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A b s t r a c t

Introduction: Prostate cancer (PCa) is a leading malignancy in men, yet the roles 
of  many candidate regulators remain unclear. Neuroblastoma breakpoint 
family member 1 (NBPF1) has been implicated as a tumor suppressor in other 
cancers; however, its function and clinical relevance in PCa remain undefined.
Material and methods: NBPF1 expression was examined in tissue microarrays 
(TMAs) comprising 77 PCa tumors and 73 normal prostate tissues using 
immunohistochemistry, and its correlation with clinicopathological features 
and outcomes was assessed. NBPF1 gain- and loss-of-function models were 
established in PCa cell lines (LNCaP, DU145, PC3, 22RV1) and compared with 
RWPE-1 cells. Proliferation (CCK-8, EdU, colony formation), migration/invasion 
(wound healing, Transwell), and protein expression (qRT-PCR, Western blot) 
were assessed. In vivo oncogenic effects were evaluated using PC3 xeno-
grafts (n = 5 per group). RNA-seq of  NBPF1-silenced PC3 cells, as well as 
KEGG analysis, was used to identify downstream pathways.
Results: NBPF1 was markedly downregulated in PCa compared with normal 
prostate, and low expression was associated with adverse features (e.g., higher 
Gleason grade) and poorer prognosis. NBPF1 overexpression suppressed 
proliferation, migration, and invasion, whereas NBPF1 knockdown had 
the  opposite effects. In mice, NBPF1 loss accelerated tumor growth. Tran-
scriptomic profiling implicated the  PI3K/AKT signaling pathway as a  key 
downstream pathway; concordantly, NBPF1 loss increased p-AKT and elevated 
MMP2/MMP9 expression, while NBPF1 overexpression reduced pathway ac-
tivation and protease expression.
Conclusions: NBPF1 functions as a tumor suppressor in PCa, inhibiting pro-
gression at least partly through modulation of the PI3K/AKT pathway. NBPF1 
may serve as a prognostic biomarker and a potential therapeutic target in 
prostate cancer.

Key words: prostate cancer, NBPF1, cell proliferation, cell invasion, PI3K/
AKT.
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Introduction

Prostate cancer (PCa) poses a  significant and 
growing threat to men’s health globally, with its 
prevalence notably increasing among aging de-
mographics [1]. Although diagnostic and thera-
peutic strategies have advanced, a  substantial 
proportion of patients still progress to advanced 
disease stages [2–4]. For these cases, androgen 
deprivation therapy (ADT) continues to serve as 
the foundational therapeutic strategy. Despite its 
established efficacy in initial disease control [5–8], 
the  emergence of  treatment resistance is nearly 
universal, ultimately driving disease progression 
to the lethal castration-resistant PCa (CRPC) stage 
[9–12]. Like most cancers, PCa is understood as  
a  multifactorial disease involving genetic, epige
netic, and molecular signaling abnormalities  
[4, 13–17]. However, the precise molecular mecha
nisms underlying this disease remain unclear. 
Consequently, deciphering the key molecular en-
tities that orchestrate PCa initiation and progres-
sion is critically important, as it will identify novel 
therapeutic targets to counteract treatment resis-
tance and enhance clinical outcomes.

The NBPF1 gene is part of the Neuroblastoma 
Breakpoint Family (NBPF), and its link to cancer 
was established early on by the  identification of   
a constitutional translocation involving NBPF1 in  
a neuroblastoma case. Beyond this oncogenic con-
text, NBPF1 protein function is implicated in neu-
ral development and has associations with certain 
developmental disorders [18, 19]. High-throughput 
omics technologies have revolutionized the  dis-
covery of  genes with previously unknown tu-
mor suppressor function. A  pan-cancer analysis 
of  chr1p36-deleted regions, a  genomic desert 
that is recurrently lost in aggressive malignancies, 
prioritized NBPF1 as a candidate tumor suppres-
sor [20]. Accumulating studies have established 
a tumor-suppressive role for NBPF1, which curbs 
neoplastic cell proliferation, growth, and cell cycle 
advancement by specifically inhibiting the phos-
phatidylinositol 3-kinase (PI3K)/protein kinase B 
(AKT) signaling cascade [21–23]. Furthermore, its 
downregulation is consistently associated with un-
favorable prognosis, underscoring the clinical rele-
vance of NBPF1 as a prognostic biomarker [24, 25]. 
Nonetheless, the functional significance of NBPF1 
in PCa and the  mechanistic basis for its actions 
are still not fully defined. To address this gap, our 
study builds upon prior work to delineate the mo-
lecular mechanism of NBPF1 in PCa pathogenesis 
and evaluate its feasibility as a therapeutic target.

To achieve these objectives, we comprehen-
sively evaluated the expression profile and clinical 
significance of  NBPF1 in PCa by integrating bio-
informatics with experimental validation. Through 
a  combination of  gain- and loss-of-function ap-

proaches, transcriptome sequencing, and down-
stream pathway analyses, we elucidated the cen-
tral involvement of NBPF1 in inhibiting the PI3K/AKT 
pathway to thereby impede PCa progression. Col-
lectively, this work aims to clarify the  potential 
mechanisms by which NBPF1 can influence PCa 
development, underscoring its functional signifi-
cance and providing a  foundational rationale for 
developing novel targeted therapies.

Material and methods

Patient specimens and clinical data

A PCa tissue microarray (TMA) was purchased 
from Wellbio Biotech (Shanghai, China), which 
included specimens from 77 PCa patients and 73 
normal prostate tissues. Clinical and pathological 
data provided by the supplier included patient age, 
TNM stage, Gleason score, Ki-67 staining intensi-
ty, and androgen receptor (AR) expression status. 
All patient data were anonymized, and the study 
protocol received approval from the  institutional 
ethics committee (Approval No. LLS M-15-01).

