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ABSTRACT
MicroRNAs (miRNAs) are known to be involved in the development and progression of pancreatic cancer (PC).
In this study, the prognostic significance and mechanistic role of microRNA-569 in PC were explored.
Quantitative real-time PCR was used to detect the expression of microRNA-569 in PC tissues and cell lines.
Scratch test and Transwell assay were conducted to detect migration and invasion ability. The xenograft nude
mice model was used to determine tumor metastasis in vivo. The direct targets of microRNA-569 were
determined by using bioinformatics analysis and a dual-luciferase reporter assay. The expression level of
microRNA-569 was down-regulated in PC patients with a poor prognosis. In vitro and in vivo experiments
indicated that over-expression of microRNA-569 inhibited the migration and invasion of PC cells. MicroRNA-569
negatively regulated NUSAP1 by directly binding its 3'-untranslated region. Further mechanism research
implied that the ZEB1 pathway was involved in microRNA-569/NUSAP1 mediation of the biological behaviors in
PC. These data demonstrated that microRNA-569 may exert a tumor-suppressing effect in PC and maybe a
potential therapeutic target for PC patients.

INTRODUCTION
Pancreatic cancer is often referred as the “king of
cancers”, with a very poor prognosis, and is the fourth
leading cause of cancer death in the world [1]. The main
causes for the poor prognosis are its high aggressiveness,
early metastasis, and profound chemoresistance [2, 3].
Due to the lack of specific diagnostic methods, more than
80% of patients with PC were found to have locally
unresectable or metastatic diseases [4]. Even for patients
who underwent a successful operation or good response
to chemotherapy, most patients will eventually have local
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recurrence or metastasis [5]. PC is prone to metastasize to
the liver, lung, lymph nodes, and bones, which is closely
related to patient death [6]. Thus, exploring the potential
core gene affecting the malignant progression of
pancreatic cancer is very crucial.
MicroRNAs (miRNAs), containing 22 to 25 nucleotides,
belong to single-stranded ribonucleic acid and exert
function by degrading or inhibiting the translation
of other proteins to regulate gene expression [7].
Dysregulation of miRNAs were closely associated
with the occurrence of various diseases, especially
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cancers [8–12]. In lung cancer, miRNA-569 can be used
as a tumor suppressor to induce apoptosis [13]. In
mammary cancer, over-expression of miRNA-569 has a
poor prognosis, and it could inhibit cancer progression by
down-regulating TP53INP1 [14], however, there are no
reports available on the effect of miR-569 in PC.
Nucleolar and spindle-associated protein 1 (NUSAP1),
mainly modulates spindle assembly and stability during
mitosis [15]. Previous studies have reported abnormal
NUSAP1 expression presenting in multiple malignant
tumors. The expression of NUSAP1 was up-regulated in
colon cancer, which demonstrated a poor prognosis
[16]. Fang et al. that NUSAP1 was significantly upregulated in renal cell carcinoma, which strengthened a
series of malignant biological behaviors of tumor cells
[17]. However, NUSAP1 is rarely reported in pancreatic
cancer.
Our research is the first to investigate the miRNA-569
expression in PC and reveal its relation with clinical
outcomes. Furthermore, the biological role of miRNA569 and its potential molecular mechanisms were
investigated. miRNA-569 directly targets NUSAP1,
which in turn regulates ZEB1 expression and inhibits
PC cell migration and invasion.

RESULTS
microRNA-569 is an indicator of good prognosis
Patients with pancreatic cancer were divided into the
following two groups: poor prognosis, 12 months or less;
and good prognosis, above 21 months according to the
survival time. As shown in Figure 1A, the high miRNA-

569 expression has a good prognosis, suggesting that
miR-569 could serve as a good prognostic marker.
Furthermore, the overall survival of PC patients with low
miRNA-569 expression is shorter (Figure 1B). The
median survival time of the low expression group was
10.6 months, while the high-expression group was 24.0
months.
microRNA-569 over-expression suppresses migration
and invasion in PC cells
PC is prone to metastasis in the late stage, especially liver
metastasis, leading to a poor prognosis. The expression
levels of miR-569 after transfection of mimics in
SW1990 and Capan-2 cells were confirmed. As expected,
miR-569 levels were significantly up-regulated after
transfection of mimics (Figure 2A). Scratch assay and
Transwell experiment indicated that, compared to miRNC, the exogenous increase of miRNA-569 expression
can inhibit the migration of PC cells (Figure 2B, 2C).
Furthermore, the Transwell invasion assay also helped to
confirm that overexpression of miRNA-569 could inhibit
cell invasion (Figure 2D), thus, these data revealed that
miRNA-569 has an obvious anti-metastatic effect.
microRNA-569 inhibits PC liver metastasis in vivo
Then, we focus on the antitumor effect of miRNA-569
in vivo. Capan-2 was transfected with agomir-569 and
control, respectively. Transfected cells were injected
into the spleen of mice to establish the liver metastasis
model, and the metastatic focus was evaluated ten
weeks later (Figure 3A). Ex vivo luciferase imaging
demonstrated
that
miRNA-569
overexpression
significantly reduced liver metastasis in Capan-2 cells

Figure 1. miR-569 was down-regulated in PC tissues and patients with high miR-569 expression had a good prognosis.
(A) Analysis of miR-569 expression in PC tissues; (B) Kaplan-Meier Plotter analysis of the effect of miR-569 on PC patient survival.
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compared with negative control (Figure 3B). The
number of metastatic foci in mice injected with
agomir-569 cells decreased significantly (Figure 3C).
As indicated in Figure 3D, the hepatic metastatic foci

were stained by hematoxylin and eosin (HE). In
summary, it can be inferred that miRNA-569 can
inhibit liver metastasis of PC, which might have
certain clinical significance.

