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MSI2 regulates NLK-mediated EMT and PI3K/ >
AKT/mTOR pathway to promote pancreatic
cancer progression
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Abstract

Background The incidence of pancreatic cancer is increasing by years, and the 5-year survival rate is very low.
Our team have revealed that Musashi2 (MSI2) could promote aggressive behaviors in pancreatic cancer by
downregulating Numb and p53. MSI2 also facilitates EMT in pancreatic cancer induced by EGF through the ZEB1-
ERK/MAPK signaling pathway. This study aims to further explore the molecular mechanisms of MSI2-regulated
downstream pathways in pancreatic cancer.

Methods In vitro and in vivo experiments were conducted to investigate the role and mechanism of MSI2 in
promoting malignant behaviors of pancreatic cancer through regulation of NLK.

Results Genes closely related to MSI2 were screened from the GEPIA and TCGA databases. We found that NLK
showed the most significant changes in mRNA levels with consistent changes following MSI2 interference and
overexpression. The high correlation between MSI2 and NLK was also observed at the protein level. Multivariate
analysis revealed that both MSI2 and NLK were independent adverse indicators of survival in pancreatic cancer
patients, as well as join together. In vitro, silencing or overexpressing NLK altered cell invasion and migration, by
regulating EMT and the PI3K-AKT-mTOR pathway. Silencing MSI2 reduced protein expression in the EMT and PI3K-
AKT-mTOR pathways, leading to decreased cell invasion and migration abilities, while these effects could be reversed
by overexpression of NLK. In vivo, MSI2 silencing inhibited liver metastasis, which could be reversed by overexpressing
NLK. Mechanistically, MSI2 directly binds to the translation regulatory region of NLK mRNA at positions 79-87 nt,
enhancing its transcriptional activity and exerting post-transcriptional regulatory roles. The analysis of molecular
docking showed the close relationship between MSI2 and NLK in pancreatic cancer patients.

Conclusions Our findings elucidate the regulatory mechanisms of the MSI2-NLK axis in modulating aggressive
behaviors of pancreatic cancer cells, which providing new evidence for therapeutic strategies in pancreatic cancer.
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Background

The incidence of pancreatic cancer is increasing at a
rate of 0.5-1.0% per year, and it is projected to become
the second leading cause of cancer-related deaths in the
United States by 2030 [1]. Due to its silent onset, pan-
creatic cancer is often diagnosed at a late stage when
the surgery is no longer possible. Even among patients
without distant metastasis who undergo curative surgi-
cal treatment, the five-year survival rate remains low
[2]. Pancreatic cancer appear epithelial-mesenchymal
transition (EMT), losing its epithelial characteristics and
acquiring invasive stromal cell properties, leading to a
highly malignant phenotype which is closely associated
with poor prognosis in pancreatic cancer patients [3].

Musashi2 (MSI2) is an RNA-binding protein (RBP),
originally discovered in fruit flies as a translational
repressor, which regulates gene expression at the post-
transcriptional level. MSI2 plays important roles in cell
asymmetric division, stem cell maintenance, neural dif-
ferentiation, hematopoietic stem cell expression, and
regulation of the gastrointestinal system [3-7]. Previous
studies have found that MSI2 is not only involved in the
regulation of leukemia in the hematopoietic system but
also aberrantly expressed and involved in the progres-
sion of solid tumors such as breast cancer, liver cancer,
and oral squamous cell carcinoma [8—12]. Our previous
research has shown that overexpression of MSI2 can pro-
mote the invasion and metastasis of pancreatic cancer
cells by downregulating Numb [13]. In addition, MSI2
can promote chemoresistance and malignant biological
behavior in pancreatic cancer by upregulating p53 [14].
MSI2 also promotes EMT induced by EGF in pancreatic
cancer through the ZEB1-ERK/MAPK signaling pathway
[3].

In this study, we screened the GEPIA databases to iden-
tify the most correlated 15 genes with MSI2 expression,
and found a significant correlation between the expres-
sion of MSI2 and Nemo-like kinase (NLK). So we focused
on investigating the regulatory role of MSI2 on NLK.
NLK is a conserved serine/threonine protein kinase that
regulates extracellular signal-regulated kinase/micro-
tubule-associated protein kinase (Erks/MAPKs) and
cyclin-dependent kinase (CDK) family members [15]. In
1994, NLK was reported that mutations in the nemo gene
reduced the survival rate of fruit flies and caused abnor-
mal head and eye development. In 1998, the mamma-
lian homolog of nemo gene was cloned and named NLK
[16]. NLK has been found to regulate multiple signaling
pathways and participate in various biological processes
[17-19]. Abnormal expression of NLK is closely associ-
ated with the occurrence and progression of tumors,
with high expression in laryngeal cancer, lung cancer,
and cervical squamous cell carcinoma [20-22], but with
low expression in non-small cell lung cancer, breast
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cancer, and ovarian cancer [23-25]. Currently, there are
no reports on the expression of NLK in pancreatic cancer
and its relationship with prognosis. This study is the first
to report the role of NLK in the progression of pancreatic
cancer and confirms that MSI2 promotes pancreatic can-
cer development and affects prognosis by directly bind-
ing to NLK.