Cell culture and transfection

The  human immortalized prostate epithelial 
cell line RWPE-1, along with a  panel of  PCa cell 
lines (LNCaP, 22RV1, PC3, and DU145), was ob-
tained from the Cell Bank of the Chinese Academy 
of Sciences (Shanghai, China). These PCa cell lines 
were propagated in RPMI-1640 medium, supple-
mented with 10% fetal bovine serum (FBS; Gibco, 
Thermo Fisher Scientific, Waltham, MA, USA), 
while the RWPE-1 cells were grown in Keratinocyte 
Serum-Free Medium (KSFM; Gibco). All cultures 
were kept at 37°C in a  humidified environment 
with a 5% CO

2 atmosphere.
Gene modulation of  NBPF1 expression was 

achieved through lentiviral vectors. Knockdown 
was performed using specific short hairpin RNAs 
(shRNAs) against NBPF1, which were commer-
cially sourced from Tsingke Biotech (Guangzhou, 
China). Conversely, for overexpression, the NBPF1 
coding sequence was cloned into the  pcSLenti-
CMV-MCS-3xFLAG-Puro-WPRE lentiviral construct, 
purchased from Obio Technology (Shanghai, Chi-
na). All relevant oligonucleotide sequences are de-
tailed in Supplementary Table SI.

RNA extraction, reverse transcription,  
and quantitative real-time PCR (qRT-PCR)

Total RNA was isolated from cultured cells with 
an RNA Purification Kit (EZBioscience, Roseville, 
MN, USA). RNA quantity and quality were verified 
with a Nanodrop 2000 spectrophotometer (Thermo 
Fisher Scientific). Immediately afterward, the  re-
verse-transcribed products were generated from 
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equal amounts of RNA using the All-in-one RT Kit 
(Vazyme, Nanjing, China). Quantitative RT-PCR 
reactions were subsequently set up employing 
the ChamQ SYBR qPCR Master Mix Kit (Vazyme) on  
a  QuantStudio 5 PCR System (Thermo Fisher 
Scientific), running under the recommended ther-
mal regimen and concluding with melt-curve eva
luation. For quantification, NBPF1 transcript levels 
were normalized against the GAPDH endogenous 
control; thereafter, fold-change values were calcu-
lated using the  comparative 2–DDCT approach. All 
primer sequences utilized are provided in Supple-
mentary Table SI.

Western blot analysis

Cellular proteins were harvested by incubat-
ing cells on ice for 30 min with RIPA lysis buffer 
(Beyotime, Shanghai, China), with added prote-
ase and phosphatase inhibitors (Beyotime). After 
centrifugation, the  resulting supernatants were 
collected for concentration measurement using 
the Enhanced BCA Protein Assay Kit (Beyotime). 
Equivalent protein quantities for each lane were 
first resolved on an SDS–polyacrylamide gel (SDS-
PAGE) and then electro-transferred onto polyvi-
nylidene fluoride (PVDF) membranes (Millipore, 
Burlington, MA, USA). The  PVDF supports were 
subjected to a blocking step with 5% skim milk or 
bovine serum albumin (BSA) solution, followed by 
an overnight incubation with primary antibodies 
at 4°C. Following wash steps, the blots were then 
allowed to bind horseradish peroxidase (HRP)-
tagged secondary antibodies during a 1-hour in-
cubation set at 22–25°C. Immunoreactive bands 
were detected using an enhanced chemilumines-
cence (ECL) kit (UElandy, Suzhou, China), and all 
antibodies employed are cataloged in Supplemen-
tary Table SII.

Cell proliferation, colony formation, 
and 5-ethynyl-2’-deoxyuridine (EdU) 
incorporation assays

Cell proliferation was evaluated through three 
complementary approaches. In the  CCK-8 assay, 
1,000 cells/well were seeded in 96-well plates, 
treated as indicated, and incubated with CCK-8 re-
agent (Beyotime). Optical density at 450 nm was 
scanned every 24 h for 5 days using a Varioskan 
LUX platform (Thermo Fisher Scientific). In the col-
ony formation assay, 1,000 cells/well were plated 
in 6-well plates and allowed to grow for 10–14 
days. The  resulting colonies were fixed with 4% 
paraformaldehyde (PFA; Leagene, Beijing, China), 
stained with 0.1% crystal violet (Beyotime), and 
quantified using ImageJ software. The EdU labeling 
step was executed using the commercially avail-
able Cell Proliferation Kit (Beyotime). After 2-hour 

EdU labeling, cells were fixed, permeabilized, and 
immunostained using the protocol enclosed with 
the kit. Cells that incorporated EdU were imaged 
with a Nikon fluorescence system (Tokyo, Japan) 
and quantified using the  DAPI-stained nuclei, 
which were used to label all cell nuclei for accurate 
determination of the proliferation rate.

Cell migration and invasion assays

During the  wound-healing assay, a  defined 
scratch was introduced into confluent layers using 
a sterile pipette tip, and serial images of the result-
ing defect were acquired at time zero and follow-
ing full-day incubation. Transwell migration assay 
began by plating 5 × 104 serum-starved cells into 
6.5 mm, 8 µm Corning inserts (Corning, NY, USA), 
and a  20% FBS-containing medium was posi-
tioned below to act as an attractant. After 24–48 h, 
movers on the underside were first treated with 
4% PFA, then dyed with crystal violet, and final-
ly enumerated in three microscopic fields (200×) 
chosen at random per filter. The  invasion assay 
followed the  same procedures as the  migration 
assay, with the exception that the Transwell mem-
branes were pre-coated with a  layer of  Matrigel 
(Corning) to simulate the  extracellular matrix 
(ECM) barrier.

Cell cycle analysis

Cell-cycle phase distribution was evaluated on 
a flow cytometry using a commercial detection re-
agent (Keygen, Nanjing, China). Cells cultured in 
6-well plates were harvested at 80% confluency, 
fixed overnight in chilled 70% ethanol at 4°C, and 
later treated with propidium iodide (PI)/RNase A. 
The prepared cell samples were subjected to flow 
cytometric analysis on a  CytoFLEX instrument 
(Beckman Coulter, Brea, CA, USA). The  relative 
proportions of  each phase were calculated from 
the DNA histograms by means of ModFit software 
(Verity Software House, Topsham, ME, USA).

