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LMNBI1 targets FOXD1 to promote progression of prostate cancer
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Abstract. Forkhead box D1 (FOXDI1) expression is upregu-
lated in various types of human cancer. To the best of our
knowledge, the roles of FOXDI1 in prostate cancer (PC)
remain largely unknown. The Cancer Genome Atlas dataset
was used for the bioinformatics analysis of FOXDI1 in PC.
FOXDI expression levels in normal immortalized human
prostate epithelial cells (RWPE-1) and prostate cancer cells
were detected by reverse transcription-quantitative PCR. PC
cell viability was detected using Cell Counting Kit-8 assay.
Transwell assays were performed to assess the migration and
invasion of PC cells. Luciferase reporter gene assay was used
to validate the association between FOXDI1 and lamin (LMN)
B1l. LMNBI is an important part of the cytoskeleton, which
serves an important role in the process of tumor occurrence
and development, regulating apoptosis and DNA repair.
FOXDI expression was upregulated in PC tissues, with its high
expression being associated with clinical stage and survival
in PC. Knockdown of FOXDI inhibited viability, migration
and invasion of PC cells. FOXDI positively regulated LMNBI1
expression. The effect of FOXDI1 knockdown on PC cells was
reversed by LMNBI overexpression. In conclusion, FOXDI,
positively regulated by LMNBI, served as an oncogene in PC
and may be a potential biomarker and treatment target for PC.

Introduction

Prostate cancer (PC) is one of the most common malignan-
cies worldwide, affecting 1 in 9 male patients >65 years
of age (1-3). At present, there is no effective treatment for
advanced PC, which has led to it being the second leading
cause of cancer-associated death in men (4). Therefore,
identifying novel endogenous factors responsible for PC cell
viability, migration and invasion will aid the understanding of
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the progression of PC and lead to the development of novel
approaches for diagnosis and treatment.

The nuclear lamina, located in the inner layer of the
nuclear membrane, is a protein network composed of
numerous proteins, including lamins (3). One of the main
roles of lamins is to maintain the physiological balance of
cells (5). Lamin Bl (LMNBI) is a key B-type lamin protein
that regulates cell apoptosis, signal transduction and other
functions and serves an important role in the occurrence
and development of tumors (6). Forkhead box D1 (FOXDI)
belongs to the forkhead family transcription factor subfamily,
which can active downstream target genes through transcrip-
tion and participates in numerous biological activities, such as
stem cell differentiation, organogenesis, cell cycle regulation
and signal transduction (7). FOXD]1 is a mediator of smooth
cell reprogramming via self-renewal and differentiation (8).
FOXDI1 is associated with oncogenicity, tumor progression
and metastasis in numerous types of carcinoma (9-11). FOXD1
expression has been reported to be upregulated in head and
neck squamous cancer (12). FOXDI is highly expressed in
nasopharyngeal carcinoma and promotes cell malignancy (13).
Fan er al (14) reported that FOXD]1 expression is upregulated
in laryngeal squamous cell carcinoma and promotes cell
epithelial-to-mesenchymal transition by targeting zinc finger
protein 532 expression. The aforementioned studies suggest
that FOXDI1 may function as a cancer-causing gene multiple
cancer type. Jin et al (15) demonstrated that FOXDI1 expres-
sion is upregulated in PR and that FOXDI silencing reduces
the expression of B-catenin and cyclin DI, which are involved
in the Wnt/B-catenin signaling pathway. The present study
aimed to identify the key functions of FOXDI in PC and
underlying mechanisms.

Materials and methods

Database analysis. The differential expression of FOXDI1
in prostate cancer and adjacent tissues, as well as its
expression in PC tissues at different stages, was analyzed
by the Cancer Genome Atlas (TCGA) database from the
University of ALabama at Birmingham CANcer data
analysis Portal (UCLCAN) database (https://ualcan.path.uab.
edu/cgi-bin/ualcan-res.pl). Expression of FOXDI1 in PC and
para-cancer tissue was assessed. Gene Expression Profiling
Interactive Analysis (GEPIA) database (gepia.cancer-pku.cn/)
is an interactive web server developed by Peking University that
was used to analyze the differential expression of associated



