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Abstract: This experiment investigates how the miR-99b/let-7e/miR-125a cluster regulates the mechanism of 
NR6A1 involved in the invasive and metastatic effects of pancreatic cancer (PCa). Bioinformatics prediction and 
dual luciferase reporter gene assay were applied to verify the targeted relationship between miR-99b/let-7e/miR-
125a and NR6A1. ASPC1 cells underwent transfection with lentiviruses to overexpress miR-99b/let-7e/miR-125a 
(individual or together) to explore functions of miR-99b/let-7e/miR-125a cluster governing NR6A1 in PCa. The 
detection of tumorigenesis was verified by tumor formation assay in nude mice in vivo, and mouse models of liver 
metastasis of PCa observed cell metastasis of PCa. MiR-99b/let-7e/miR-125a cluster was screened for differential 
expression in PCa. NR6A1 was confirmed as a target gene of the miR-99b/let-7e/miR-125a cluster. Findings dem-
onstrated that overexpression of the miR-99b/let-7e/miR-125a cluster inhibited cell invasion, metastasis, prolifera-
tion, and tumorigenesis in PCa. Conversely, overexpressed NR6A1, a crucial gene in the miR-99b/let-7e/miR-125a 
cluster, promoted cell invasion, migration, and proliferation in PCa. Moreover, the overexpression of the miR-99b/
let-7e/miR-125a cluster inhibited liver metastases and tumor formation. Thus, the study concludes that the miR-
99b/let-7e/miR-125a cluster impedes the invasion and metastasis of PCa cells via targeting the NR6A1 gene.
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Introduction

Pancreatic cancer (PCa), known for its high 
malignancy, poses formidable challenges in 
treatment and prognosis, primarily due to its 
propensity for aggressive invasion and metas-
tasis [1]. Clinically, many patients with PCa, are 
often accompanied by elevated levels of alka-
line phosphatase and circulating bilirubin [2-4]. 
Studies on the molecular pathogenesis of PCa 
suggest that genetic alterations (i.e., K-ras 
mutations), particularly epigenetic dysregula-
tion of tumor-associated genes, are considered 
a hallmark of PCa [5]. In recent years, prostate 
cancer’s molecular and genetic basis has 
become increasingly understood, but due to its 
aggressive nature, lack of early diagnostic and 
prognostic biomarkers, late clinical presenta-
tion, and limited efficacy of available therapies 
(i.e., chemotherapy and radiotherapy) [6-8]. 
PCa is usually advanced during detection, 
resulting in a poor prognosis and a high mortal-

ity rate [9]. Although more specific treatments 
(i.e., tumor-specific targeted therapies) have 
recently been applied, only patients with small 
tumor sizes and complete surgical resection 
have a better chance of survival [10]. Therefore, 
detecting new biomarkers and molecular tar-
gets is crucial for diagnosing and treating pros-
tate cancer.

MicroRNAs (miRNAs) are a class of small, non-
coding RNAs that have been implicated in the 
tumorigenesis and metastasis of various can-
cers [11]. Among them, microRNA-99b (miR-
99b), a member of the miR-99 family, has been 
reported to suppress the expression of pros-
tate-specific antigens and inhibit the proli- 
feration of prostate cancer cells [12, 13]. 
Furthermore, miR-125a, belonging to the miR-
10 family, has been shown to foster resistance 
to gemcitabine in PCa cells by targeting A20 
[14]. miR-125a belongs to the miR-10 family, 
which includes two homologs (hsa-miR-125b-1, 
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hsa-miR-125b-2) that play key roles in various 
molecular and cellular processes, such as dif-
ferentiation, proliferation, apoptosis, and regu-
lation of matrix metalloproteinases [15]. let-7 
was first identified in 2000 and is the second 
miRNA identified after lin-4, which has 13 fam-
ily members with the same sequence homology 
in the seed region, most of which are associat-
ed with the regulation of cancer drug sensitivity 
[16]. Recently, ZEB1 was found to induce the 
expression of miR-99b/let-7e/125a involved in 
invasive metastasis of esophageal squamous 
carcinoma cells [17]. NR6A1 is an important 
orphan nuclear receptor associated with dis-
ease progression, aggressiveness prediction, 
and prostate cancer treatment [18]. However, 
the regulatory role of these miRs in the devel-
opment and progression of cancers, including 
PCa, remains unknown.

To elucidate the role of the miR-99b/let-7e/miR-
125a cluster in PCa, we investigated their 
expression profiles and targeted interaction 
with NR6A1 using diverse experimental meth-
odologies. Additionally, we assessed their im- 
pact on the invasion and metastasis of PCa 
cells. Our results suggest that the miR-99b/let-
7e/miR-125a cluster can inhibit PCa invasion 
and metastasis by regulating the expression of 
the NR6A1 gene. These results may provide 
important insights into developing novel PCa 
therapeutic agents and treating PCa.

Materials and methods

Bioinformatics

“Pancreatic cancer” was used as a keyword to 
retrieve the gene expression microarray datas-
et of PCa-related genes in the GEO database 
(http://www.ncbi.nlm.nih.gov/geo). The differ-
entially expressed genes of the microarray 
dataset expression matrix were identified using 
the Limma package in R language [19]. The 
image was drawn with the screening conditions 
P < 0.05 and |LogFoldChange| > 2.0. Website 
miRdb (http://www.mirdb.org/) was used to 
predict the target genes of miRNA.