Figure 2. miR-569 inhibited the migration and invasion of PC cells in vitro. (A) RT-qPCR showed the miR-569 transfection efficiency.
(B) Wound healing assay demonstrated migratory abilities of PC cells after over-expression of miR-569; (C) Transwell assay showed migratory
abilities of PC cells after over-expression of miR-569; (D) Transwell assay indicated invasive abilities of PC cells after over-expression of miR569. (* p < 0.05, ** p < 0.01, *** p < 0.001, n = 3, Student’s t-test, means ± 95% CI).

Figure 3. miR-569 inhibited PC cell metastasis in vivo. (A) RT-qPCR showed miRNA agomir transfection efficiency. (B) In vivo
bioluminescence imaging of representative animals from each treatment group 10 weeks after tumor cell inoculation. (C) Representative
images of the liver of nude mice. Black arrows show metastatic tumor colonies in the liver. (D) HE staining of metastatic tumor colonies in the
liver, magnification ×100. (* p < 0.05, ** p < 0.01, n = 5, Student’s t-test, means ± 95% CI).
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Prediction and screening of target genes
TargetScan was used for the prediction of the target
genes. Then by interaction with up-regulated genes as
evidenced by the TCGA database, 141 target genes were
identified and viewed in the form of a Venn diagram
(Figure 4A). GO and KEGG analyses were applied to
clarify the function of miRNA-569. GO analysis is
composed of Biological processes (BPs), cellular
components (CCs), and molecular functions (MFs) [18],
which mainly concentrated on the extracellular matrix
organization, focal adhesion, and GTPase activity, which
were critical in the processes of cell biology (Figure 4B).
For KEGG analysis, the PI3K-Akt signaling pathway
and MAPK signaling pathway were reported to be
closely related to the cancerous process of PC (Figure
4C). To screen hub genes, we constructed a proteinprotein interaction network that consists of 399 nodes
and 1499 edges, and we then focused on the 16 hub
genes in the network highlighted by cytoHubba
according to their degree of overexpression (Figure 4D,
4E). Since miRNA-569 was closely associated with
prognosis, the LASSO Cox analysis was used to limit
the possible choices of hub genes to facilitate the

selection of only the most useful target genes. This
allowed us to identify two genes (ECT2 and NUSAP1)
(Figure 5A–5C). The biological function of ECT2 in
pancreatic cancer had been discussed in our previous
work [19], so we mainly focused on NUSAP1 during
subsequent research.
Verification of target genes
By analyzing data available within the Oncomine
database, NUSAP1 was found to be up-regulated in PC
tissues relative to normal control (Figure 6A). High
expression of NUSAP1 significantly shortened the
overall survival time and disease-free survival time
(Figure 6B). The base pairing was observed between
mature miR-569 and the 3´-UTR region of the NUSAP1
gene-seed sequence (Figure 6C). A dual-luciferase
experiment was then performed: as shown in Figure 6D,
for the NUSAP1-3’-UTR-WT group, compared with
miR-NC, the luciferase activity of miR-569 mimics was
weakened. However, there was no significant difference
in the NUSAP1-3’-UTR-MT group. In addition, miR569 could block the expression of NUSAP1 protein
(Figure 6E).