Materials and methods

Bioinformatics analysis

The 15 genes most closely related to MSI2 were screened
using the GEPIA database (http://gepia.cancer-pku.cn/)
and further confirmed in the TCGA database. In the
TCGA-PAAD dataset, the correlation between MSI2 and
NLK target genes was analyzed in 177 pancreatic cancer
samples. The expression levels of MSI2 and NLK were
used to calculate the correlation coefficient (r-value) and
significance (p-value) based on Spearman correlation
analysis. Functional enrichment analysis was conducted
using KEGG analysis.

Tissue samples and cell lines

90 paraffin-embedded pancreatic ductal adenocarcinoma
samples were collected from surgical patients at the
Department of Gastrointestinal Surgery of the First Hos-
pital of China Medical University and the Department
of gastroenterology and hepatology surgery of Shenyang
Fourth People’s Hospital between 2011 and 2021. All data
were accompanied by complete follow-up information.
Human pancreatic cancer cell lines Capan-2, Panc-1,
and Miapaca-2 were purchased from the Cell Bank of the
Chinese Academy of Sciences (Shanghai, China).

Construction of silenced/overexpressed cell lines
Lenti-cas9 and lenti-sgRNA were synthesized by
Genechem. MSI2-sgRNA and sgRNA control were syn-
thesized by GenePharma. NLK-shRNA and shRNA con-
trol were also synthesized by GenePharma. Lentiviral
vectors for NLK overexpression (Lv-NLK), lentiviral vec-
tors for MSI2 overexpression(Lv-MSI2) and correspond-
ing control empty vectors (Lv-Vector) were synthesized
by Genechem. Stable cell lines were constructed accord-
ing to the instructions of the reagent manufacturers.

Immunohistochemistry

Paraffin-embedded samples were cut into 4 pm thick
sections. The sections were covered with 0.3% H,O,,
subjected to high-pressure antigen retrieval for 3 min,
blocked with 3% H,0, and 10% goat serum for 30 min,
and incubated with primary antibodies (Table S2) at
4°Covernight. The secondary antibodies were incu-
bated together for 30 min, and the experiment was
performed using 3,3’-diaminobenzidine (DAB) accord-
ing to the manufacturer’s protocol. Negative controls
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were performed using isotype-matched antibodies. The
immunoreactive score (IRS) was calculated as the stain-
ing intensity (SI) multiplied by the percentage of posi-
tive cells (PP). The SI score ranged from 0 to 3 (negative,
weak, moderate, and strong), and the PP score ranged
from 0 (<5%) to 4 (>75%) based on the positive staining
area of the entire cancer. The final score ranged from 0 to
12, with a score greater than 6 indicating high expression.

Western blot

Whole protein lysates were prepared from treated PC
cell lines. The samples were electrophoresed in 10% SDS-
PAGE and transferred to PVDF membranes. Standard
immunoblotting was performed using specific antibodies
and the ECL detection kit (Thermol Biotech, USA). The
immunoimprinting were detected using a Bio-Rad imag-
ing system, and ImageLab software was used for analysis.

Quantitative real-time PCR

RNA was extracted using the TRIZOL reagent (Takara
Bio). cDNA was generated using the Reverse Transcrip-
tion Kit (Thermo Biotech Inc, USA). Real-time quan-
titative PCR was performed using the Light Cycler kit
(Takara) on the Light Cycler 2.0. Primer sequences can
be found in Table S1 (Shanghai Sangon Biotech). The
quality of PCR products was determined by analyzing the
melting curves after PCR. The expression levels were cal-
culated using the 2722t (relative quantification method).

Invasion and migration assays

Cell migration assays were performed by seeding 2x 10"
cells in the upper chamber of a 24-well plate with serum-
free medium. The lower chamber was filled with medium
containing 10% FBS as a chemoattractant. After 24 h,
migrated cells were fixed with 4% methanol and stained
with 1% crystal violet (Sigma). Invasion assays were per-
formed by coating the top of the membrane with Matrigel
(BD Biosciences, USA) and following the same condi-
tions. The final number of migrated and invaded cells was
calculated by counting five randomly selected fields in
each chamber at 40x magnification using a Nikon Micro-
hot FX microscope.

Molecular docking

The HDOCK online platform (http://hdock.phys.hust.
edu.cn/) was used for molecular docking analysis of
protein-protein or protein-nucleic acid interactions. Pro-
tein sequences were modeled using the SWISSMODEL
server, and nucleic acid sequences were further mod-
eled using the 3DRNA server. The protein and nucleic
acid were then docked. The PyMOL (version 4.3.0) soft-
ware was used to visualize the amino acid residues and
bases involved in the interaction between the two docked
molecules.
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Prediction of binding sites

The 197 bp sequence of the NLK gene translational
regulatory region was analyzed, and input into the
catRapid website to analyze its specific binding sites
with the MSI2 protein (http://service.tartaglialab.com/
update_submission/).