Research subjects

Cell lines: Normal pancreatic duct epithelial cell 
line (HPDE) and human PCa cell lines (SW1990, 
PANC-1, BxPC-3, and ASPC1) were used in this 
study. All these cell lines, obtained from the 

American Type Culture Collection (ATCC, Rock- 
ville, Maryland, USA) were cultured for under six 
months. The cells were cultured in RPMI1640 
medium containing 10% fetal bovine serum 
(FBS) and 1% antibiotics/antifungal agents and 
then placed in an incubator at 37°C with 5% 
CO2.

Clinical samples: 38 PCa tissue samples and 
10 adjacent normal control tissue samples 
were collected from our hospital. Informed con-
sent was obtained from each participant, and 
the study was approved by the ethics commit-
tee (Approval No. 2022-148-Y-02). 

Luciferase report assay

A dual-luciferase assay validated the targe- 
ting relationship between miR-99b/let-7e/miR-
125a and NR6A1 gene. PCa cells were seeded 
in a 24-well plate 24 hours before transfection. 
The cells were divided into three groups: the 
wild-type plasmid group, the mutant plasmid 
group, and the negative control group. The wild-
type plasmid group was transfected with miR-
99b, let-7e, miR-125a, miR-99b/let-7e/miR-
125a mimic, and a mutant luciferase reporter 
plasmid derived from the NR6A1 3’UTR. The 
mutant plasmid group was transfected with 
miR-99b, let-7e, miR-125a, miR-99b/let-7e/
miR-125a mimic, and mutant luciferase re- 
porter plasmid NR6A1 3’WT. Cells were trans-
fected for the negative control group, with miR-
99b, let-7e, miR-125a, miR-99b/let-7e/miR-
125a mimic, and a control luciferase plasmid. 
Twenty-four hours post-transfection, luciferase 
activity was measured using the dual-luciferase 
reporter assay. This experiment was indepen-
dently replicated three times, with six replicates 
for each trial.

Transfection of miRNA mimics, inhibitors, siR-
NAs, and plasmid

The PCa cell line ASPC1 was cultured in DMEM 
(Hy Clone, Ogden, UT, USA), supplemented with 
10% fetal bovine serum, in an incubator at 
37°C with 5% CO2 and saturated humidity. 
When 80% confluence was reached, the cells 
were detached using 0.25% trypsin for passag-
ing. PCa cells in the logarithmic growth phase 
were adjusted to a cell density of 107 cells/L, 
seeded in 6-well plates, with 2 mL of cell sus-
pension added to each well, and cells were 
transfected according to the instructions of 
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lipofectamin2000 (11668019, Thermo Fisher 
Scientific, USA) when the cell density grew to 
30-50%. PCa cells were transfected with 100 
nM miRNA mimics (99b/7e/125a), miRNA mix-
ture (33 nM of each miRNA) or negative con- 
trol (NC); 120 nM miRNA inhibitor mixture 
(99b/7e/125a-i) or negative control (NC-i); 60 
nM NR6A1 siRNA. Two siRNAs targeting NR6A1 
were used in this study. The sequences of 
siRNA-1 were as follows: sense, 5’-GAGCAAC- 
CAUGGUGAUAGUTT-3’; and antisense, 5’-ACU- 
AUCACCAUGGUUGCUCTT-3’. The sequences of 
siRNA-2: sense were, 5’-CCUCCACAUUACCAA- 
UAUATT-3’; and antisense, 5’-UAUAUUGGUAA- 
UGUGGAGGTT-3’. The siRNA NC (negative con-
trol) was used with the following sequences: 
sense, 5’-UUCUCCGAACGUGUCACGUTT-3’; and 
antisense, 5’-ACGUGACACGUUCGGAGAATT-3’. 
All miRNA mimics, inhibitors, and siRNAs we- 
re synthesized by RiboBio (Guangzhou, China) 
and transfected using HiPerFect transfection 
reagent (QIAGEN).

Virus infection

For miRNA screening, ASPC1 cells were plated 
in a 6-well plate at a density of 2 × 105 cells  
per well one day before infection. The Lenti-
miRTM virus (SBI, Mountain View, CA, USA) was 
diluted at an MOI of 3 and added with poly-
brene to a final 5 µg/ml concentration in the 
cell medium. Next, ASPC1 cells were infected 
with lentivirus overexpressing miR-99b/let-7e/
miR-125a (individual or cluster) or negative 

cription Primer (4427975, Applied Biosystems, 
Carlsbad, CA, USA) according to the manufac-
turer’s recommendation. In detail, the cDNA 
was diluted to a concentration of 50 ng/µL. For 
each reaction, 2 µL diluted cDNA was added 
into the reaction system, and the total volume 
was 25 µL. Reverse transcription was per-
formed at 37°C for 30 min and 85°C for 5 s. 
miR-125a, miR-99b, let-7e, and NR6A1 were 
provided by TaKaRa Company (Otsu Shinga, 
Japan) (Table 1). RT-qPCR was conducted us- 
ing an ABI7500 quantitative PCR instrument 
(7500, ABI, Carlsbad, CA, USA). In detail, prede-
naturization was performed at 95°C for 10  
min, followed by denaturization for 40 cycles at 
95°C for 10 s. Then, annealing was conducted 
at 60°C for 20 s, followed by extension for 40 
cycles at 72°C for 34 s. The reaction system is 
composed of 0.8 µL PCR Reverse Primer (10 
µM), 0.8 µL PCR Forward Primer (10 µM), 10 µL 
SYBR Premix Ex TaqTM II, 0.4 µL ROX Reference 
Dye, 2.0 µL cDNA templates, and 6.0 µL dis-
tilled water. U6 was taken as the internal refer-
ence of miR-99b, let-7e, and miR-125a, where-
as β-actin was the internal reference of NR6A1. 
The 2-ΔΔCt indicated the ratio of the expression 
of the target gene between the experimental 
group and the control group.