Subcutaneous xenograft tumor model

All procedures involving animals were per-
formed in compliance with the  institution’s eth-
ical guidelines under an approved protocol (Ap-
proval No. KY-Z-2022-257-01). A  cohort of  male 
BALB/c nude mice, maintained under specific 
pathogen-free condition, were subcutaneously in-
oculated with PC3 cells (5 × 106 cells/mouse) sta-
bly transduced with either NBPF1-specific shRNA 
(sh-NBPF1) or a  control shRNA (sh-NC). Tumor 
growth was measured every 5 days by caliper 
measurement, with volume estimated as (length 
× width2)/2. At the final time-point (day 28), mice 
were humanely killed, after which the  xenograft 
masses were dissected for weighing, photographic 
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documentation, and fixation in 4% PFA for subse-
quent histological analysis.

Immunohistochemistry (IHC)

Mouse tumor tissues underwent fixation in 
4% formaldehyde and were left overnight (~24 h) 
under room-temperature conditions, followed by 
routine paraffin embedding. Sections from human 
TMA and mouse tumor paraffin blocks under-
went deparaffinization in xylene, graded ethanol 
rehydration, and antigen retrieval in citrate buf-
fer (pH 6.0, 95°C). Endogenous peroxidases were 
quenched with 3% H

2O2, and blocked for non- 
specific binding with 5% BSA. Following overnight 
4°C incubation with primaries, the sections were 
exposed to HRP-labelled secondary antibodies for 
0.5 h at 22–25°C. Signals were developed using 
a DAB substrate, followed by hematoxylin coun-
terstaining, dehydration, and mounting. Staining 
intensity and distribution were quantitatively 
evaluated using Visiopharm software (Visiopharm, 
Hørsholm, Denmark), with antibodies detailed in 
Supplementary Table SII.

Database analysis

Publicly available datasets were interrogated 
to assess the expression patterns and clinical rel-
evance of NBPF1 in PCa. Integrated analyses in-
corporated gene expression and clinical data from 
The Cancer Genome Atlas (TCGA), the Genotype-
Tissue Expression (GTEx) project, and the  Gene 
Expression Omnibus (GEO) under accession 
GSE46602. Somatic mutation profiles were ac-
quired from the  cBioPortal platform. Genes dif-
fering in expression between the high- and low-
NBPF1 expression subsets were extracted and 
subsequently mapped onto Kyoto Encyclopedia 
of Genes and Genomes (KEGG) pathways for en-
richment assessment.

RNA sequencing (RNA-seq) data analysis

Libraries prepared from NBPF1-knockdown 
and vector-control PC3 cells were sequenced 
on an Illumina instrument. Raw reads were first 
screened with FastQC for quality control met-
rics, subsequently mapped to GRCh38 (hg38) by 
means of  STAR, and finally quantified as FPKM 
(fragments per kilobase of  transcript per million 
mapped reads). Differentially expressed genes 
(DEGs) were pinpointed with DESeq2 and subse-
quently subjected to functional enrichment anal-
ysis via KEGG.

Statistical analysis

Data were expressed as mean ± standard devia-
tion (SD). Inter-group comparisons were examined 

via Student’s t-test or one-way ANOVA, and surviv-
al outcomes were conducted using the Kaplan-Mei-
er method, with significance defined as p < 0.05. 
Analytical scripts were executed in R 4.3.2, with 
supplementary routines carried out in GraphPad 
Prism 10 (GraphPad Software, San Diego, CA, USA). 

Results

NBPF1 is downregulated in PCa  
and correlates with poor prognosis

A pan-cancer analysis from the TCGA repository 
revealed frequent downregulation of NBPF1 mRNA 
across multiple malignancies relative to adjacent 
normal tissues (Figure 1 A). This trend was con-
firmed in PCa through an integrated TCGA/GTEx 
dataset, which displayed significantly reduced 
NBPF1 transcript levels in tumors (p < 0.01; Fig- 
ure 1 B). Additionally, NBPF1 amplification and mu-
tations were frequently observed in PCa (Figure 1 C), 
with SPOP and TP53 emerging as the most com-
mon genetic alterations in both the high- and low-
NBPF1 expression groups (Figure 1 D). For poten-
tial prognostic significance, Kaplan-Meier analysis 
identified high NBPF1 expression as a  favorable 
prognostic factor, correlating with prolonged dis-
ease-specific survival, disease-free interval, and 
biochemical recurrence-free survival (Figure 1 E).

To corroborate these observations at the pro-
tein level, NBPF1 IHC staining was performed on 
PCa TMA slides. Representative NBPF1 IHC imag-
es are shown in Figure 2 A. Statistical analysis 
of the IHC results confirmed significant downreg-
ulation of NBPF1 protein in PCa tissues relative to 
corresponding benign counterparts (p < 0.05) (Fig- 
ure 2 B). To further assess the clinical implications 
of NBPF1 downregulation, we stratified PCa sam-
ples into high- and low-NBPF1 groups based on 
the H-score. The pie chart (Figure 2 C) illustrated 
a  pronounced clinical disparity: the  low-NBPF1 
cohort was enriched with patients exhibiting an 
advanced T stage, Gleason score greater than 7, 
and elevated Ki-67 expression. These observations 
indicate that reduced NBPF1 expression correlates 
with more aggressive tumor characteristics, in-
creased cell proliferation, and advanced disease 
progression.

NBPF1 inhibits PCa cell proliferation in vitro

We first profiled NBPF1 expression across a panel 
of prostate cell lines to explore its functional rele
vance in PCa. Mirroring the clinical observations, 
both transcriptional and protein analyses con-
firmed consistent downregulation of NBPF1 in all 
tested PCa lines (LNCaP, 22RV1, PC3, DU145) com-
pared to the non-malignant RWPE-1 cells. Among 
the  PCa lines, NBPF1 expression was highest in 
DU145, intermediate in PC3, and lowest in 22RV1 
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Figure 1. NBPF1 is downregulated in PCa and cor-
relates with poor prognosis in public databases.  
A  – Pan-cancer analysis of  NBPF1 mRNA levels 
from TCGA. B – NBPF1 mRNA levels in PCa tissues 
versus matched non-malignant tissues from TCGA 
and GTEx. C – Genomic alteration profile of NBPF1 
across human cancers from TCGA. D – Top mutated 
genes in high- versus low-NBPF1 expression groups 
within the TCGA-PRAD repository. E – Kaplan-Mei-
er analysis depicting disease-specific survival and 
disease-free interval in the  TCGA-PRAD cohort 
grouped by NBPF1 expression. F – Kaplan-Meier 
analysis illustrating biochemical recurrence-free 
survival in the GSE46602 cohort grouped by NBPF1 
expression

*P < 0.05; **P < 0.01; ***P < 0.001.
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(Figures 2 D, E). Accordingly, these three lines were 
selected for subsequent experiments.