2 HUANG ef al: LMNBI TARGETS FOXD1

genes and their association with the survival prognosis of
patients with prostate cancer. The Human Protein Atlas (HPA)
database (proteinatlas.org/) provided data on FOXDI protein
expression in PC tissues (16). Kaplan-Meier Plotter (kmplot.
com/analysis/) was used to analyze the association between
FOXDI expression and prognosis in PC. The clinical patient
data was from Xiantao (https://www.xiantaozi.com/). The most
commonly used staging for prostate cancer is TNM staging.
TNM staging involves three stages for all prostate cancer,
where T refers to the in situ tumor and describes the extent of
the in situ tumor; N refers to regional lymph nodes, describing
whether there is metastasis in the regional lymph nodes; M
refers to distant metastasis. The binding between LMNBI1
and FOXDI1 was predicated by Human Tiny Flash Database
(TFDB) (http://bioinfo.life.hust.edu.cn/AnimalTFDB/#!/).
Expression of FOXDI in normal prostate and PC tissues,
the expression difference of FOXDI in different grades of
PC tissues, and its association with the survival prognosis of
patients with PC were assessed.

Cell culture. RWPE-1 normal immortalized human prostate
epithelial cells and DU145, PC-3 and LNCaP prostate cancer
cells (Shanghai Institute of Cell Biology) were maintained in
DMEM (Nanjing Biochannel Biotechnology Co., Ltd.) with
10% FBS (Nanjing Biochannel Biotechnology Co., Ltd.) at
37°C with 5% CO,.

Cell transfection and treatment. FOXD1 overexpres-
sion vector (pcDNA3.1-FOXD1), small interfering RNA
(siRNA)-LMNBI and siRNA negative control (NC) were
synthesized by Nanjing Genscript Biotechnology Co., Ltd.
The sense and antisense strands for each siRNA were as
follows: siRNA-FOXDI1, 5-TCGCCGAGCTCTGTTCTT
AGACTCT-3"; siRNA1-LMNBI1, 5-TCCCGCGTGCGT
GTGTGAGTGGGTG-3"; siRNA2-LMNBI, 5-GGGCAA
GTTAGGTTTGCTAGCTGCT-3"; and siRNA negative
control (NC), 5-UUCUCCGAACGUGUCUTT-3". The
siRNA-FOXD1 (500 ng/ul) and siRNA-LMNBI (500 ng/ul)
was transfected into prostate cancer cells for 48 h at 37°C
using Lipofectamine 3000 (Invitrogen; Thermo Fisher
Scientific, Inc.) according to the manufacturer's instructions.
Cells were collected 48 h after transfection. The efficiency
of transfection was analyzed using reverse transcription-
quantitative PCR (RT-qPCR).

RT-qPCR analysis. Total RNA of cells was extracted using
TRIzol (Thermo Fisher Scientific, Inc.) according to the
manufacturer's protocol. A total of 2 ul cDNA was synthesized
from 2 ng total RNA with a RT Toolkit (Promega Corporation)
according to the manufacturer's protocol. RT-qPCR was
performed using a SYBR® Premix Ex Taq™ (Takara Bio, Inc.).
Thermocycling conditions were as follows: Initial denaturation
for 10 min at 95°C, followed by 35 cycles of 95°C for 5 sec and
72°C for 30 sec. The 2244 method (17) was used to calculate
relative gene expression. GAPDH was used to normalize RNA
expression. The primer sequences were as follows: FOXD1
forward, 5“TGAGCACTGAGATGTCCGATG-3' and reverse,
5'-CACCACGTCGATGTCTGTTTC-3"; LMNBI forward,
5-AAGCAGCTGGAGTGGTTGTT-3' and reverse, 5-TTG
GATGCTCTTGGGGTTC-3'; and GAPDH forward, 5'-CCC

ATGTTCGTCATGGGTGT-3' and reverse, 5S-TGGTCATGA
GTCCTTCCACGATA-3".

Cell proliferation analysis. Cell proliferation was determined
using Cell Counting Kit-8 (CCK-8; Beyotime Institute of
Biotechnology). Briefly, 2x10* cells/well were seeded in 96-well
plates for 24 h and transiently transfected with siRNA-FOXDI,
as aforementioned. A total of 10 1 CCK-8/well was added at
0, 1,2, 3 and 4 days post-transfection. The plates were cultured
at 37°C for 2 h. The absorbance at 450 nm was measured using
a microplate reader.

