differen-
tial genes as well as experimentally validated
them. RT-gPCR and western blotting revealed
that IGF2BP1 was significantly downregulated
in ANLN-knockdown prostate cancer cells and
clearly increased in ANLN-overexpressing cells
(Figures 6D, 6E and S2A-D). These findings
showed that ANLN increased IGF2BP1 expres-
sion. IGF2BPs are an RNA-binding protein
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carcinogenesis by transfection
with NC and IGF2BP1-copGFP-
pLVX-Puro in ANLN- knockdown
PC-3 and DU145 cells. Prostate
cancer cell growth and proliferation were con-
siderably reduced by ANLN knockdown, and
these effects were partially reversed by IGF-
2BP1 transfection (Figure 6F-J). Proliferation
analysis utilizing EdU assays produced com-
parable outcomes (Figures 7A, 7B, S3A and
S3B). Moreover, wound-healing assays, tran-
swell migration, and invasion experiments
revealed that ANLN knockdown inhibited cell
migration and invasion, which were reversed by
IGF2BP1 transfection (Figure 7C-G). Further-
more, knocking down IGF2BP1 in ANLN overex-
pression cells will rescue the promoting effect
of ANLN overexpression on the proliferation,
migration and invasion of prostate cancer cells

(Figures S4 and S5).

ANLN promotes prostate cancer develop-
ment by stabilizing the proto-oncogene c-Myc
and activating the MAPK signaling pathway
through IGF2BP1

As a post-transcriptional regulator, IGF2BP1

affects the transport, translation, and degrada-
tion of numerous target mRNAs, including MYC

Am J Cancer Res 2024;14(2):490-506
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Figure 3. ANLN promotes PCa cell proliferation in vitro. A-D. gPCR and western blot analysis showing the knock-
down and overexpression efficiency of ANLN. ****P < 0.0001. E-H. Analysis of cell viability in ANLN knockdown
and overexpression prostate cancer cells using CCK-8 kit. **P < 0.01, ***P < 0.001, ****P < 0.0001. I-L. Colony
formation assay was performed to determine the proliferation of PC-3 and DU145 cells harboring the different vec-
tors indicated. ****P < 0.0001. M-P. Result of EdU assay showing the cell proliferation in ANLN knockdown and
overexpression prostate cancer cells. **P < 0.01, ****P < 0.0001. Scale bar = 100 pym.

MRNA [15]. IGF2BP1 has been demonstrated
to enhance pro-oncogenic powers by sustain-
ing transcription factor expression, which is
also crucial for NEN formation and develop-
ment, by preventing MYC mRNA from being
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degraded by endonucleases [30, 31]. It was
recently hypothesized that IGF2BP1 regulates
MYC mRNA via m6A (N6-methyladenosine)
post-transcriptional modification. IGF2BP1 was
defined mechanistically as a “m6Areader”, with
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overexpression decreased the percentage of GO/G1 phase and increased the distribution of S phase in DU145 and
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a preference for association with m6A-modified
target mRNAs, leading in the protection of
target mRNAs from degradation and, as a
result, increased protein synthesis [32]. In this
research, we found that protein expression of
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both IGF2BP1 and c-Myc was reduced after the
knockdown of ANLN. However, protein expres-
sion of both IGF2BP1 and c-Myc was elevated
after overexpression of ANLN (Figure 8A). We
next explored whether IGF2BP1 mediates the
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Figure 7. ANLN enhances proliferation and metastasis of PCa cells by regulating IGF2BP1. A, B. Result of EdU assay
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regulation of c-Myc by ANLN. Further studies
showed that overexpression of IGF2BP1 re-
stored the decrease of c-Myc protein caused by
ANLN knockdown (Figure 8B). This suggests
that ANLN may stabilize the expression of the
proto-oncogene c-Myc by regulating IGF2BP1.
A previous study reported that IGF2BP1 can
regulate the MAPK signaling pathway [33].
Thus, the current work investigated whether
ANLN served as an activator of the MAPK signal
pathway in PCa by targeting IGF2BP1. After
ANLN knockdown, phosphorylated proteins,
such as p-ERK1/2, were significantly downreg-
ulated in PCa cells, however this result was
restored by IGF2BP1 overexpression (Figure
8C). Therefore, it was speculated that ANLN
activated the MAPK signal pathway by targeting
IGF2BP1 in PCa.These results showed that
ANLN promoted prostate cancer progression
by targeting IGF2BP1 to stabilize the proto-
oncogene c-Myc and activate the MAPK signal-
ing pathway.

Knockdown of ANLN suppressed prostate tu-
mor growth in vivo

We successfully created DU145 cells stably
expressing shANLN or control cells and injected
them into nude mice to further investigate the
impact of ANLN on tumor formation in vivo.
When compared to the sh-NC group, the sh-
ANLN transfectants had a lower tumor forma-
tion proportion, tumor growth rate, and tumor
weight (Figure 8D-G). IHC analysis showed that
IGF2BP1, c-Myc, and p-ERK1/2 were expressed
at low levels in the ANLN- knockdown group,
whereas ERK1/2 was unregulated (Figure 8H).
Overall, our data revealed that ANLN knock-
down prevented prostate carcinogenesis in
VIVO.