Figure 4. Prediction and screening of the target gene of miR-569 through bioinformatics analysis. (A) Venn diagram for the
intersections between DEGs and miRNA target genes. (B, C) GO and KEGG analysis shows pathways in which the miR-569 target gene
participates. (D) Protein-protein interaction networks of the miR-569 target genes using the Cytoscape database. (E) Correlation heat map of
hub genes.
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NUSAP1 knockdown suppresses PC cell migration
and invasion
Then, we explored the influence of changes in the
expression of NUSAP1 on the malignant biological
behavior of PC. PCR and Western blot assay were
carried out to validate the knockdown efficiency (Figure
7A, 7B). As expected, NUSAP1 knockdown significantly
inhibited PC cell migration (Figure 7C). In addition,
Transwell experiment demonstrated that knockdown of
endogenous NUSAP1 expression inhibited migration and
invasion of SW1990 and Capan-2 (Figure 7D, 7E).
The miRNA-569/NUSAP1/ZEB1 axis is involved in
the metastasis of PC cells
A functional rescue experiment was performed to further
determine whether miRNA-569 inhibits the metastasis of
PC cells by targeting NUSAP1. As shown in Figure 8A,
8B, NUSAP1 over-expression reversed the suppression
of miRNA-569 up-regulation on PC cell migration.
Meanwhile, the reintroduction of NUSAP1 reversed
the repression of miRNA-569 on PC cell invasion
(Figure 8C). Those results showed that NUSAP1 was
involved in mediating the inhibitory effect of miRNA569 on tumor metastasis. Zinc finger E-box binding
homeobox 1 (ZEB1), was also related to tumor
metastasis by promoting cell migration and invasion [20].
The GEPIA database showed a significantly positive
correlation between NUSAP1 and ZEB1 in PC tissues
(Figure 8D). We speculated that miRNA-569/NUSAP1
probably changes the aggressiveness of PC cells by
co-regulating ZEB1. As expected, Western blot
assay showed that miRNA-569 up-regulation decreased
ZEB1 protein levels, whereas over-expressing NUSAP1
restored ZEB1 expression (Figure 8E, 8F). Collectively,
these data suggested that NUSAP1 can promote
metastasis via ZEB1 up-regulation, while the NUSAP1/
ZEB1 axis can be inhibited by miRNA-569.

DISCUSSION
PC remains one of the deadliest cancer in the world,
mainly because most patients are already in the advanced
stage when diagnosed [21]. Therefore, exploring new
biomarkers and clarifying the potential mechanism of PC
progression is very important to developing new PC
treatments. An increasing number of literature reports
that miRNA can perform a key function in cancer as
onco-miRNAs or tumor-inhibited miRNAs during the
development of PC [22, 23]. According to a previous
study, microRNA-569 expression increased because of
3q26.2 amplification in epithelial cancers, which downregulated TP53INP1 mRNA expression and enhanced the
sensitivity of tumor cells to cisplatin [24]. Zheng et al.
revealed that microRNA-569 downregulation occurred in
lung cancer, while microRNA-569 overexpression leads
to decreased proliferation and migration ability, inducing
cell cycle arrest and apoptosis [13]. In addition,
microRNA-569 can also be sponged by circ_0001721 to
participate in the progression of osteosarcoma [25]. First
of all, we observed that miRNA-569 downregulation
predicted a poor prognosis in PC. MiRNA-569 was
found to act as a suppressive miRNA in PC by directly
targeting NUSAP1 to down-regulate ZEB1 expression,
thus impeding PC metastasis and progression. These
data indicated that microRNA-569 may be a potential
therapeutic target for PC.
NUSAP1, a protein binding with microtubules and
chromatin, can unite DNA with mitotic spindles and
promote microtubule cross-linking during mitosis. It has
been reported that NUSAP1 is abnormally expressed in
various cancers [26–28]. Li et al. found that NUSAP1
accelerated epithelial-mesenchyme transition (EMT)
progression and enhanced cancer stem cell (CSC)
signature through the Wnt/β-catenin signal pathway,
which led to cervical cancer [26]. Moreover, by
activating the TGF-β signaling pathway, NUSAP1 can

Figure 5. Prediction and screening of the target gene of miR-569 through bioinformatics analysis. (A) Forest plot for hazard
ratios of survival-associated hub genes in PC. (B) Partial likelihood deviance versus log (Ḽ) was drawn using a LASSO Cox regression model.
(C) Coefficients of selected features are shown in the terms of λ.
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enhance the proliferation, migration, invasion, and
chemotherapy resistance of bladder cancer cells [29].
Furthermore, several previous researches revealed that
microRNAs can target and regulate NUSAP1 expression
[30, 31]. In our study, we found that NUSAP1 is highly
expressed in pancreatic cancer, which is an indicator of
poor prognosis. NUSAP1 promoted tumor cell migration
and invasion, while microRNA-569 over-expression
could reverse this effect by directly binding with its 3’-

UTR. These findings suggested that the microRNA569/NUSAP1 axis functions as a pivotal role in the PC
progression.
ZEB1, the member of the ZHF family, could regulate the
expression of multiple oncogenes, thereby promoting the
initiation and development of cancer [32, 33]. ZEB1 also
was the common and important target of a range of
signaling pathways (including miRNA signaling) which