Western blot

PCa cells were collected, total cell protein was 
extracted, and a 2D Quant kit was used for pro-
tein quantification. Approximately 50 ug of pro-

control (GeneChem, Shang- 
hai, China) and selected 
with 1 µg/ml puromycin.

RT-qPCR

Total RNA was extracted 
using the miRNeasy Mini 
Kit (217004, QIAGEN, Hil- 
den, Germany). The con-
centration and purity of the 
total RNA were determined 
using a Nanodrop 2000 
micro ultraviolet spectro-
photometer (1011U, Nano- 
drop, USA) based on the 
A260/A230 and A260/
A280 ratios. The cDNA was 
synthesized by TaqMan 
MicroRNA Reverse Trans- 

Table 1. Primer sequences of miR-99b, let-7e, miR-125a, NR6A1, U6 
and β-actin in RT-qPCR
Gene Primer sequences
miR-99b F: 5’-ATCC AGTGCGTGTCGTG-3’

R: 5’-TGCTCAAGCT CGTGTCTGT-3’
let-7e F: 5’-TGAGGTAGGAGGTTGT-3’

R: 5’-TATCCAGTGCGTGTCGTGGA-3’
miR-125a F: 5’-ACACTCCAGCTGGGACAGGTGAGGTTCTTG-3’ 

R: 5’-CTCAACTGGTGTCGTGGAGTCGGCAATTCAGTTGAGGGCTCCCA-3’ 
NR6A1 F: 5’-GGGATGAACCGGAAGGCTATC-3’ 

R: 5’-GGCTGGTTGCTCTCCGAAG-3’
U6 F: 5’-AAAGCAAATCATCGGACGACC-3’

R: 5’-GTACAACACATTGTTTCCTCGGA-3’
β-actin F: 5’-CGTGACATTAAGGAGAAGCTG-3’

R: 5’-CTAGAAGCATTTGCGTGGAC-3’
Note: RT-qPCR, reverse transcription quantitative polymerase chain reaction; miR-99b, 
microRNA-99b; miR-125a, microRNA-125a; F, forward; R, reverse.



miR-99b/let-7e/miR-125a cluster suppresses PCa

117	 Am J Cancer Res 2024;14(1):114-129

tein samples were taken for SDS-PAGE, trans-
ferred to the membrane, closed, and incubated 
overnight at 4°C with rabbit anti-NR6A1 
(ab38816, 1:250), MMP-2 (ab37150, 1:500), 
MMP-9 (ab38898, 1:1000), and VEGF (ab- 
39256, 1:1000) (all the above antibodies were 
purchased from Abcam, USA). Subsequently, 
the membrane was incubated with IgG goat 
anti-rabbit secondary antibody (A21020, Abb- 
kine, USA) (1:1000 dilution) at 37°C for 1 h.  
The membrane was then washed thrice with 
phosphate buffer saline (PBS) for 5 min before 
developing. Glyceraldehyde-phosphate dehy-
drogenase (GAPHD) was taken as the internal 
reference. The relative protein expression level 
was calculated as the ratio of the gray value of 
the target protein band to that of the internal 
reference band.

Transwell assay

In this experiment, 200 μL melted Matrigel gel 
(YB356234, Shanghai Yu Bo Biotech Co., 
Limited, Shanghai, China) was mixed with an 
equal volume of the serum-free medium at  
4°C, transferred to the upper chamber of the 
transwell plate (50 μL/well) and placed in an 
incubator for 2-3 h for solidification. Cells were 
digested, counted, and suspended in 20% FBS. 
Cell suspension (200 μL) was added to the 
upper chamber of each well, while 800 μL 20% 
FBS was added to the lower chamber. The solu-
tion was then incubated at 37°C for 20-24 h. 
After incubation, the plates were washed with 
PBS twice and soaked for 10 min in formalde-
hyde, followed by washing with distilled water 
thrice. Then, cells were stained with 0.1% crys-
tal violet, stilled for 30 min at room tempera-
ture, and washed with PBS twice. A cotton swab 
was used to remove cells external to the mem-
brane. Finally, cells were observed, photo-
graphed, and counted under an inverted micro-
scope. No basal Matrigel was needed for the 
Transwell assay, and the cells were only incu-
bated for 16 h.

EdU incorporation assay

PCa cells in the logarithmic phase, ranging from 
2 × 103-4 × 104 cells per well, were inoculated 
in 96-well plates and cultured to the expected 
growth stage. Twenty-four hours later, the 
attached cells were transfected as 3 wells per 
group. After 48 h, cells were labeled with EdU 
and incubated with a medium containing 100 

μL EDU for 2 h. Labeled cells were then incu-
bated with 100 μL cell fixation buffer for 30 min 
at room temperature after washing with PBS 
twice. Then, the fixed cells were mixed with 2 
mg/mL glycine, incubated for 5 min, and 
washed with 100 μL PBS for 5 min. After wash-
ing, cells were cultured with penetration rea- 
gent (PBS containing 0.5% TritonX-100, 100 
μL/well) and washed with PBS. The cells were 
mixed with 1 × Apollo staining solution and 
incubated for 30 min, avoiding exposure to 
light. Then, penetration reagent was added to 
the cells, followed by methanol washing. After 
penetration, cells were mixed with 1 × Hoechst 
33342 reaction buffer (100 μL/well), decolor-
ized, and incubated for 30 min at room temper-
ature, avoiding exposure to light, followed by 
PBS (100 μL/well) washing thrice. Finally, cells 
were stained and mixed with an anti-fade 
mounting medium (100 μL/well). In this experi-
ment, six to ten fields in each well were random-
ly selected, photographed, and observed under 
a fluorescence microscope.