Stable NBPF1 knockdown was generated in 
DU145 and PC3 cells, while stable overexpres-
sion was established in 22RV1 and PC3 cells using 
lentiviral transduction. The efficiencies of NBPF1 
knockdown and overexpression were ascertained 
by qRT-PCR and immunoblotting analyses (Fig- 
ures 2 F, G). NBPF1 knockdown significantly en-
hanced the colony-forming ability, as measured by 
colony formation assays, compared with the control 
cells (Figure 3 A). In contrast, NBPF1 overexpression 
reduced the colony formation ability (Figure 3 B). 
CCK-8 data confirmed these results, showing that 
NBPF1 knockdown accelerated the cell proliferation 
rate, while overexpression markedly inhibited pro-
liferation (Figures 3 C, D). EdU incorporation as-
says further supported these findings, showing in-
creased DNA synthesis in NBPF1-knockdown cells, 
while NBPF1 overexpression reduced the propor-
tion of EdU-positive cells (Figures 3 E, F).

NBPF1 inhibits PCa cell migration  
and invasion

Wound healing assays revealed a significantly 
higher migration rate in NBPF1-knockdown cells 

relative to controls (Figure 4 A). The results showed 
faster wound closure following NBPF1 knockdown, 
indicating that loss of NBPF1 could promote PC3 
and DU145 cell migration. However, NBPF1 over
expression yielded the opposite effect, manifesting 
as diminished cell motility of 22RV1 and PC3 cells 
(Figure 4 B). Transwell assays corroborated our  
prior data, demonstrating that NBPF1 knockdown 
significantly boosted the  capacities of  both PC3 
and DU145 cells to move through and invade re-
spective membrane substrates (Figure 4 C). These 
data suggest that NBPF1 acts as a negative regula-
tor of PCa metastasis, with its depletion enhancing 
the metastatic potential of PCa cells in vitro. Con-
versely, NBPF1 overexpression impaired the move-
ment of PC3 and 22RV1 cells (Figure 4 D), under-
scoring its restraining role in PCa dissemination. 

NBPF1 regulates cell cycle progression

Flow cytometry revealed that NBPF1 knockdown 
markedly altered the cell cycle profile and progres-
sion of PC3 and DU145 cells, primarily by reducing 
G0/G1 phase arrest and driving progression into 
S and G2/M (Figure 5 A). Conversely, NBPF1 over-
expression induced G0/G1 phase arrest, impeding 
cell cycle progression (Figure 5 B). At the molec-
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Figure 3. NBPF1 inhibits PCa cell proliferation in vitro. A, B – Colony formation in PC3 and DU145 cells after NBPF1 
knockdown (A) and in PC3 and 22RV1 cells after NBPF1 overexpression (B)

Co
lo

ny
 n

um
be

rs

Co
lo

ny
 n

um
be

rs

A

B

300

200

100

0

Co
lo

ny
 n

um
be

rs

300

200

100

0

400

300

200

100

0

Co
lo

ny
 n

um
be

rs

300

200

100

0

shNC shNCshNBPF1-1 shNBPF1-1shNBPF1-2 shNBPF1-2

PC3 DU145

shNC shNCshNBPF1-1

Vector Vector

shNBPF1-1shNBPF1-2

PC3

Vector OE-NBPF1

OE-NBPF1 OE-NBPF1

22RV1

Vector OE-NBPF1

shNBPF1-2



1758� Arch Med Sci 3, June / 2026

C

D

O
D

 v
al

ue
 (

45
0 

nm
)

O
D

 v
al

ue
 (

45
0 

nm
)

O
D

 v
al

ue
 (

45
0 

nm
)

O
D

 v
al

ue
 (

45
0 

nm
)

1.5

1.0

0.5

0

2.0

1.5

1.0

0.5

0

2.5

2.0

1.5

1.0

0.5

0

2.5

2.0

1.5

1.0

0.5

0

PC3

PC3

DU145

22RV1

Time [days]

Time [days] Time [days]

Time [days]
0	 2	 4	 6

0	 2	 4	 6 0	 2	 4	 6

0	 2	 4	 6

shNC

shNBPF1-1

shNBPF1-2

Vector Vector

OE-NBPF1 OE-NBPF1

shNC

shNBPF1-1

shNBPF1-2

Hoechst EdU Merge

sh
N

C
sh

N
BP

F1
-1

sh
N

BP
F1

-2

PC
3

Ed
U

 p
ro

po
rt

io
n 

(%
)

40

30

20

10

0
shNC shNBPF1-1 shNBPF1-2

PC3

E

Figure 3. Cont. C, D – Cell proliferation measured by CCK-8 assay following NBPF1 knockdown (C) or overexpression 
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*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001; ns – not significant.
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ular level, NBPF1 knockdown downregulated 
the tumor suppressors p21, p27, and p53, while 
concomitantly elevating the levels of key cell cycle 
drivers CDK4, cyclin B1, and cyclin D1 (Figure 5 C), 
confirming NBPF1’s role in cell cycle regulation. 
Correspondingly, NBPF1 overexpression produced 
a reciprocal pattern for these proteins (Figure 5 D). 
These findings collectively establish NBPF1 as  
a central gatekeeper that enforces cell-cycle exit, 
highlighting its tumor-suppressive function via 
constraining abnormal proliferation.