Figure 6. miR-569 directly targeted NUSAP1. (A) Oncomine database showing NUSAP1 mRNA expression level in PC and normal tissues.
(B, C) Kaplan-Meier overall survival and disease-free survival curves for patients with PC stratified by high and low expression of NUSAP1. (D)
Putative miR-569 target sequence in wild-type (WT) and mutated (MUT) 3’UTR of NUSAP1 was generated as indicated. (E) Relative luciferase
activity of NUSAP1 3’UTR co-transfected with the indicated reporters and miR-569 mimic oligonucleotides. (F) Western blot assay
demonstrated NUSAP1 protein level after over-pression of miR-569. (* p < 0.05, ** p < 0.01, n = 5, Student’s t-test, means ± 95% CI).
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Figure 7. NUSAP1 promoted the migration and invasion of PC cells. (A) Western blot and (B) qRT-PCR were performed to verify
transfection efficiency (*p < 0.05). (C) Wound healing assay showed migratory abilities of PC cells after knocking down NUSAP1; (D) Transwell
assay indicated migratory abilities of PC cells after knocking down NUSAP1; (E) Transwell assay showed invasive abilities of PC cells after
knocking down NUSAP1. GAPDH was used as a loading control in Western blot assay. (* p < 0.05, ** p < 0.01, *** p < 0.001, n = 3, Student’s ttest, means ± 95% CI).
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Figure 8. miR-569/NUSAP1/ZEB1 axis involved in the metastasis of PC cells. (A) Wound healing showed the migratory abilities of PC
cells transfected with a combination of miR-NC and vector, or miR-569 mimics and vector, or miR-569 mimics and NUSAP1 OE; (B) Transwell
assay showed the migratory abilities of PC cells transfected with a combination of miR-NC and vector, or miR-569 mimics and vector or miR569 mimics and NUSAP1 OE; (C) Transwell assay demonstrated the invasive abilities of PC cells transfected with a combination of miR-NC and
vector, or miR-569 mimics and vector or miR-569 mimics and NUSAP1 OE; (D) The GEPIA database showed that a significant positive
correlation between NUSAP1 and ZEB1 could be observed in PC tissues. (E) Western blot assay showed the ZEB1 protein expression level
after over-expression of miR-569. (F) Western blot assay showed the protein expression levels of PC cells transfected with a combination of
miR-NC and vector, or miR-569 mimics and vector or miR-569 mimics and NUSAP1 OE; (* p < 0.05, ** p < 0.01, n = 5, Student’s t-test, means ±
95% CI).
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can regulate cell differentiation, proliferation, plasticity,
and survival [34]. For instance, the hepatocyte growth
factor activates ERK/MAPK-ZEB1 signal axis to
enhance the invasion ability of prostate cancer cells [35].
In the process of bone metastasis of lung cancer, ZEB1,
as the downstream target of Wnt/β-catenin, leads to the
decrease of E-cadherin expression, which further
aggravates EMT [36]. ZEB1 expression was regulated
by the well-known transcription factor GRHL2, which
can form a double-negative feedback loop with the miR200 family and ZEB1 [37]. In this study, the microRNA569/NUSAP1 axis was found to be involved in the
process of PC migration and invasion, partly by
regulating the ZEB1 signaling pathway. Furthermore, a
previous study showed that NUSAP1 contains a DNA
binding domain, so it is possible that NUSAP1 acts
directly as a transcriptional regulator [38], so we
speculated that NUSAP1 protein may directly bind to the
ZEB1 promoter and suppress the transcription and
promotional activity of ZEB1; however, the binding
pattern (direct or indirect) and regulatory mechanism of
NUSAP1 and ZEB1 require further experimental
verification, perhaps by chromosome co-precipitation or
immunoprecipitation.
To sum up, we firstly identified the biological role and
regulatory mechanism of miRNA-569 during PC
carcinogenesis. Our data concluded: miRNA-569
modulates the NUSAP1/ZEB1 signaling axis, exert
anti-tumor function, which is expected to be the clinical
therapeutic target of pancreatic cancer.

MATERIALS AND METHODS
Cell cultures and tissue samples
The Capan-2(#SUER0449) and SW1990(#TCHu201)
were acquired from Suer Biological Technology
(Shanghai, China) and the Type Culture Collection of
the Chinese Academy of Sciences (Shanghai, China),
respectively. Both the cell lines were cultured in
DMEM containing 10% FBS, 100 units/ml penicillinstreptomycin at 37° C containing 5% CO2. PC tissue
specimens were gathered from the Department of
Pathology, the Affiliated Shengjing Hospital, China
Medical University, and confirmed by histopathological
examination by two pathologists. More detailed patient
information has been described in the earlier paper [39].
RNA isolation and RT-PCR
Total RNA of cultured cells was extracted with Trizol
reagent according to the manufacturer’s instructions,
and the RNA was stored at -80° C. The concentration
and purity of RNA were measured (RNA purity
=A260/A280), and the One Step PrimeScript® miRNA
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cDNA Synthesis kit was used for reverse transcription
(RT). Quantitative real-time PCR was performed on
ABI 7500 Real-time PCR system (Applied Biosystems)
using SYBR Premix Ex Taq II. All the reactions were
performed for triplicates. Primer sequences were listed
in Table 1.
Transient transfection
NUSAP1 siRNA was designed and synthesized by
GENEWIZ (Beijing, China). The NUSAP1 plasmid was
purchased from GeneChem (Shanghai, China). miRNA569 mimics and its control were synthesized and gained
from RiboBio (Guangzhou, China). Cells were
transiently transfected in vitro using jetPRIME reagent
(Polyplus) according to protocol.
The siRNA sequences of NC and NUSAP1 were listed:
siNUSAP1-1: 5’-GGAAGACUCUCUGUGGUUTT-3’
siNUSAP1-2: 5’-CCAAGACUCCAGCCAGAAATT-3’
NC siRNA: 5’-AATTCTGCGAACGAGTCACGT-3’
As shown in Supplementary Figure 1, siNUSAP1-1 was
more efficient than siNUSAP1-2, which was selected
for the follow-up experiments.
Scratch assay
When the transfected cells reached sufficient confluency,
the cell monolayers were scratched across with a 200-ul
pipette tip to create a linear wound. Then the supernatant
at each well was replaced with a fresh medium without
FBS. Migration images were captured at 0, 24 h after
scratching by using an inverted bright-field microscope.
Migration and invasion assay
As for the migration assay: 200 µL serum-free medium
containing 3×104 cells was placed in the upper chamber,
and 500 µL medium containing 10% fetal bovine serum
was added to the lower chamber. As for the invasion
assay: the Matrigel was diluted with precooled serumfree medium at a ratio of 1:30, and added 50 µL into the
upper chamber. Other procedures were the same as the
migration assay. 24 hours later, the chamber was taken
out and fixed with 75% ethanol. After staining with
Reyes-Giemsa, put it under a fluorescence microscope
(Olympus, Tokyo, Japan) for observation and take
photos.
Western blot analysis
Western blot was conducted as previously described [40].
The primary antibodies used are as follows: antiNUSAP1 (#ab137230), anti-ZEB1(#4650), anti-GAPDH
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Table 1. Primer sequences.
Name
miR-569
U6
NUSAP1
ZEB1
18S