Animal experiment

BALB/c nude mice (6 weeks old) were obtained 
from Zhaoyan (Suzhou) New Drug Research 
Center Ltd., China, and housed in a specific 
pathogen-free environment. The catalog num-
ber for the mice was i-003. Female nude mice 
without thymus were subcutaneously inoculat-
ed with stable overexpression of miR-99b/let-
7e/miR-125a cluster or negative control PCa 
cell line. The nude mice were maintained in an 
environment with a constant temperature (25-
27°C) and humidity (45%-50%). After transfec-
tion, cells were digested and centrifuged when 
the confluence reached 80%-90%. After wash-
ing with PBS 2 to 3 times, adjust the concentra-
tion of cell suspension to 1 × 107 cells/mL. 
Then, 20 μl cell suspension was inoculated 
subcutaneously in nude mice (5 mice/group). 
Finally, the mice were sacrificed using CO2 after 
6 weeks, and the size and weight of the trans-
planted tumor were measured.

Nude mice were injected through the caudal 
vein by 4’, 6-diamidino-2-phenylindole (DAPI) 
labeled PCa cell lines (i.e., miR-99b/let-7e/miR-
125a cluster) or NC as to establish a PCa model 
(5 mice/group). The concentration of PCa cells 
in the logarithmic growth phase was then 
adjusted to 2 × 107 cells/mL and incubated 
with the fluorescent dye DAPI (10 μg/L) (37°C 
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for 5 min and 4°C for 15 min). After washing 
with PBS, cells were centrifuged at 402 × g for 
5 min and resuspended in physiological saline 
solution (2 × 107 cells/mL). Nude mice were 
injected with 0.1 mL labeled cells through the 
caudal vein and sacrificed by CO2 after 8  
weeks. The livers were harvested to evaluate 
the tumor metastasis, and the IVIS Lumina II 
system (Caliper LifeSciences, Waltham, MA, 
USA) was used to observe the fluorescence. All 
animal experiments met the requirements of 
the ethics committee (2022-148--Y-01).

Statistics

These analyses were performed with the SPSS 
Version 17.0 statistical software package. 
Differences between the two groups were com-
pared using Pearson. The Spearman coeffi-
cients test analyzed the correlation between 
miRNA level and clinical stages. The Spearman 
coefficients test analyzed the correlation be- 
tween miRNA level and clinical stages. 

Results

miR-99b/let-7e/miR-125a is a cluster of dif-
ferentially expressed miRNAs in PCa

The data analysis results of the GSE50632 and 
GSE41369 chips revealed that miR-125a, let-
7e, and miR-99b exhibited low expression in 
PCa (Figure 1A). miR-125a, let-7e and miR-99b 
were derived from miRNA clusters located with-
in a ~750 base pair region on human chromo-
some 19 (Figure 1B). We examined the ex- 
pression of miR-125a, let-7e, and miR-99b in 
PCa, pancreatitis (CP), and regular pancreatic 
patients. RT-qPCR results showed that the 
expression of miR-125a, let-7e, and miR-99b 
was significantly lower in PCa than in the CP 
and Normal groups (Figure 1C-E). We examined 
and analyzed the correlation between the vary-
ing expression levels of miR-125a, let-7e, and 
miR-99b in PCa and various clinicopathological 
factors, and the results showed that the ex- 
pression levels of let-7e and miR-99b were 
associated with Perineural invasion, Lymph 
node metastasis and TNM stage of PCa. In con-
trast, the expression level of miR-125a corre-
lated with tumor size and perineural invasion of 
PCa (Table 2). We also examined the mRNA 
expression of miR-125a, let-7e, and miR-99b  
in normal pancreatic ductal epithelial cells 
(HPDE) and human PCa cell lines (PanC-1, Mia 

Paca-2, and HEK-293T), and the results showed 
that miR-125a, let-7e, and miR-99b were signifi-
cantly lower than those in normal pancreatic 
ductal epithelial cells (HPDE). 7e and miR-99b 
expression were decreased in PCa cell lines 
SW1990, PANC-1, BxPC-3, and ASPC1 in order, 
with ASPC1 PCa expression being the lowest, 
which was selected for the following cellular 
experiments.