NBPF1 suppresses PCa tumor growth  
in vivo

For an in vivo assessment of  NBPF1 function 
during PCa progression, we established xenograft 
models using PC3 cells with stable NBPF1 knock-
down. Tumors with NBPF1 depletion exhibited 
markedly accelerated growth relative to control 
grafts (Figures 6 A, B). Four weeks after inoculation, 
tumors from mice implanted with PC3 cells with 
stable NBPF1 knockdown exhibited significantly 
higher volume and weight compared with tumors 
from mice implanted with control cells (Figures 6 C, 
D). IHC staining corroborated the successful knock-
down, showing diminished NBPF1 and increased 
Ki-67 expression in the experimental group (Figure 
6 E). These data highlight the potential of NBPF1 as 
a tumor suppressor in PCa, with its loss promoting 
tumor growth and progression in vivo.

Identification of key NBPF1-regulated 
pathways using transcriptomic analysis

To delineate the mechanisms of NBPF1 in PCa, 
we stratified TCGA samples by NBPF1 expression. 

Subsequent differential expression analysis iden-
tified 2,061 DEGs, comprising 1,802 upregulated 
and 259 downregulated genes (Figure 7 A). KEGG 
enrichment analysis implicated several oncogen-
ic pathways and signaling axes, most notably 
PI3K/AKT and TGF-β (Figure 7 B). RNA-seq anal-
ysis of  control and NBPF1-knockdown PC3 cells 
identified distinct expression profiles between 
these groups (Figure 7 C). Similarly, KEGG analysis 
of the RNA-seq data highlighted activation of key 
oncogenic cascades, including PI3K/AKT, Wnt, and 
MAPK (Figure 7 D). These observations prompted 
us to examine whether the PI3K/AKT axis medi-
ates NBPF1-induced tumor suppression, thereby 
underscoring its pivotal role in restraining PCa 
progression.

NBPF1 negatively regulates the PI3K/AKT 
pathway

To further validate the involvement of the PI3K/ 
AKT pathway, we interrogated key signaling nodes 
in NBPF1-knockdown and overexpressing cells. Im-
munoblotting analysis demonstrated that NBPF1 
knockdown elevated the  AKT activation marks, 
namely phospho-Ser473 and phospho-Thr308, 
markers of PI3K/AKT pathway activation. Addition-
ally, PI3K protein was itself elevated upon NBPF1 
knockdown, consistent with heightened pathway 
activity (Figure 7 E). In contrast, NBPF1 overex-
pression reduced both p-AKT and PI3K levels, in-
dicating suppressed pathway activation (Figure 
7 F). Notably, under these conditions, the down-
stream mTOR pathway showed only marginal 
changes (Supplementary Figure S1), suggesting 
that the primary signaling output of NBPF1-mod-
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Figure 4. NBPF1 inhibits PCa cell migration and invasion. A, B – Cell migration assessed by wound healing assay 
after NBPF1 knockdown (A) or overexpression (B)

*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001; ns – not significant.
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ulated AKT activity may channel through alter-
native effectors. Supporting this, the  expression 
of  canonical PI3K/AKT-downstream effectors, 
matrix metalloproteinase (MMP) 2 and MMP9, 
was upregulated in NBPF1-knockdown cells and 
downregulated in NBPF1-overexpressing cells. As 
critical mediators of metastasis, MMP2 and MMP9 
enable tumor-cell motility by enzymatically cleav-
ing the ECM components. These data collectively 
support the role of NBPF1 in negatively regulating 
PI3K/AKT-driven signaling circuits in PCa cells.

Discussion

Driven by aging populations and widespread 
prostate-specific antigen screening, PCa diagnoses 

are rising, making it the most common urinary ma-
lignancy posing a major threat to men’s health [1]. 
Once PCa reaches late-stage disease, the  like-
lihood of  living beyond 5 years drops to just 
30% [26], creating an imperative for novel ther-
apeutic avenues to combat disease progression. 
While genomic alterations in the  AR and PTEN/
PI3K-AKT pathways dominate current therapeu-
tic strategies, emerging evidence suggests that 
non-canonical regulators, such as the NBPF pro-
teins, may orchestrate adaptive resistance mech-
anisms. In this study, we focused on NBPF1 and 
its anticancer effects in PCa. Given that expres-
sion changes often mirror functional relevance, 
we systematically examined NBPF1 levels across 
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Figure 6. NBPF1 suppresses PCa tumor growth in vivo. A – In vivo images of tumor-bearing nude mice from the PC3-
sh NC and PC3-shNBPF1 groups. B – Representative images of the corresponding resected tumors. C – Tumor vol-
ume measurement curves of the PC3-sh NC and PC3-shNBPF1 groups over time. D – Tumor weights from the PC3-
sh NC and PC3-shNBPF1 groups at the endpoint. E – Representative H&E and IHC staining for NBPF1 and Ki-67 in 
xenograft tumor sections (scale bars: 100 μm)

*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001; ns – not significant.
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Figure 7. NBPF1 negatively regulates the PI3K/AKT pathway. A – Volcano plot displaying DEGs across high- versus 
low-NBPF1 expression groups in the TCGA-PRAD cohort. B – KEGG enrichment map for DEGs across high- versus 
low-NBPF1 expression groups in the  TCGA-PRAD cohort. C – Heatmap of  DEGs between PC3-sh NC and PC3-
shNBPF1 cells

*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001; ns – not significant.
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Figure 8. Mechanistic overview of NBPF1-mediated PI3K/AKT blockade that restrains multiple malignant cellular 
behaviors in PCa
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public datasets, tissue samples, and cell lines. 
Our analysis revealed that NBPF1 expression is 
reduced in PCa and independently forecasts lon-
ger survival. Using complementary overexpres-
sion and knockdown models, we established that 
elevated NBPF1 expression suppresses PCa cell 
proliferation, migration, and invasion, with recip-
rocal effects on knockdown. These results further 
confirmed that NBPF1 functions as a tumor sup-
pressor in PCa.