Discussion

Prostate cancer is a common male malignancy
with a high mortality rate [34]. The pathophysi-
ological mechanisms that promote the develop-
ment of prostate cancer remain unclear.
Despite the fact that PSA tests have been used
for clinical diagnosis for decades, meaningful
predictive markers have yet to be discovered.
In our previous study [29], we found that ANLN
showed a high expression in prostate cancer.
Anillin (ANLN) is a Drosophila-derived actin-
binding protein that is predominantly identified
in cytokinesis [4, 35]. ANLN is recognized as
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the primary organizer in the center of the cyto-
Kinetic machinery because it can draw multiple
important cell division-related elements, includ-
ing F-actin, myosin Il, and septins, to the cleav-
age furrow during cytokinesis [36]. Previous
research has demonstrated that ANLN is
increased in a range of malignancies and may
be used as a potential biomarker for predicting
the prognosis of cancer. For instance, it was
shown that ANLN expression was enhanced in
bladder urothelial carcinoma and that it was
linked to a worse prognosis [37]. Consistent
with previous findings, our findings demonstrat-
ed that ANLN expression was dramatically
enhanced in prostate cancer tissues, and cells,
and increased ANLN expression was strongly
associated with the TNM stage, prostate-spe-
cific antigen (PSA) level, and higher Gleason
scores in prostate cancer. Moreover, we showed
that high ANLN expression was independently
associated with a poor prognosis. Furthermore,
based on our functional research, we discov-
ered that ANLN was tumorigenic. ANLN knock-
down dramatically reduced cell proliferation,
migration, and invasion in bladder urothelial
cancer, which was consistent with our findings
[37]. ANLN knockdown drastically reduced pan-
creatic cancer cell proliferation, migration, and
invasion [13]. Thus, our findings suggest that
treatment methods based on ANLN regulation
techniques might be a promising strategy for
preventing prostate cancer progression.

The mechanism by which ANLN functions in
PCa is unknown so far. We utilized RNA-seq to
identify candidates of ANLN downstream tar-
gets and found IGF2BP1 to be downregulated
in prostate cancer cells with ANLN knockdown
and there was a positive correlation between
ANLN and IGF2BP1 expression in PCa cells. As
a m6A reader, IGF2BP1 enhances target mRNA
stability and modulates RNA alterations, ulti-
mately contributing to carcinogenesis [38].
IGF2BP1 stabilized c-Myc and MKI67 mRNA in
hepatocellular carcinoma (HCC) and elevated
serum response factor expression in a m6A-
dependent way, promoting HCC development
and invasion [38]. In the present study, we
found that restoring IGF2BP1 partially reversed
the effects of ANLN knockdown on prostate
cancer cell proliferation, colony formation, cell
migration, and cell invasion. Further research
revealed that increased c-Myc might promote
tumor progression. Mechanistically, we found
that overexpression of IGF2BP1 restored the
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Figure 9. Schematic diagram for the role of ANLN in prostate cancer progression. ANLN promotes prostate cancer
progression by regulating IGF2BP1 to stabilize the proto-oncogene c-Myc and activate the MAPK signaling pathway.

inhibitory effect of the knockdown of ANLN on
c-Myc. These findings showed that ANLN-
induced IGF2BP1 overexpression contributes
to prostate cancer development.

MAPK signaling pathways play critical roles in
translating extracellular inputs into a variety of
cellular responses [39]. Three primary MAPKs,
ERK, JNK, and p38, are activated at the begin-
ning of many tumor types by mitogens or envi-
ronmental stress [39]. Despite the complexity
of MAPKs’ role in the growth of tumors, it is
known that they regulate the migration, prolif-
eration, and survival of some cancer cells [39].
The MAPK signal pathway was substantially
enriched in the genes with significant enrich-
ment, according to KEGG enrichment analysis
of DU145 cells transfected with ANLN shRNA.
The MAPK signal pathway is widely recognized
for orchestrating widespread tumor character-
istics as proliferation, migration, and invasion.
MAPK signaling has been shown to be abnor-
mally active in prostate cancer. Still, the specif-
ic signaling pathway of ANLN in PCa cells
has not been determined. Our present findings
revealed that ANLN induced phosphorylation of
p38 and ERK1/2 in PCa cell lines, which was
prominently inhibited by ANLN knockdown, sug-
gesting that ANLN enhances the phosphoryla-
tion of p38 and ERK1/2 MAPKs to activate the
MAPK signaling pathway in PCa cells.
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Furthermore, IGF2BP1 has been shown to acti-
vate the MAPK signaling pathway by inducing
ERK phosphorylation, which was verified in the
present investigation [40]. Further research
revealed that the effects of ANLN knockdown
on the MAPK signal pathway were partially
reversed by IGF2BP1 restoration. This sug-
gests that ANLN may play a role in promoting
prostate cancer progression by regulating
IGF2BP1 to activate the MAPK signaling
pathway.