The miR-99b/let-7e/miR-125a cluster inhibits 
malignant features of PCa cells

To determine the potential role of miR-99b/let-
7e/miR-125a in PCa cells, we first overex-
pressed them by transfecting PCa cells with 
miRNA mimics. The results showed that the 
expression of miR-99b, let-7e, and miR-125 
was increased in the miR-99b/let-7e/miR-125 
group compared to the NC group. Additionally, 
transfecting miR-99b, let-7e, or miR-125 mim-
ics significantly enhanced the corresponding 
miRNA expression (Figure 2A). We performed 
Transwell assays to assess PCa cells’ invasi- 
veness and migration ability and EdU staining 
to evaluate their proliferative capacity. As 
depicted in Figure 2B, 2C, overexpressing the 
three miRNAs individually or together sup-
pressed cell invasion, migration, and prolifera-
tion. Similarly, through lentivirus infection, sta-
ble expression of miR-99b/let-7e/miR-125a 
was achieved in ASPC1 cells. The results 
showed increased expression of miR-99b, let-
7e, and miR-125 in the Cluster group compar- 
ed to the NC group. Furthermore, the miR-99b/
let-7e/miR-125-i group exhibited decreased 
expression of miR-99b, let-7e, and miR-125 
compared to the NC-i group (Figure 2D, 2E), 
PCa cells exhibited a solid ability for invasion, 
migration, and proliferation (Figure 2F-H). We 
also examined the expression of metastasis-
related proteins using Western blot. The re- 
sults showed that the miR-99b/let-7e/miR-
125a cluster showed significantly lower MMP-
2, MMP-9, and VEGF expression than the  
corresponding NC group. In comparison, the 
addition of miR-99b/let-7e/miR-125 inhibitor 
resulted in significantly lower expression of 
MMP-2, MMP-9 and VEGF expression was sig-
nificantly increased after the addition of miR-
99b/let-7e/miR-125 inhibitor (Figure 2I). These 
results suggest that miR-99b/let-7e/miR-125a 
inhibits cells’ invasive and metastatic ability in 
vitro.
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NR6A1 is the target gene of the miR-99b/let-
7e/miR-125a cluster

To investigate the potential target genes of 
miR-99b/let-7e/miR-125a cluster, we predicted 
the target genes of miR-125a, let-7e, and miR-
99b by miRdb website (http://www.miRdb.
org/), and found that NR6A1 was the target 
gene of miR-125a, let-7e and miR-99b (Figure 
3A). We also used RNA22 (https://cm.jeffer-
son.edu/RNA22) online predictive analysis 
database, and the predictive analysis verified 
the presence of binding sites of miR-99b, let-

7e, miR-125a and NR6A1 3’UTR (Figure 3B), 
therefore, we focused on NR6A1 for further 
study. To confirm that NR6A1 is a direct target 
gene of miR-99b/let-7e/miR-125a, target vali-
dation was performed using a dual luciferase 
reporter, and the experimental results showed 
that the luciferase activity of NR6A1 wild-type 
3’-UTR was significantly inhibited by miR-125a, 
let-7e, miR-99b and miR-99b/let-7e/miR-125a 
mimics compared with the NC group (P < 0.05), 
whereas the luciferase activity of mutant 
3’-UTR was not inhibited (Figure 3C). In addi-
tion, NR6A1 mRNA and protein levels were 

Figure 1. miR-99b/let-7e/miR-125a cluster is downregulated in PCa. A. The image of microarray dataset GSE50632. 
B. The image of microarray dataset GSE41369. The horizontal axis represents the number of samples, whereas 
the vertical axis represents the name of the differential gene. The upper right column is the color gradation with 
color reflecting gene-chip expression values. In the column, each rectangle corresponds to a sample value, whereas 
each row represents the expression of all genes in a sample. The dendrogram on the left side is an analysis of 
gene expression of different samples. In the graph, the bar on the top marks the sample type and the upper right 
box demonstrates the reference of sample color. In particular, sample with the blue color was taken as the normal 
control, whereas the red was as the sample with tumor. C. Illustration of miR-99b/let-7e/miR-125a cluster on hu-
man chromosome. D. RT-qPCR analysis of the expressions of miR-125a, let-7e and miR-99b in patients with PCa 
and normal pancreas; N (normal group) = 10; N (PCa group) = 38; A paired t-test was employed to compare the data 
from cancer tissue and adjacent noncancerous tissue, with P < 0.05 indicating statistical significance. E. RT-qPCR 
analysis of the expressions of miR-125a, let-7e and miR-99b in normal human HPDE cells and human PCa cell lines 
(SW1990, PANC-1, BxPC-3 and ASPC1); A one-way analysis of variance (ANOVA) was conducted to compare the data 
among multiple groups, with P < 0.05 indicating statistical significance when compared to normal pancreatic ductal 
epithelial cells (HPDE). The experiment was repeated three times.



miR-99b/let-7e/miR-125a cluster suppresses PCa

120	 Am J Cancer Res 2024;14(1):114-129

decreased in PCa cells after overexpression of 
miR-99b/let-7e/miR-125a cluster as well as 
miR-99b, let-7e, and miR-125a, respectively 
(Figure 3D, 3E). In addition, the expression of 
NR6A1 was negatively correlated with that of 
let-7e, miR-99b, and miR-125a in patients with 
PCa (Figure 3F). These results confirm that 
NR6A1 is a direct target gene of miR-99b/let-
7e/miR-125a, and miR-99b/let-7e/miR-125a 
could negatively regulate the expression of 
NR6A1.