Forward primer (5'- >3')
CCCGTAATGAATCCTGGAAAGT
GCTTCGGCAGCACATATACTAAAAT
CAGCCCATCAATAAGGGAGGG
CAATGATCAGCCTCAATCTGCA
CCCGGGGAGGTAGTGACGAAAAAT

(#25778). Horseradish peroxidase coupled goat antirabbit secondary antibody was diluted in TBST at
1:2000. Enhanced chemiluminescence reagent was
applied to detect protein bands. Finally, Western blot
results were analyzed by NIH Image J software.
Dual-luciferase reporter assay
Dual-luciferase reporter assays were performed as we
previously described [39]. Briefly, NUSAP1 3’UTR
containing the predicted wild-type (WT) or mutated
(Mut) binding sites of miR-569 were cloned into the
pGL3 vector. At 48h after co-transfection of miR-569
mimics and luciferase reporter vector into cells,
luciferase activity was detected.
In vivo metastasis assay
Female BABL/c nude mice (n=10, 4–6 weeks old) were
got from Vitalriver (Beijing, China). Capan-2 cells
(1×106) were labeled with luciferase ahead of time.
After transfection with agomir-NC (5µM) or agomir569 (5µM), transfected cells were injected into the
mouse spleen (n=5 in each group), respectively. 10
weeks after injection, the mice were killed according to
the requirements, and the liver tissues were collected
and embedded in paraffin. Then HE staining and
pathological analysis was performed. The relevant
experimental scheme and content were approved by the
Ethics Committee of China Medical University
(Approval no. 2020322).

Reverse primer (5'- >3')
CGCTTCACGAATTTGCGTGTCAT
AGTGACCCCTTCAGACCCAA
CCATTGGTGGTTGATCCCA
CGCCCGCCCGCTCCCAAGAT

assess and integrate proteins from prediction or
experiments. The interaction network was visualized
by Cytoscape 3.8.1 and the MCODE plugin was
conducted to screen potential clusters. In the process
of selecting model parameters, the minimum absolute
contraction and LASSO regression methods are widely
used. The “glmnet 4.1.2” package was selected
for modeling research. The Oncomine database
(http://www.oncomine.org) was applied to analyze the
transcription expression level of the NUSAP1.
Statistical analysis
GraphPad Prism 8.0.1 and R 3.6.0 were selected to
analyze the experimental data, and presented as the
means ± standard deviations (SD). All experiments
were carried out in triplicate. Group comparison was
performed by Student’s t-test and the threshold of
significant difference was p<0.05.

AUTHOR CONTRIBUTIONS
X.G. and Y.L. designed the experiments and wrote the
manuscript. X.G. performed the experiments. Y.L.
performed the bioinformatics analysis. X.C. and C.L.
analyzed data. K.H. provided provide technical support.
X.Q. revised it critically for important intellectual
content. All authors contributed to the study design and
data interpretation and have reviewed the final version
of the manuscript.

CONFLICTS OF INTEREST

Bioinformatics
The authors declare that they have no conflicts of interest.
The
public
database
TargetScan
(http://www.targetscan.org/vert_72/) was used to
determine the potential miR-mRNA interactions.
The predicted target genes are intersected with
aberrantly expressed data from the TCGA portal
(http://tumorsurvival.org/) database displayed by a
Venn diagram. GO annotation and KEGG pathway of
target genes were performed by DAVID 6.8 software
(https://david.ncifcrf.gov/). The results were visualized
with the “clusterProfiler _3.11.0” package of the R
3.6.0 language. PPI networks were generated by
STRING 11.0 (http://string-db.org), which aimed to

www.aging-us.com

3661

FUNDING
This work was supported by the Key Research
and Development Program of Liaoning Province
(2018225060).