Luciferase reporter assay. Luciferase reporter assay was
used to detect the association between FOXD1 and LMNBI.
FOXDI1 promoter region fragment containing the potential
binding site of LMNBI1 was amplified by PCR and cloned
into the pGL3-basic vector (Promega Corporation), as were
the wild-type/mutant sequences (WT/Mut). The PCR was
performed using the following sequences: Forward, GTG
TGGTTGGGACTCACGTCGCTTTC and reverse, TAG
CAGAAGGGGGCCTGTCACATGG (Nanjing Genscript
Biotechnology Co., Ltd.). Next, the pGL3-basic vector or
pGL3-LMNBI (Shanghai GenePharma Co., Ltd.) and lucif-
erase reporter vectors were co-transfected into 293 cells using
Lipofectamine 3000 (Invitrogen; Thermo Fisher Scientific,
Inc.). A luciferase reporter assay kit (cat. no. E1910; Promega
Corporation) was used for the luciferase activity measurement
48 h after transfection. Firefly fluorescence intensity was
calculated using Renilla luciferase activity for normalization.

Western blot analysis. RIPA Lysis Buffer (Beyotime Institute
of Biotechnology) was used to extract total proteins from pros-
tate cancer tissue and cell samples, and a BCA kit (Beyotime
Institute of Biotechnology) was used to detect the concentra-
tion. An equal quantity of proteins (30 pg) was added in each
lane of a 10% SDS-PAGE gel. Membrane Blocking Solution
(MilliporeSigma) was used to block the PVDF membranes
with transferred proteins for 1 h at room temperature.
Membranes were incubated with primary antibodies against
FOXDI1 (1:1,000; cat. no. sc-293238), E-cadherin (1:1,000;
cat. no. sc-8426), N-cadherin (1:1,000; cat. no. sc-8424),
Vimentin (1:1,000; cat. no. sc-6260) and GAPDH (1:2,000; cat.
no. sc-47724) (all Santa Cruz Biotechnology, Inc.) overnight
at 4°C. Subsequently, membranes were incubated with horse-
radish peroxidase-conjugated secondary antibody (1:5,000;
cat. no. sc-2357; Santa Cruz Biotechnology, Inc.) at room
temperature for 2 h before ECL detection using BeyoECL
Plus kit (Beyotime Institute of Biotechnology). ImagelJ soft-
ware (version 1.53; National Institutes of Health) was used to
analyze density of immune blots. GAPDH acted as the internal
reference protein.

Transwell assay. A total of 3x10* cells were added to serum-free
DMEM and placed in the upper layer of the Transwell chamber
(Corning, Inc.) that had been precoated with Matrigel at room
temperature for 1 h. A total of 600 1 DMEM, including 20%
FBS (Nanjing Biochannel Biotechnology Co., Ltd.), was
placed in the bottom layer at 37°C. Following 24 h of incu-
bation, 4% paraformaldehyde was used for 20 min to fix the
cells that had invaded the bottom layer at room temperature.
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Table I. Clinical characteristic of patients.

Low expression of

High expression of

Characteristic FOXDI1 (n=249) FOXD1 (n=250) P-value
T stage, n/total n (%) <0.001?
T2 117/492 (23.8) 72/492 (14.6)
T3 129/492 (26.2) 163/492 (33.1)
T4 1/492 (0.2) 10/492 (2.0)
N stage, n/total n (%) 0.035?
NO 180/426 (42.3) 167/426 (39.2)
N1 30/426 (7.0) 49/426 (11.5)
M stage, n/total n (%) 0.118
MO 233/458 (50.9) 222/458 (48.5)
MI 0/458 (0.0) 3/458 (0.7)
Median age (IQR), years 61 (56-66) 61.5 (56-66) 0.609

“P<0.05. IQR, interquartile range; FOXD]1, forkhead box D1.

Subsequently, cells were stained with crystal violet for 20 min
at room temperature. Cells were counted manually under
a light microscope (Olympus Corporation) in five randomly
selected fields of view/sample.

Wound healing assay. LNCaP cells in logarithmic growth
phase (when the cell density reached =90%) were inoculated
into the 6-well plate. For LNCaP cells in the control, NC,
siRNA-FOXDI, siRNA-LMNBI, siRNA-LMNBI + pcDNA
3.1 and siRNA-LMNBI + pcDNA 3.1-FOXDI groups, lines
were drawn horizontally using a 200-ul pipette tip at the bottom
of the culture plate for reference. When cells were attached
to the surface of the plate, the DMEM (Nanjing Biochannel
Biotechnology Co., Ltd.) was replaced with fresh medium
containing 1% FBS (Nanjing Biochannel Biotechnology Co.,
Ltd.). After 48 h at 37°C, scratch width was imaged by a light
microscope (Olympus Corporation) observed to calculate
wound healing rate as follows: (Wound width at O h-wound
width at 48 h)/wound width at 0 h x100.