Uncontrolled cell proliferation is a  cardinal 
attribute of  malignancy, underlying the  process 
of oncogenic tumorigenesis. Under normal condi-
tions, the cell cycle is tightly regulated. However, 
aberrant cycling upsets the equilibrium between 
division and lineage commitment, culminating in 
cancer development [27]. A dysregulated cell cycle 
drives aberrant proliferation and is an established 
contributor to multiple facets of  malignancy, in-
cluding tumorigenesis, metastatic dissemination, 
and therapeutic resistance [28–31]. P53, a  key 
tumor suppressor, maintains cellular stability by 
negatively regulating the  cell cycle through acti-
vation of p21 and p27 [32–34]. Both p27 and p21 
have been shown to be downregulated in PCa, 
with p27 deficiency linked to more aggressive tu-
mor characteristics [35]. In contrast, cyclins and 
CDKs serve as critical promoters of cell cycle tran-
sition. When activated by cyclins, CDKs drive cell 

cycle progression by phosphorylating target pro-
teins, facilitating the transition from one phase to 
the next [36]. Therefore, dysregulation of  cyclins 
and CDKs, commonly observed in PCa, acceler-
ates uncontrolled cell proliferation. For example, 
cyclin D1 overexpression is a common feature in 
PCa, often coinciding with advanced tumor grade 
and increased Ki-67 labeling [37, 38]. Furthermore, 
both CDKs and cyclins are regulated by ARs and 
are integral to CRPC progression [39, 40]. Our data 
indicated that NBPF1 orchestrates a  tumor-sup-
pressive signaling node by augmenting p53, p21, 
and p27 levels, while concurrently repressing posi-
tive cell-cycle drivers, exemplified by cyclin D1, cy-
clin B1, and CDK4. This regulatory circuit promotes 
G0/G1 phase arrest, indicating that NBPF1 governs 
cell cycle progression through targeted gene reg-
ulation to ultimately constrain PCa proliferation.

Beyond uncontrolled proliferation, tumor cells 
acquire an invasive phenotype, enabling them 
to disseminate into adjacent tissues and distant 
sites, thereby driving disease progression and 
worsening clinical outcomes [27]. MMPs represent 
a major class of zinc-dependent endopeptidases 
with pivotal roles in ECM degradation and remod-
eling, notably including MMP2 and MMP9 [41]. 
Elevated MMP2 and MMP9 expression levels are 
frequently observed in various cancers, with their 
overexpression often linked to more aggressive tu-
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mor behavior and poorer clinical outcomes [42, 43]. 
Our analysis preliminarily confirmed that NBPF1 
impedes the  motility and invasiveness of  PCa 
cells. Reduced expression levels of  key proteins 
associated with migration and invasion, includ-
ing MMP2 and MMP9, were also observed. This 
evidence further consolidated NBPF1’s function 
in blocking the PCa metastatic potential by nega-
tively regulating molecules involved in ECM deg-
radation.

As a master regulator of cellular homeostasis, 
the PI3K/AKT pathway, when dysregulated in ma-
lignancies, promotes tumorigenesis by accelerat-
ing cell division and conferring migratory abilities 
[44]. Under physiological conditions, PI3K activa-
tion triggers AKT phosphorylation, initiating an 
effector cascade that drives cell cycle progression, 
suppresses apoptotic pathways, and enhances 
cellular survival. In neoplastic contexts, aberrant 
activation of  the  PI3K/AKT pathway, frequently 
caused by mutations in upstream signaling mol-
ecules or loss of tumor suppressors such as PTEN, 
leads to uncontrolled proliferation and resistance 
to cell death signals [45, 46]. Furthermore, the on-
cogenic role of  this pathway extends to regulat-
ing cell migration and invasion, pivotal steps in 
metastasis. This is partly achieved through AKT- 
mediated modulation of MMPs, including MMP2 
and MMP9 [47, 48]. Owing to its fundamental in-
volvement in disease pathogenesis, the PI3K/AKT 
pathway holds significant translational appeal 
as a rational therapeutic target in PCa and other 
cancers. The  goal of  these therapies is to inhib-
it the  activity of  this pathway to block both tu-
mor proliferation and metastatic spread [48–50].  
In the current study, our RNA-seq analysis revealed 
that NBPF1 can regulate several critical biological 
processes, particularly the  PI3K/AKT signaling 
pathway. Our data suggested that NBPF1 nega-
tively regulates this pathway by suppressing AKT 
phosphorylation, primarily at Ser473 and Thr308. 
These results extend the  catalog of  cancers in 
which NBPF1 displays tumor-repressive behav-
ior, joining neuroblastoma, cervical lesions, and 
skin squamous-cell cancer. For instance, Andries  
et al. reported that NBPF1 can inhibit neuroblas-
toma progression through a blockade at the G1/S 
boundary [23]. Similarly, NBPF1 constrains neo-
plastic expansion in both cervical carcinoma and 
cutaneous squamous carcinoma through distinct 
mechanisms: by targeting the  PI3K/mTOR axis 
in the former and the AKT-p53-cyclin cascade in 
the latter [21, 22]. However, our study addressed  
a  critical knowledge gap by defining the  tu-
mor-suppressive function of NBPF1 in PCa, a ma-
lignancy in which its function was previously un-
characterized. These results further confirmed that 
PI3K/AKT signaling is a downstream pathway reg-
ulated by NBPF1 and involved in PCa progression.

Our study establishes the therapeutic relevance 
of NBPF1, positioning it as a promising druggable 
target. Strategies to restore NBPF1 expression, 
such as epigenetic reactivation or gene therapy, 
could complement existing treatments targeting 
the  PI3K/AKT pathway. Combining NBPF1-based 
therapies with PI3K inhibitors or ADT may yield 
synergistic effects, particularly in advanced or 
therapy-resistant PCa cases. However, the devel-
opment of therapies targeting NBPF1 will require 
a deeper understanding of  its regulatory mecha-
nisms, particularly in the context of tumor hetero-
geneity and treatment resistance. 

Although our study provides valuable insights, 
several limitations should be acknowledged. 
First, although our data from cellular, animal, and 
clinical analyses consistently support the  tumor 
suppressive role of NBPF1, follow-up work using 
expanded pre-clinical models and larger clinical 
cohorts is required to fully validate its effects on 
PCa progression. Second, the precise mechanisms 
driving NBPF1 downregulation in PCa await fur-
ther elucidation. Epigenetic modifications, such 
as promoter methylation or histone acetylation, 
may contribute to its decreased expression levels 
in this disease. Finally, the  specific downstream 
targets of  NBPF1 and exact signaling pathways 
that are regulated remain incompletely under-
stood. Delineating the broader molecular network 
of NBPF1 and its functional integration with oth-
er signaling pathways will be crucial for a deeper 
comprehension of its role in PCa biology.