Overexpression of NR6A1 promotes malignant 
properties of PCa cells

The functionality of NR6A1 was investigated in 
PCa cells through siRNA and overexpression of 
NR6A1. The RT-qPCR and Western blot analy-
ses revealed a significant reduction in NR6A1 
mRNA and protein expression levels when si-
NR6A1-1 and si-NR6A1-2 were utilized, indicat-
ing a notable silencing effect. Conversely, over-
expression of NR6A1 led to a significant 
increase in NR6A1 mRNA and protein expres-
sion levels (Figure 4A, 4B). Transwell assays 
were conducted to assess the invasive and 
migratory abilities of the cells. The results dem-
onstrated that overexpression of NR6A1 pro-

moted PCa cell invasion and migration while 
silencing NR6A1 inhibited cell migration and 
invasion (Figure 4C). Subsequently, si1-NR6A1, 
which exhibited the most effective knockdown, 
was selected for further experiments. The find-
ings revealed that overexpression of NR6A1 
enhanced the protein expression of MMP-2, 
MMP-9, and VEGF, whereas silencing NR6A1 
suppressed their expression (Figure 4D). 
Similarly, the EDU experiment results indicated 
that overexpression of NR6A1 increased the 
proliferative capacity of PCar cells, whereas 
silencing NR6A1 inhibited cell proliferation 
(Figure 4E).

NR6A1 is involved in miR-99b/let-7e/miR-
125a induced PCa cell migration invasion and 
proliferation

To further illustrate the functional relation- 
ship between NR6A1 and miR-99b/let-7e/miR-
125a, we used functional backfill experiments 
to illustrate that re-expression of NR6A1 in 
miR-99b/let-7e/miR-125a overexpressing cells 
affected miR-99b/let-7e/miR-125a effects on 
invasion and migration. Overexpression of miR-
99b/let-7e/miR-125a suppressed the protein 
expression of NR6A1 (Figure 5A), restrained 

Table 2. Relationship between the expression of miR-99b, let-7e, miR-125a and clinical features

Variable n
miR-99b

P-value
let-7e

P-value
miR-125a

P-value
Low High Low High Low High

Age 0.737 0.737 0.74
    < 60 14 8 6 6 8 7 7
    ≥ 60 24 11 13 13 11 10 14
Gender 0.515 0.515 0.752
    Male 21 9 12 9 12 10 11
    Female 17 10 7 10 7 7 10
Tumor size 0.515 1.000 0.048
    < 3 cm 21 9 12 10 11 6 15
    ≥ 3 cm 17 10 7 9 8 11 6
Perineural invasion 0.038 0.038 0.015
    Negative 13 3 10 3 10 2 11
    Positive 25 16 9 16 9 15 10
Lymph node metastasis 0.029 0.003 1.000
    Negative 11 2 9 1 10 5 6
    Positive 27 17 10 18 9 12 15
TNM stage 0.045 < 0.001 0.744
    I-II 15 4 11 2 13 6 9
    III-IV 23 15 8 17 6 11 12
Note: The expression is high when it is over the mean value, the expression is low when it is lower than the mean value. Statis-
tics were analyzed by Chi square test. miR-99b, microRNA-99b; miR-125a, microRNA-125a, significant difference (P < 0.05).
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Figure 2. Overexpressed miR-99b/let-7e/miR-125a cluster inhibits the invasion, metastasis and proliferation of PCa 
cells. A. qRT-PCR is used to detect the overexpression efficiency of miR-99b/let-7e/miR-125a cluster, miR-99b, let-
7e, miR-125a, and mimics. B. Transwell assay is used to investigate the invasion and migration ability of PCa cells 
after transfection with miR-99b/let-7e/miR-125a, miR-99b, let-7e, and miR-125a mimic. C. EdU assay is used to 
examine the proliferation ability of PCa cells after transfection with miR-99b/let-7e/miR-125a, miR-99b, let-7e, and 
miR-125a mimic. D. qRT-PCR is used to verify the overexpression efficiency of lentivirus-overexpressed miR-99b/
let-7e/miR-125a. E. qRT-PCR is used to verify the knockdown efficiency of miR-99b/let-7e/miR-125a inhibitor. F. 
Transwell assay is used to evaluate the invasion and migration ability of PCa cells with miR-99b/let-7e/miR-125a 
cluster and corresponding NC. G. Transwell assay is used to evaluate the invasion and migration ability of PCa cells 
after addition of a combination inhibitor of miR-99b/let-7e/miR-125a and corresponding NC. H. EDU assay is used 
to evaluate the proliferation ability of PCa cells with miR-99b/let-7e/miR-125a cluster, miR-99b/let-7e/miR-125a-i, 
and corresponding NC. I. Western blot is used to detect the protein expression of metastasis-related genes in each 
group of PCa cells. *P < 0.05. A, B and F. Data are ana lyzed using one-way ANOVA. F-H. Data are analyzed using the 
t-test. The experiment is repeated three times.