Statistical analysis. All experimental results from three
independent experiments were analyzed using GraphPad
software (version 5.0; GraphPad Software, Inc.; Dotmatics).
All data are presented as the mean + SD. Student's t-test
was used for comparisons between two groups and one-way
analysis of variance was used for comparisons among multiple
groups. The receiver operating characteristic (ROC) curve was
compared by log-rank test. P<0.05 was considered to indicate
a statistically significant difference.

Results

FOXDI is upregulated in PC and associated with adverse
prognosis. Tumor samples from TCGA were analyzed to char-
acterize FOXDI expression (Fig. 1A). FOXD1 was upregulated
in numerous types of cancer. Subsequently, FOXDI expression
in PC was assessed based on the GEPIA?2 (Fig. 1B) and TCGA
(Fig. 1C) databases. FOXD1 expression was significantly

upregulated in PC samples. Furthermore, analysis of the asso-
ciation between FOXDI1 and histological grading of patients
with PC was performed. FOXDI expression was positively
associated with the Gleason score of the patients with PC
(Fig. 1D). Additionally, the protein expression of PC based on
the HPA database confirmed the abnormally high expression
of FOXDI1 in PC tissue (Fig. 1E).

The present study evaluated the relationship between
FOXDI and prognosis in PC. FOXD1 expression was an inde-
pendent prognostic factor for TNM classification (Table I).
Patients with low FOXDI1 expression exhibited a markedly
higher probability of survival at all time points analyzed
(Fig. 2A). Also, relative mRNA expression level of FOXDI in
PC tissue was significantly higher than that in normal tissue
(Fig. 2B). Meanwhile, relative protein expression of FOXDI
in PC tissue was significantly higher than that in PC tissues
(Fig. 2C). These results supported the oncogenic role of
FOXDI in PC progression.

FOXDI knockdown inhibits PC cell viability, migration and
invasion. FOXDI1 expression in PC cell lines was detected
by western blotting. FOXDI1 expression was upregulated in
all PC cell lines; LNCaP cells, which exhibited the highest
expression levels, were selected for subsequent experiments
(Fig. 3A). siRNA-FOXDI1 markedly inhibited FOXD1 mRNA
and protein expression (Fig. 3B). The result of CCK-8 analysis
indicated a significant decrease in the viability of LNCaP cells
in which FOXDI1 was knocked down (Fig. 3C). The results of
wound healing and Transwell assays revealed that the knock-
down of FOXDI significantly inhibited LNCaP cell migration
and invasion (Fig. 3D and E). These results demonstrated that
knockdown of FOXD1 inhibited LNCaP cell viability, inva-
sion and migration.

LMNRBI is positively associated with FOXDI. HumanTFDB
analysis revealed that LMNBI targets FOXD1 mRNA
(positions 1,128-1,143; Fig. 4A). The luciferase activity was
significantly elevated in cells co-transfected with LMNBI
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Figure 1. Differential expression of FOXDI in PC and normal tissues. (A) Pan-cancer analyses of FOXDI expression (P-value, T vs. N). (B) Plot showing that
PC tissues (n=152) had significantly elevated FOXDI expression levels compared with normal tissues (n=492) in the GEPIA2 database. (C) Plot showing that
PC tissues (n=497) had significantly elevated FOXDI expression levels compared with normal tissues (n=52) in TCGA database. (D) Expression of FOXD1
in PC based on patient's Gleason score. (E) Expression of FOXD1 in PC tissues (Human Protein Atlas database; Scale bar, 100 gm). ‘P<0.05, “P<0.01 and
"*P<0.001. T, tumor; N, normal; TPM, transcripts per million; TCGA, The Cancer Genome Atlas; PC, prostate cancer; FOXDI, forkhead box D1; GEPIA,
Gene Expression Profiling Interactive Analysis; PRAD, prostate adenocarcinoma.

WT compared with Mut, indicating binding between was highly expressed in patients with prostate adenocar-
FOXDI1 and LMNBI (Fig. 4B). Subsequently, the present cinoma (Fig. 4C). Additionally, the GEPIA database was
study analyzed TCGA database and revealed that LMNB1 used to characterize the association between FOXDI1 and
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ability of LNCaP cells after knocking down FOXDI (magnification, x100). “P<0.01. FOXDI, forkhead box D1; RT-qPCR, reverse transcription-quantitative
PCR; siRNA, small interfering RNA; NC, negative control.
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LMNBI, which demonstrated a positive association between
them (Fig. 4D). RT-qPCR was used to detect transfection
efficiency of the siRNAs. mRNA expression of LMNBI1 was
downregulated in both siRNA 1# and siRNA 2# groups and
mRNA expression of LMNBI in siRNA 2# was lower than
that in siRNA 1# group. Therefore, siRNA 2# was selected
for subsequent experiments (Fig. 4E). Next, western blotting
was used to detect the LMNBI protein levels after knock-
down of FOXDI. The results indicated decreased LMNBI
expression following transfection of siRNA-FOXDI1
(Fig. 4F).