In conclusion, our research showed that ANLN
overexpression in advanced prostate cancer
tissues and cells was correlated with poor out-
comes. Furthermore, we discovered that ANLN
served as a regulator of cell proliferation,
migration, and invasion. Mechanistically, ANLN
promotes prostate cancer progression by regu-
lating IGF2BP1 to stabilize the proto-oncogene
c-Myc and activate the MAPK signaling path-
way (Figure 9). Overall, our findings showed
that ANLN might be used as a biomarker for
prostate cancer prognosis.
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Table S1. The sequences of siRNAs

SiRNAs Sense (5’-3) Antisense (5’-3’)

si-ANLN-1 UCACAUCUAUAACCACAAATT UUUGUGGUUAUAGAUGUGAGG
si-ANLN-2 GCCUCUUUGAAUAAAGCCCUA UAGGGCUUUAUUCAAAGAGGC
si-IGF2BP1 CCAUCCGCAACAUCACAAATT UUUGUGAUGUUGCGGAUGGTT
si-NC UUCUCCGAACGUGUCACGU ACGUGACACGUUCGGAGAA

Table S2. The sequences of gene fragments cloned into plasmids

ShRNAs Sequence (5’-3)

sh-ANLN-1 CCGGCCTCACATCTATAACCACAAACTCGAGTTTGTGGTTATAGATGTGAGG TTTTTG
sh-ANLN-2 CCGGGCAAACAACTAGAAACCAACTCGAGTTGGTTTCTAGTTGTTTGCTTTTTTG
sh-NC TTCTCCGAACGTGTCACGTCTCGAGACGTGACACGTTCGGAGAATTTTT

Table S3. The sequences of primers for gRT-PCR

Primers Forward (5°-3’) Reverse (5’-3)

ANLN TGCCAGGCGAGAGAATCTTC CGCTTAGCATGAGTCATAGACCT
IGF2BP1 GCGGCCAGTTCTTGGTCAA TTGGGCACCGAATGTTCAATC
B-actin CATGTACGTTGCTATCCAGGC CTCCTTAATGTCACGCACGAT
GAPDH GGAGCGAGATCCCTCCAAAAT GGCTGTTGTCATACTTCTCATGG

Table S4. Primary antibodies used in this study

Target Dilution Company Catalog Number
ANLN 1:800 SantaCruz sc-271814
IGF2BP1 1:5000 Proteintech 22803-1-AP
Total-ERK1/2 1:2000 Proteintech 11257-1-AP
phospho-ERK1/2 1:5000 Proteintech 28733-1-AP
phospho-p38 MAPK 1:1000 Proteintech 28796-1-AP
Total-p38 MAPK 1:1000 Proteintech 14064-1-AP
c-MYC 1:5000 Proteintech 10828-1-AP
GAPDH 1:5000 Proteintech 10494-1-AP
Alpha Tubulin 1:5000 Proteintech 11224-1-AP
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Figure S1. A. The normalized intensity of ANLN in two pairs of wild-type and highly invasive PC-3 cells. **P < 0.01.
B. The expression ratio of ANLN in PCa and ANP tissues of 30 patients.
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Figure S2. A, B. RT-qPCR was used to detect the efficiencies of ANLN knockdown. ****P < 0.0001. C, D. RT-qPCR

result showing the expression of IGF2BP1 in PC-3 and DU145 cells treated with ANLN knockdown. **P < 0.01,
***P < (0,001, ****P < 0.0001.
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Figure S3. A, B. Result of EdU assay showing the cell proliferation in PC-3 cell expressing the different constructs. ns
P >0.05, ****P < 0.0001. Scale bar = 100 ym.
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Figure S4. Knocking down IGF2BP1 in ANLN overexpression cells will rescue the promoting effect of ANLN over-
expression on the proliferation of prostate cancer cells. A. Western blot analysis of ANLN and IGF2BP1 expression
in PC-3 and DU145 cells expressing different vectors. B, C. Cell mobility was assessed by CCK-8 assays in cells
expressing the different constructs. ****P < 0.0001. D-G. Result of EdU assay showing the cell proliferation in PC-3
and DU145 cells expressing the different constructs. **P < 0.01. Scale bar = 100 um.
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Figure S5. Knocking down IGF2BP1 in ANLN overexpression cells will rescue the promoting effect of ANLN overex-
pression on the migration and invasion of prostate cancer cells. A-D. Representative images and quantification of
cell migration and invasion in DU145 and PC-3 cells were measured using transwell assays. **P < 0.01, ***P <
0.001, ****P < 0.0001. E, F. Representative images of the wound-healing assays for prostate cancer cells express-
ing different vectors. **P < 0.01, ***P < 0.001. Scale bar = 100 um.