REFERENCES
1.

Siegel RL, Miller KD, Jemal A. Cancer statistics, 2019.
CA Cancer J Clin. 2019; 69:7–34.
https://doi.org/10.3322/caac.21551 PMID:30620402

AGING

2.

3.

Jurcak N, Zheng L. Signaling in the microenvironment
of pancreatic cancer: Transmitting along the nerve.
Pharmacol Ther. 2019; 200:126–34.
https://doi.org/10.1016/j.pharmthera.2019.04.010
PMID:31047906
Yachida S, Jones S, Bozic I, Antal T, Leary R, Fu B,
Kamiyama M, Hruban RH, Eshleman JR, Nowak MA,
Velculescu VE, Kinzler KW, Vogelstein B, IacobuzioDonahue CA. Distant metastasis occurs late during the
genetic evolution of pancreatic cancer. Nature. 2010;
467:1114–7.
https://doi.org/10.1038/nature09515 PMID:20981102

4.

Klein AP. Pancreatic cancer epidemiology:
understanding the role of lifestyle and inherited risk
factors. Nat Rev Gastroenterol Hepatol. 2021;
18:493–502.
https://doi.org/10.1038/s41575-021-00457-x
PMID:34002083

5.

Kleeff J, Reiser C, Hinz U, Bachmann J, Debus J, Jaeger
D, Friess H, Büchler MW. Surgery for recurrent
pancreatic ductal adenocarcinoma. Ann Surg. 2007;
245:566–72.
https://doi.org/10.1097/01.sla.0000245845.06772.7d
PMID:17414605

6.

Sasaki T, Sato T, Nakai Y, Sasahira N, Isayama H, Koike
K. Brain metastasis in pancreatic cancer: Two case
reports. Medicine (Baltimore). 2019; 98:e14227.
https://doi.org/10.1097/MD.0000000000014227
PMID:30681602

7.

Croce CM. Causes and consequences of microRNA
dysregulation in cancer. Nat Rev Genet. 2009;
10:704–14.
https://doi.org/10.1038/nrg2634 PMID:19763153

8.

Hiraide S, Takahashi M, Yoshida Y, Yamada H, Komine
K, Ishioka C. Tumor suppressor miR-193a-3p enhances
efficacy of BRAF/MEK inhibitors in BRAF-mutated
colorectal cancer. Cancer Sci. 2021; 112:3856–70.
https://doi.org/10.1111/cas.15075
PMID:34288281

9.

Wu D, Deng S, Li L, Liu T, Zhang T, Li J, Yu Y, Xu Y. TGFβ1-mediated exosomal lnc-MMP2-2 increases bloodbrain barrier permeability via the miRNA-12075p/EPB41L5 axis to promote non-small cell lung cancer
brain metastasis. Cell Death Dis. 2021; 12:721.
https://doi.org/10.1038/s41419-021-04004-z
PMID:34285192

10. Todeschini P, Salviato E, Romani C, Raimondi V,
Ciccarese F, Ferrari F, Tognon G, Marchini S, D’Incalci
M, Zanotti L, Ravaggi A, Odicino F, Sartori E, et al.
Comprehensive Profiling of Hypoxia-Related miRNAs
Identifies miR-23a-3p Overexpression as a Marker of
Platinum Resistance and Poor Prognosis in High-Grade
Serous Ovarian Cancer. Cancers (Basel). 2021; 13:3358.