LMNBI acts directly on FOXDI to mediate PC malignant
progression. To clarify the mechanism of the influence of
LMNBI on PC cell progression, LNCaP cells were trans-
fected with pcDNA3.1 and pcDNA3.1-FOXDI. RT-qPCR and
western blotting demonstrated that pcDNA3.1-FOXDI1 was
successfully transfected (Fig. 5A). CCK-8 assay revealed that
siRNA-LMNBI notably decreased cell viability compared with
the control group, while FOXDI1 overexpression counteracted
this effect (Fig. 5B). Similarly, knockdown of LMNBI signifi-
cantly inhibited cell migration and invasion, and these effects
were reversed by FOXDI1 overexpression (Fig. 5C and D).
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Figure 5. LMNBI acts directly on FOXDI to mediate the prostate cancer malignant process. (A) The efficiency of pcDNA3.1-FOXDI was detected by
western blotting and reverse transcription-quantitative PCR (“P<0.01). (B) Cell Counting Kit 8 assay results after treatment with siRNA-NC, siRNA-LMNBI,
pcDNA3.1 and pcDNA3.1-FOXDI. Results of (C) wound healing (scale bar, 200 ym) and (D) Transwell assays (magnification, x100). “P<0.01. FOXD1,
forkhead box D1; siRNA, small interfering RNA; NC, negative control; LMNBI, lamin B1.

Discussion

The present study investigated the effect of FOXDI in the
occurrence and development of PC and its possible mecha-
nisms. Utilizing TCGA, the present study demonstrated that
FOXD1 mRNA expression was higher in PC than normal
tissues and its abnormally high expression was associated with
poor prognosis. In vitro experiments revealed that FOXD1
knockdown markedly inhibited viability and invasion of PC
cells. LMNBI targeted FOXD1 and mediated the PC malignant

progression. These findings highlighted that LMNBI targeted
regulation of FOXDI to promote the occurrence and develop-
ment of PC.

The FOX family is a key complex family of genes that
includes a variety of cell- and tissue-specific ‘wing helix’
transcription factors (18). FOXDI, a newly identified FOX
family transcription factor, serves as an oncogene in multiple
types of cancer (19-21). For example, Sun et al (19) indicated
that FOXDI promoted progression of metastatic melanoma by
regulating CTGF expression. Zong et al (20) suggested that
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FOXD1 was a biomarker of colorectal cancer, and Li ez al (21)
revealed that FOXD1 was associated with the development of
primary oral squamous cell carcinoma.

Current studies showed that the expression of FOXD1 was
upregulated in PC (22,23). Furthermore, the present study
analyzed the association between abnormal FOXDI expres-
sion and PC grade and prognosis using bioinformatics. Further
experiments using PC cell lines revealed that FOXDI1 expres-
sion was aberrantly high in PC cells, as expected. Additionally,
knockdown of FOXD1 markedly inhibited PC cell viability,
migration and invasion.

To determine the potential molecular mechanism of
LMNBI, the present study predicted its possible target, FOXD].
LMNBI is a protein component of the nucleoskeleton (24).
LMNBI possesses numerous biological functions. In addition
to maintaining shape and integrity of the nucleus, LMNBI1
regulates cell proliferation and senescence, DNA replication
and gene expression, DNA damage repair and chromosome
distribution and aggregation (25,26). Additionally, LMNBI1
is associated with the development of neurological disease
and tumors (27,28). Previous studies and network analyses
have demonstrated the biomarker utility of LMNBI in human
cancer (7). To the best of our knowledge, the only recent report
states that LMNBI upregulation is associated with cancer
metastasis and adverse survival outcomes in patients with
primary PC (28). Furthermore, the present results indicated
that LMNBI positively regulated FOXDI. The effects of
knockdown of LMNBI on PC cells were reversed by FOXD1
overexpression.

In conclusion, the present study provided evidence that
FOXDI is key in malignant progression of PC. The function
may be positively regulated through LMNBI. However, the
number of clinical samples in the present study was small and
further research is required.
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