Taken together, our study identifies NBPF1 as  
a  critical tumor suppressor in PCa, with signifi-
cant effects on proliferative, invasive, and cell 
cycle processes via modulation of  the  PI3K/AKT 
pathway (Figure 8). Subdued NBPF1 levels coin-
cide with rapid progression and a bleak progno-
sis, promoting the  molecule as a  dual-purpose 
clinical guide and therapeutic candidate. This 
work paves  the way for future studies to further 
elucidate the relevant molecular mechanisms and 
therapeutic potential of NBPF1 in PCa treatment 
strategies.

Acknowledgments

Zhihao Yao, Mingquan Chen, and Junming Bi 
are co-first authors.

Funding

This study was sponsored by grants from 
the Project of Guangdong Provincial Department 
of  Finance (No. KS0120220267, KS0120220268, 
KS0120220269, KS0120220270, KS0120220271, 
KS0120220272), the Guangdong Basic and Applied 
Basic Research Foundation (No. 2021A1515111219), 
and the  Science and Technology Projects in 
Guangzhou (No. 202201010897).



Zhihao Yao, Mingquan Chen, Junming Bi, Zhaoqiang Jiang, Weinan Zeng, Bowen Yang, Hangyu Liao, Xiaokang Gu, Ping Zhu, Cheng Zhang, 
Yanjun Liu, Yuming Yu

1772� Arch Med Sci 3, June / 2026

Ethical approval 

Approval number: KY-Z-2022-257-01.

Conflict of interest

The authors declare no conflict of interest.

R e f e r e n c e s
1.	 Bray F, Laversanne M, Sung H, Ferlay J, Siegel RL, Soer

jomataram I, Jemal A. Global cancer statistics 2022: 
GLOBOCAN estimates of incidence and mortality world-
wide for 36 cancers in 185 countries. CA Cancer J Clin 
2024; 74: 229-63. 

2.	 Ge R, Wang Z, Montironi R, et al. Epigenetic modulations 
and lineage plasticity in advanced prostate cancer. Ann 
Oncol 2020; 31: 470-9.

3.	 Evans AJ. Treatment effects in prostate cancer. Mod 
Pathol 2018; 31 (Suppl 1): S110-21. 

4.	 	Litwin MS, Tan HJ. The diagnosis and treatment of pros-
tate cancer: a review. JAMA 2017; 317: 2532-42. 

5.	 	Dai C, Dehm SM, Sharifi N. Targeting the  androgen 
signaling axis in prostate cancer. J Clin Oncol 2023; 41: 
4267-78. 

6.	 	Desai K, McManus JM, Sharifi N. Hormonal therapy for 
prostate cancer. Endocr Rev 2021; 42: 354-73. 

7.	 Jazayeri SB, Srivastava A, Shore N. Review of  second- 
generation androgen receptor inhibitor therapies and 
their role in prostate cancer management. Curr Opin 
Urol 2022; 32: 283-91. 

8.	 	Fujita K, Nonomura N. Role of  androgen receptor in 
prostate cancer: a  review. World J Mens Health 2019; 
37: 288-95. 

9.	 	Jamroze A, Chatta G, Tang DG. Androgen receptor (AR) 
heterogeneity in prostate cancer and therapy resis-
tance. Cancer Lett 2021; 518: 1-9. 

10.		Cai M, Song XL, Li XA, et al. Current therapy and drug 
resistance in metastatic castration-resistant prostate 
cancer. Drug Resist Updat 2023; 68: 100962. 

11.		Karantanos T, Corn PG, Thompson TC. Prostate cancer 
progression after androgen deprivation therapy: mecha
nisms of  castrate resistance and novel therapeutic  
approaches. Oncogene 2013; 32: 5501-11. 

12.		Yamada Y, Beltran H. The treatment landscape of meta-
static prostate cancer. Cancer Lett 2021; 519: 20-9. 

13.		Testa U, Castelli G, Pelosi E. Cellular and molecular 
mechanisms underlying prostate cancer development: 
therapeutic implications. Medicines 2019; 6: 82.

14.		Gerhauser C, Favero F, Risch T, et al. Molecular evolution 
of early-onset prostate cancer identifies molecular risk 
markers and clinical trajectories. Cancer Cell 2018; 34: 
996-1011.

15.		Houlahan KE, Shiah YJ, Gusev A, et al. Genome-wide 
germline correlates of the epigenetic landscape of pros-
tate cancer. Nat Med 2019; 25: 1615-26. 

16.		Zhao SG, Chen WS, Li H, et al. The  DNA methylation 
landscape of  advanced prostate cancer. Nat Genet 
2020; 52: 778-89. 

17.		Haffner MC, Zwart W, Roudier MP, et al. Genomic and 
phenotypic heterogeneity in prostate cancer. Nat Rev 
Urol 2021; 18: 79-92. 

18.		Vandepoele K, Andries V, van Roy F. The NBPF1 promoter 
has been recruited from the unrelated EVI5 gene before 
simian radiation. Mol Biol Evol 2009; 26: 1321-32. 

19.		Andries V, Vandepoele K, van Roy F. The NBPF Gene fa- 
mily neuroblastoma – present and future. InTech 2012. 
DOI: 10.5772/28470.

20.		Bagchi A, Mills AA. The quest for the 1p36 tumor sup-
pressor. Cancer Res 2008; 68: 2551-6. 

21.		Gao Y, Zhu H, Mao Q. Effects of neuroblastoma break-
point family member 1 (NBPF1) gene on growth and  
Akt-p53-Cyclin D pathway in cutaneous squamous car-
cinoma cells. Neoplasma 2019; 66: 584-92. 

22.		Qin Y, Tang X, Liu M. Tumor-suppressor gene NBPF1 in-
hibits invasion and PI3K/mTOR signaling in cervical can-
cer cells. Oncol Res 2016; 23: 13-20. 