www.aging-us.com

3662

https://doi.org/10.3390/cancers13133358
PMID:34283087
11. Bagheri M, Khansarinejad B, Mosayebi G, Moradabadi
A, Mondanizadeh M. Alterations in The Plasma
Expression of mir-15b, mir-195 and the TumorSuppressor Gene DLEU7 in Patients with B-Cell Chronic
Lymphocytic Leukemia. Rep Biochem Mol Biol. 2021;
10:20–9.
https://doi.org/10.52547/rbmb.10.1.20
PMID:34277865
12. Di Y, Jiang Y, Shen X, Liu J, Gao Y, Cai H, Sun X, Ning D,
Liu B, Lei J, Jin S. Downregulation of miR-135b-5p
Suppresses Progression of Esophageal Cancer and
Contributes to the Effect of Cisplatin. Front Oncol.
2021; 11:679348.
https://doi.org/10.3389/fonc.2021.679348
PMID:34277424
13. Zheng YP, Wu L, Gao J, Wang Y. Tumor suppressive
role of miR-569 in lung cancer. Oncol Lett. 2018;
15:4087–92.
https://doi.org/10.3892/ol.2018.7869 PMID:29541173
14. Nishimoto M, Nishikawa S, Kondo N, Wanifuchi-Endo
Y, Hato Y, Hisada T, Dong Y, Okuda K, Sugiura H, Kato
H, Takahashi S, Toyama T. Prognostic impact of
TP53INP1 gene expression in estrogen receptor αpositive breast cancer patients. Jpn J Clin Oncol. 2019;
49:567–75.
https://doi.org/10.1093/jjco/hyz029 PMID:30855679
15. Mills CA, Suzuki A, Arceci A, Mo JY, Duncan A, Salmon
ED, Emanuele MJ. Nucleolar and spindle-associated
protein 1 (NUSAP1) interacts with a SUMO E3 ligase
complex during chromosome segregation. J Biol Chem.
2017; 292:17178–89.
https://doi.org/10.1074/jbc.M117.796045
PMID:28900032
16. Liu Z, Guan C, Lu C, Liu Y, Ni R, Xiao M, Bian Z. High
NUSAP1 expression predicts poor prognosis in colon
cancer. Pathol Res Pract. 2018; 214:968–73.
https://doi.org/10.1016/j.prp.2018.05.017
PMID:29853313
17. Fang L, Zhang M, Chen L, Xiong H, Ge Y, Lu W, Wu X,
Heng B, Yu D, Wu S. Downregulation of nucleolar and
spindle-associated protein 1 expression suppresses cell
migration, proliferation and invasion in renal cell
carcinoma. Oncol Rep. 2016; 36:1506–16.
https://doi.org/10.3892/or.2016.4955 PMID:27461786
18. Lu Y, Rosenfeld R, Simon I, Nau GJ, Bar-Joseph Z. A
probabilistic generative model for GO enrichment
analysis. Nucleic Acids Res. 2008; 36:e109.
https://doi.org/10.1093/nar/gkn434 PMID:18676451
19. Li C, Peng Z, Wang Y, Lam G, Nissen N, Tang J, Yuan X,
Lewis M, Greene MI, Pandol SJ, Wang Q. Epithelial cell

AGING

transforming 2 is regulated by Yes-associated protein 1
and mediates pancreatic cancer progression and
metastasis. Am J Physiol Gastrointest Liver Physiol.
2021; 320:G380–95.
https://doi.org/10.1152/ajpgi.00185.2020
PMID:33501895
20. Zhang W, Shi X, Peng Y, Wu M, Zhang P, Xie R, Wu Y,
Yan Q, Liu S, Wang J. HIF-1α Promotes EpithelialMesenchymal Transition and Metastasis through
Direct Regulation of ZEB1 in Colorectal Cancer. PLoS
One. 2015; 10:e0129603.
https://doi.org/10.1371/journal.pone.0129603
PMID:26057751
21. Satyananda V, Gupta R, Hari DM, Yeh J, Chen KT.
Advances in Translational Research and Clinical Care in
Pancreatic Cancer: Where Are We Headed?
Gastroenterol Res Pract. 2019; 2019:7690528.
https://doi.org/10.1155/2019/7690528
PMID:30863442
22. Fathi M, Ghafouri-Fard S, Abak A, Taheri M. Emerging
roles of miRNAs in the development of pancreatic
cancer. Biomed Pharmacother. 2021; 141:111914.
https://doi.org/10.1016/j.biopha.2021.111914
PMID:34328099
23. Tarasiuk A, Mackiewicz T, Małecka-Panas E, Fichna J.
Biomarkers for early detection of pancreatic cancer miRNAs as a potential diagnostic and therapeutic tool?
Cancer Biol Ther. 2021; 22:347–56.
https://doi.org/10.1080/15384047.2021.1941584
PMID:34224317
24. Chaluvally-Raghavan P, Zhang F, Pradeep S, Hamilton
MP, Zhao X, Rupaimoole R, Moss T, Lu Y, Yu S, Pecot
CV, Aure MR, Peuget S, Rodriguez-Aguayo C, et al.
Copy number gain of hsa-miR-569 at 3q26.2 leads to
loss of TP53INP1 and aggressiveness of epithelial
cancers. Cancer Cell. 2014; 26:863–79.
https://doi.org/10.1016/j.ccell.2014.10.010
PMID:25490449
25. Li L, Guo L, Yin G, Yu G, Zhao Y, Pan Y. Upregulation of
circular RNA circ_0001721 predicts unfavorable
prognosis in osteosarcoma and facilitates cell
progression via sponging miR-569 and miR-599.
Biomed Pharmacother. 2019; 109:226–32.
https://doi.org/10.1016/j.biopha.2018.10.072
PMID:30396080
26. Wang H, Liu Z, Wu P, Wang H, Ren W. NUSAP1
Accelerates Osteosarcoma Cell Proliferation and Cell
Cycle Progression via Upregulating CDC20 and Cyclin
A2. Onco Targets Ther. 2021; 14:3443–54.
https://doi.org/10.2147/OTT.S295818
PMID:34079289
27. Ling B, Wei P, Xiao J, Cen B, Wei H, Feng X, Ye G, Li S,
Zhang Z, Liang W, Huang S, Huang W. Nucleolar and