Figure 3. NR6A1 was confirmed as a direct target gene of miR-99b/let-7e/miR-125a cluster. (A) Venn diagram 
of the target genes of miR-125a, let-7e, and miR-99b. (B) The RNA22 prediction website predicts the bind-
ing sites existing in the 3’UTR of NR6A1 with miR-99b, let-7e, and miR-125a. (C) Dual-luciferase reporter as-
say is used to detect the target binding of miR-99b, let-7e, miR-125a, and miR-99b/let-7e/miR-125a cluster 
with NR6A1. *, P < 0.05 (Student’s t-test). (D) RT-qPCR is used to detect the expression level of NR6A1 mRNA 
after overexpressing miR-99b, let-7e, and miR-125a. * vs NC group, P < 0.05. (E) Western blot is used to de-
tect the expression of NR6A1 protein after overexpressing miR-99b, let-7e, and miR-125a. * vs NC group, P 
< 0.05. (F) The correlation between miR-99b/let-7e/miR-125a and ARID3A was examined in 78 cases of 
ESCC tissue samples. Data for (D and E) are analyzed using one-way ANOVA, data for (C) are analyzed using t-
test, and data for (F) are analyzed using Spearman’s correlation test. The experiment is repeated three times.
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Figure 4. Overexpression of NR6A1 promotes the invasion, migration and proliferation of PCa cells. A. mRNA expression of NR6A1 in cells with overexpressed or 
silenced NR6A1 was detected by RT-qPCR. B. The protein expression of NR6A1 in cells with overexpressed or silenced NR6A1 was detected by Western blot analysis. 
C. The invasion and migration of PCa cells with overexpressed or silenced NR6A1 was determined by Transwell assay. D. The protein expression of metastasis-relat-
ed genes in cells with overexpressed or silenced NR6A1 was determined by Western blot analysis. E. The proliferation of PCa cells with overexpressed or silenced 
NR6A1 was determined by EdU incorporation assay. * To compare the two groups depicted in the graph, a significance level of P < 0.05 was obtained. The data in 
the figure were analyzed using one-way analysis of variance (ANOVA), with three repetitions of the experiment.
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the invasion, migration, and proliferation of 
PCa cells (Figure 5B), and refrained the protein 
expression of metastasis-related genes MMP-
2, MMP-9, and VEGF (Figure 5C, 5D). However, 
the ability of PCa cells to invade, migrate, and 
proliferate was restored when supplemented 
with overexpressed NR6A1. Therefore, NR6A1 
could be an essential gene in the miR-99b/let-
7e/miR-125a cluster to regulate the invasive 
migration and proliferative activities of PCa 
cells.

Effect of miR-99b/let-7e/miR-125a cluster on 
metastasis of PCa cells in vivo

To further determine whether the miR-99b/let-
7e/miR-125a cluster can affect the activity of 
PCa cells, cells overexpressing this cluster were 
injected into nude mice to observe tumor for-
mation and metastasis in vivo. The results of 
the tumorigenesis assay in nude mice showed 
that the overexpression of miR-99b/let-7e/miR-
125a clusters resulted in smaller tumors and 
lighter tumor weight compared with the corre-
sponding NC group (Figure 6A and 6B). We fur-
ther found that fewer liver metastatic nodules 
were found in the miR-99b/let-7e/miR-125a 
cluster than in the control group by labeling flu-
orescent overexpression of miR-99b/let-7e/
miR-125a cluster PCa liver metastasis model 

(Figure 6C and 6D). HE staining further con-
firmed the presence of liver metastasis (Figure 
6E). Fluorescence microscopy of liver tissue 
revealed less green fluorescence in the liver in 
the overexpression miR-99b/let-7e/miR-125a 
cluster group compared to the NC group (Fig- 
ure 6F). Compared with the NC mouse group, 
NR6A1 mRNA levels were reduced during over-
expression of miR-99b/let-7e/miR-125a (Figure 
6G and 6H). Taken together, overexpression of 
miR-99b/let-7e/miR-125a cluster can inhibit 
the tumorigenic and the metastatic ability of 
PCa cells.

Discussion

PCa is a highly aggressive malignancy, often 
accompanied by late diagnosis and poor prog-
nosis [20]. Many recent studies have shown 
that microRNAs are an important molecular 
mechanism regulating cancer invasion and 
metastasis [21]. In this study, we discovered 
that overexpressing the miR-99b/let-7e/miR-
125a cluster significantly inhibited the invasive 
migration and proliferative abilities of PCa cells 
and decreased the expression levels of metas-
tasis-related proteins while silencing miR-99b/
let-7e/miR-125a promoted invasive migration 
and proliferation of PCa cells. These results 
powerfully demonstrate that the miR-99b/let-

Figure 5. miR-99b/let-7e/miR-125a regulates the migration, invasion and proliferation of PCa cells by targeting 
NR6A1. A. Protein expression of NR6A1 in PCa cells was detected by Western blot analysis after transfection. B. The 
invasion and migration of PCa cells were determined by Transwell assay after transfection. C. The protein expression 
of MMP-2, MMP-9 and VEGF in PCa cells was detected by Western blot analysis after transfection. D. The prolifera-
tion of PCa cells was determined by EdU after transfection. * To compare the two groups depicted in the graph, a 
significance level of P < 0.05 was obtained. The data in the figure were analyzed using one-way analysis of variance 
(ANOVA), with three repetitions of the experiment.
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7e/miR-125a cluster is vital in regulating PCa 
invasion and metastasis and that this role is 
mediated through its common target gene 
NR6A1. Therefore, this cluster and NR6A1 may 
be potential targets for regulating PCa invasion 
and metastasis through miRNAs, providing new 
strategies and directions for treating PCa.