23.		Andries V, Vandepoele K, Staes K, et al. NBPF1, a tumor 
suppressor candidate in neuroblastoma, exerts growth 
inhibitory effects by inducing a G1 cell cycle arrest. BMC 
Cancer 2015; 15: 391. 

24.		Li L, Chen S, Tang Y, Wu J, He Y, Qiu L. Oncogene or tu-
mor suppressor gene: an integrated pan-cancer analy-
sis of NBPF1. Front Endocrinol 2022; 13: 950326. 

25.		Rhodes DR, Kalyana-Sundaram S, Mahavisno V, et al. 
Oncomine 3.0: genes, pathways, and networks in a col-
lection of 18,000 cancer gene expression profiles. Neo-
plasia 2007; 9: 166-80. 

26.		Lin J, Nousome D, Jiang J, Chesnut GT, Shriver CD, Zhu K. 
Five-year survival of patients with late-stage prostate can-
cer: comparison of the Military Health System and the U.S. 
general population. Br J Cancer 2023; 128: 1070-76. 

27.		Hanahan D, Weinberg RA. Hallmarks of cancer: the next 
generation. Cell 2011; 144: 646-74. 

28.		Suski JM, Braun M, Strmiska V, Sicinski P. Targeting cell- 
cycle machinery in cancer. Cancer Cell 2021; 39: 759-78. 

29.		Liu J, Peng Y, Wei W. Cell cycle on the crossroad of tumo
rigenesis and cancer therapy. Trends Cell Biol 2022; 32: 
30-44. 

30.		Wiecek AJ, Cutty SJ, Kornai D, et al. Genomic hallmarks 
and therapeutic implications of G0 cell cycle arrest in 
cancer. Genome Biol 2023; 24: 128. 

31.		Otto T, Sicinski P. Cell cycle proteins as promising tar-
gets in cancer therapy. Nat Rev Cancer 2017; 17: 93-115. 

32.		Engeland K. Cell cycle regulation: p53-p21-RB signaling. 
Cell Death Differ 2022; 29: 946-60. 

33.		Hu J, Cao J, Topatana W, et al. Targeting mutant p53 for 
cancer therapy: direct and indirect strategies. J Hematol 
Oncol 2021; 14: 157. 

34.		Engeland K. Cell cycle arrest through indirect transcrip-
tional repression by p53: I  have a  DREAM. Cell Death 
Differ 2018; 25: 114-32. 

35.		Taylor W, Mathias A, Ali A, et al. p27(Kip1) deficiency 
promotes prostate carcinogenesis but does not affect 
the efficacy of  retinoids in suppressing the neoplastic 
process. BMC Cancer 2010; 10: 541. 

36.		Malumbres M, Barbacid M. Cell cycle, CDKs and cancer: 
a changing paradigm. Nat Rev Cancer 2009; 9: 153-66. 

37.		Dulinska-Litewka J, Felkle D, Dykas K, Handziuk Z, 
Krzysztofik M, Gasiorkiewicz B. The  role of  cyclins in 
the  development and progression of  prostate cancer. 
Biomed Pharmacother 2022; 155: 113742. 

38.		Comstock CE, Revelo MP, Buncher CR, Knudsen KE. Im-
pact of differential cyclin D1 expression and localisation 
in prostate cancer. Br J Cancer 2007; 96: 970-9. 

39.	Kaushik AK, Shojaie A, Panzitt K, et al. Inhibition 
of the hexosamine biosynthetic pathway promotes castra-
tion-resistant prostate cancer. Nat Commun 2016; 7: 11612. 

40.		McNair C, Urbanucci A, Comstock CE, et al. Cell cycle- 
coupled expansion of AR activity promotes cancer pro-
gression. Oncogene 2017; 36: 1655-68. 



NBPF1 acts as a tumor suppressor in prostate cancer by regulating the PI3K/AKT pathway 

Arch Med Sci 3, June / 2026� 1773

41.		Bassiouni W, Ali MAM, Schulz R. Multifunctional intra-
cellular matrix metalloproteinases: implications in dis-
ease. FEBS J 2021; 288: 7162-82. 

42.		Gialeli C, Theocharis AD, Karamanos NK. Roles of ma-
trix metalloproteinases in cancer progression and their 
pharmacological targeting. FEBS J 2011; 278: 16-27.

43.		Gonzalez-Avila G, Sommer B, Mendoza-Posada DA, Ra-
mos C, Garcia-Hernandez AA, Falfan-Valencia R. Matrix 
metalloproteinases participation in the metastatic pro-
cess and their diagnostic and therapeutic applications 
in cancer. Crit Rev Oncol Hematol 2019; 137: 57-83. 

44.	Fruman DA, Chiu H, Hopkins BD, Bagrodia S, Cantley LC, 
Abraham RT. The PI3K pathway in human disease. Cell 
2017; 170: 605-35. 

45.		Yu L, Wei J, Liu P. Attacking the PI3K/Akt/mTOR signaling 
pathway for targeted therapeutic treatment in human 
cancer. Semin Cancer Biol 2022; 85: 69-94. 

46.		Glaviano A, Foo ASC, Lam HY, et al. PI3K/AKT/mTOR sig-
naling transduction pathway and targeted therapies in 
cancer. Mol Cancer 2023; 22: 138. 

47.		Khezri MR, Jafari R, Yousefi K, Zolbanin NM. The PI3K/
AKT signaling pathway in cancer: molecular mecha-
nisms and possible therapeutic interventions. Exp Mol 
Pathol 2022; 127: 104787. 

48.		He Y, Sun MM, Zhang GG, et al. Targeting PI3K/Akt sig-
nal transduction for cancer therapy. Signal Transduct 
Target Ther 2021; 6: 425. 

49.		Tewari D, Patni P, Bishayee A, Sah AN, Bishayee A. Natu
ral products targeting the  PI3K-Akt-mTOR signaling 
pathway in cancer: a novel therapeutic strategy. Semin 
Cancer Biol 2022; 80: 1-17. 

50.		Shorning BY, Dass MS, Smalley MJ, Pearson HB. The PI3K- 
AKT-mTOR pathway and prostate cancer: at the cross-
roads of  AR, MAPK, and WNT signaling. Int J Mol Sci 
2020; 21: 4507. 