www.aging-us.com

3663

spindle-associated protein 1 promotes non-small cell
lung cancer progression and serves as an effector of
myocyte enhancer factor 2D. Oncol Rep. 2021;
45:1044–58.
https://doi.org/10.3892/or.2020.7918 PMID:33650655
28. Guo H, Zou J, Zhou L, Zhong M, He Y, Huang S, Chen J,
Li J, Xiong J, Fang Z, Xiang X. NUSAP1 Promotes Gastric
Cancer Tumorigenesis and Progression by Stabilizing
the YAP1 Protein. Front Oncol. 2021; 10:591698.
https://doi.org/10.3389/fonc.2020.591698
PMID:33489890
29. Gao S, Yin H, Tong H, Zhan K, Yang G, Hossain MA, Li T,
Gou X, He W. Nucleolar and Spindle Associated Protein
1 (NUSAP1) Promotes Bladder Cancer Progression
Through the TGF-β Signaling Pathway. Onco Targets
Ther. 2020; 13:813–25.
https://doi.org/10.2147/OTT.S237127 PMID:32099387
30. Chen Y, Zhang W, Kadier A, Zhang H, Yao X. MicroRNA769-5p suppresses cell growth and migration via
targeting NUSAP1 in bladder cancer. J Clin Lab Anal.
2020; 34:e23193.
https://doi.org/10.1002/jcla.23193 PMID:31901150
31. Roy S, Hooiveld GJ, Seehawer M, Caruso S, Heinzmann
F, Schneider AT, Frank AK, Cardenas DV, Sonntag R,
Luedde M, Trautwein C, Stein I, Pikarsky E, et al.
microRNA 193a-5p Regulates Levels of Nucleolar- and
Spindle-Associated
Protein
1
to
Suppress
Hepatocarcinogenesis.
Gastroenterology.
2018;
155:1951–66.e26.
https://doi.org/10.1053/j.gastro.2018.08.032
PMID:30165047
32. Bi C, Wang G. LINC00472 suppressed by ZEB1 regulates
the miR-23a-3p/FOXO3/BID axis to inhibit the
progression of pancreatic cancer. J Cell Mol Med. 2021;
25:8312–28.
https://doi.org/10.1111/jcmm.16784 PMID:34363438
33. Fratini L, Jaeger M, de Farias CB, Brunetto AT, Brunetto
AL, Shaw L, Roesler R. Oncogenic functions of ZEB1 in
pediatric solid cancers: interplays with microRNAs and
long noncoding RNAs. Mol Cell Biochem. 2021;
476:4107–16.
https://doi.org/10.1007/s11010-021-04226-x
PMID:34292482
34. Zhang Y, Xu L, Li A, Han X. The roles of ZEB1 in
tumorigenic progression and epigenetic modifications.
Biomed Pharmacother. 2019; 110:400–8.
https://doi.org/10.1016/j.biopha.2018.11.112
PMID:30530042
35. Han Y, Luo Y, Wang Y, Chen Y, Li M, Jiang Y. Hepatocyte
growth factor increases the invasive potential of PC-3
human prostate cancer cells via an ERK/MAPK and Zeb1 signaling pathway. Oncol Lett. 2016; 11:753–9.

AGING

https://doi.org/10.3892/ol.2015.3943
PMID:26870279

https://doi.org/10.18632/oncotarget.15604
PMID:28404898

36. Yang X, Li L, Huang Q, Xu W, Cai X, Zhang J, Yan W,
Song D, Liu T, Zhou W, Li Z, Yang C, Dang Y, Xiao J. Wnt
signaling through Snail1 and Zeb1 regulates bone
metastasis in lung cancer. Am J Cancer Res. 2015;
5:748–55.
PMID:25973312
37. Nishino H, Takano S, Yoshitomi H, Suzuki K, Kagawa S,
Shimazaki R, Shimizu H, Furukawa K, Miyazaki M,
Ohtsuka M. Grainyhead-like 2 (GRHL2) regulates
epithelial plasticity in pancreatic cancer progression.
Cancer Med. 2017; 6:2686–96.
https://doi.org/10.1002/cam4.1212 PMID:28960866

39. Li C, Dong Q, Che X, Xu L, Li Z, Fan Y, Hou K, Wang S, Qu
J, Xu L, Wen T, Yang X, Qu X, Liu Y. MicroRNA-29b-2-5p
inhibits cell proliferation by directly targeting Cbl-b in
pancreatic ductal adenocarcinoma. BMC Cancer. 2018;
18:681.
https://doi.org/10.1186/s12885-018-4526-z
PMID:29940895
40. Zang D, Zhang C, Li C, Fan Y, Li Z, Hou K, Che X, Liu Y,
Qu X. LPPR4 promotes peritoneal metastasis via
Sp1/integrin α/FAK signaling in gastric cancer. Am J
Cancer Res. 2020; 10:1026–44.
PMID:32266108

38. Gordon CA, Gong X, Ganesh D, Brooks JD. NUSAP1
promotes invasion and metastasis of prostate cancer.
Oncotarget. 2017; 8:29935–50.

www.aging-us.com

3664

AGING

SUPPLEMENTARY MATERIALS
Supplementary Figure

Supplementary Figure 1. Western blot of NUSAP1 knockdown.
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