Our study also indicated that low expression 
levels of miR-125a, let-7e, and miR-99b in PCa 
patients were negatively correlated with the 
development of pancreatic tumors as some 
miR or oncoming, miR-125a, let-7e, and miR-
99b are important potential tumor suppressors 
[22]. The overexpression of miR-125a or miR-
125b exerted minor effects on the growth and 
migration of untransformed human breast epi-
thelial cells, suggesting the potential of mir as a 
therapeutic strategy to block oncogene expres-
sion and function [23]. Another study noted 
that miR-125a promotes chemotherapy resis-
tance of PCa cells to gemcitabine by targeting 

A20, suggesting that miR-125a may serve as a 
novel therapeutic target or molecular indicator 
for prostate cancer treatment and may improve 
the diagnosis of prostate cancer [24]. It was 
shown that miR-125a controls the size of the 
stem cell population by regulating hemato- 
poietic stem/progenitor cell (HSPC) apoptosis 
[25]. For miR-let-7e, previous studies have 
shown that JARID1B demethylase promotes 
tumor cell proliferation by epigenetically inhi- 
biting the tumor suppressor miR-let-7e [26]. 
Another study suggested that let-7e may serve 
as a promising therapeutic target for improving 
the sensitivity of cisplatin-resistant human epi-
thelial ovarian cancer to cisplatin [27]. Similarly, 
the miR-99 family, including miR-99a, -99b, 
and -100, inhibits prostate-specific antigen 
expression and prostate cancer cell prolifera-
tion [28]. Another study demonstrated that 
miR-99b, by targeting mTOR induction, contrib-
utes to the irradiation resistance of PCa [29]. 
Previous studies confirmed that the miR-125a/

Figure 6. Overexpressed miR-99b/let-7e/miR-125a cluster inhibits the tumorigenicity and metastasis of PCa cells. 
A. The tumor size of nude mice with or without the miR-99b/let-7e/miR-125a cluster injected. B. Comparison of 
tumor weight between mice with miR-99b/let-7e/miR-125a cluster injected and the corresponding control. C. Rep-
resentative photos of liver metastases using the mouse model of PCa. D. Statistical analysis of liver metastasis. E. 
HE staining of the paraffin-embedded sections of liver metastatic nodules. Scar bars, 500 μm (left) and 200 μm 
(right). F. Fluorescence images of PCa cells labeled by DAPI in frozen mouse liver sections. Scar bar, 500 μm. G. 
Quantitative real-time polymerase chain reaction (qRT-PCR) to assess the expression levels of miR-99b, let-7e, and 
miR-125a in the tissues. H. qRT-PCR to measure the expression levels of NR6A1 in the tissues. Data are presented 
as mean ± standard deviation (SD). *P < 0.05 was determined by conducting a t-test analysis on the data shown in 
the graph, with three repetitions of the experiment. N = 5.
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let-7e/-miR-99b cluster might be involved in the 
pathogenesis of cystic fibrosis [30].

We also demonstrated that the expression of 
MMP-2, MMP-9, and VEGF was significantly 
reduced in miR-99b/let-7e/miR-125a overex-
pressed cells, suggesting that their overex- 
pression could inhibit the invasion and metas-
tasis of PCa cells in vitro. Previous studies 
found that the expression of MMP-2, MMP-9, 
and VEGF was positively correlated with metas-
tasis, invasion, growth, and angiogenesis of 
gastric cancer cells, suggesting their potential 
role in predicting the pathobiological behavior 
of gastric cancer [31]. Previous studies con-
firmed that miRNA-21 plays an active role in 
angiogenesis by promoting cell survival, migra-
tion, and tube formation [32]. It can also inhibit 
cell death by partially targeting TIMP3 and regu-
lating MMP92 and MMP [33]. Another study 
showed that miR let-7e acts as a differentiation 
inducer and stromal MMP9 inhibitor in adipose-
derived stem cells [34]. In addition, previous 

studies have shown that post-transcriptional 
processing of mRNA transcripts plays a crucial 
role in establishing cellular gene expression 
profiles [35]. In our study, we searched for mir 
targeting ORL1 [36]. The results of the predic-
tion website (http://www.microrna.org) and the 
dual luciferase reporter gene assay confirmed 
NR6A1 as a direct target gene of the miR-99b/
let-7e/miR-125a cluster. Previous literature has 
demonstrated that cellular levels of NR6A1 cor-
relate with disease progression in prostate can-
cer, suggesting that this essential orphan 
nuclear receptor may be a potential therapeu-
tic target and a novel biomarker of prostate 
cancer aggressiveness [37]. Similar results 
were obtained in our study. In addition, NR6A1, 
an embryonic transcriptional negative regulator 
of gene expression in adult fibroblasts, has 
been reported to be repressed by let-7 [38].

In this study, bioinformatics tools were used to 
screen the miR-99b/let-7e/miR-125a cluster 
for its association with PCa, and the expected 

Figure 7. NR6A1 is the target gene of the miR-99b/let-7e/miR-125a and is negatively regulated by them, confirmed 
by the bioinformatics prediction and dual luciferase reporter gene assay. The miR-99b/let-7e/miR-125a cluster, 
which is closely adjacent to each other on a chromosome, is transported by the precursor miRNA from the nucleus 
to the nucleus and into the cytoplasm to inhibit NR6A1 expression, thus affecting the invasion and metastasis of 
PCa cells.
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target gene of these three miRNAs was NR6A1. 
The experimental results showed that the miR-
99b/let-7e/miR-125a cluster could reduce the 
expression of NR6A1, thus inhibiting the inva-
sion and metastasis of PCa cells (Figure 7). 
This finding increases the understanding of the 
mechanism of PCa development and progres-
sion and is expected to provide new possibili-
ties and directions for PCa treatment. While 
this study established that the miR-99b/let-7e/
miR-125a cluster could inhibit PCa invasion 
and metastasis via NR6A1, further investiga-
tion and validation of other potential target mol-
ecules are required. Additionally, extensive 
clinical sample analysis is necessary to support 
the application of these findings in clinical 
settings.
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