RNA-immunoprecipitation

Pancreatic cancer cells transfected with NLK expression
plasmids were sonicated, and the supernatant containing
the protein-RNA complexes was collected. Immunopre-
cipitation was performed using MSI2 antibody and IgG
antibody. DynaGreenTM Protein A/G Magnetic Beads
were added to each group, and the antibody-antigen
complex solution was mixed. The beads were separated,
and purified RNA was extracted and reverse transcribed.
Primers for RNA-immunoprecipitation were designed
using “Primer Premier” software (see Table S5), and PCR
and agarose gel electrophoresis were performed to ana-
lyze the differences between groups.

RNA pulldown

Biotin-labeled wild-type and mutant RNA probes con-
taining the NLK translational regulatory region(79-87nt)
were synthesized(Shanghai Sangon Biotech). Three por-
tions of 50 pl DynabeadsTM Streptavidin beads were
added to 1.5 ml EP tubes. Group 1 and Group 2 were
incubated with 50pmol of wild-type and mutant RNA
probes, respectively, while Group 3 was used as a nega-
tive control without probes. The tubes were incubated
at room temperature on a rocking shaker for 1 h (5r/
min), and the magnetic beads were separated and the
supernatant discarded. The pancreatic cancer cells were
sonicated after three freeze-thaw cycles, and the super-
natant was collected by centrifugation. The supernatant
was added to the tubes and incubated overnight at 4C on
a rocking shaker (5r/min). The beads were washed with
1x sample loading buffer, boiled for 10 min, and used for
Western blot analysis of MSI2.

Xenograft mouse model

Experimental animals were maintained by the ani-
mal care facility of China Medical University follow-
ing the principles of the National Guidance for Animal
Experimentation. A total of twelve female BALB/c nude
mice (6—8 weeks old) were acclimated for one week.
They were randomly divided into four groups: MSI2-
Ctrl+Lv-Ctrl, MSI2-Sg+Lv-Ctrl, MSI2-Sg+Lv-NLK, and
MSI2-Ctrl+Lv-NLK (n=3 per group). Under sodium
pentobarbital anesthesia, a horizontal small incision
(1 cm) was made on the left flank, and the spleen was
identified and exposed. Pancreatic cancer cells (2x10")
mixed with pre-chilled PBS (100 pl) were slowly injected
into the spleen’s lower pole. Three weeks later, all mice
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were euthanized. The number of liver metastases was
counted, and specimens were collected for HE staining.

Statistical analysis

Statistical analysis was performed using SPSS soft-
ware version 20.0 (SPSS, Chicago, IL, USA). Differences
in qRT-PCR, Western blot, Transwell assay, and liver
metastasis counts were presented as meanstSE and
compared using Student’s t-test. The expression of differ-
ent proteins in IHC was compared using non-parametric
tests. The correlation between MSI2 and NLK with clini-
copathological parameters was analyzed using the chi-
square test. COX’s regression analysis was performed to
identify multiple risk factors. The relationship between
target proteins in pancreatic cancer specimens was ana-
lyzed using Spearman correlation. Kaplan-Meier curves
were used to estimate survival rates, and differences were
analyzed using the log-rank test (p<0.05 was considered
statistically significant).

Results

The expression of NLK is closely associated with MSI2
Using the GEPIA database, we identified the top 15
genes that are closely correlated with MSI2 expression
(Table S1). Screening of mRNA level changes in MSI2
knockdown stable cell lines established in Capan-2 cells
and MSI2 overexpression stable cell lines constructed
in Panc-1 cells by qRT-PCR, we selected NLK as the
downstream gene of MSI2 for further experiments (Fig-
ure S1). In the TCGA-PAAD dataset, the expression lev-
els of MSI2 and NLK were closely correlated (r=0.60,
p<0.05) (Fig. 1a). The mRNA levels of NLK showed the
most significant changes in response to MSI2 knock-
down and overexpression in pancreatic cancer cell lines,
as observed in Capan-2 cells (MSI2-Ctrl VS MSI-Sg) and
Panc-1 cells (Lv-Vector VS Lv-MSI2) (Fig. 1b). Western
blotting also revealed consistent results at the protein
level, with NLK expression decreasing with MSI2-Sg
expression in Capan-2 cells and increasing with Lv-MSI2
expression in Panc-1 cells (Fig. 1c). These results indicate
that MSI2 can regulate the expression of NLK. Immu-
nohistochemical results showed that MSI2 is primarily
expressed in the cytoplasm, while NLK is expressed in
both the cytoplasm and the nucleus of pancreatic cancer
cells, and there is close correlation between MSI2 and
NLK expression (Fig. 1d). Spearman correlation analysis
showed a positive correlation between MSI2 and NLK
expression in the 90 pancreatic cancer tissues (p<0.001)
(Table 1).

Clinical significance of MSI2 and NLK expression in
pancreatic cancer

A correlation analysis of MSI2 and NLK with tumor clini-
copathological features was conducted in 90 pancreatic
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cancer tissues. The results showed that high expression of
MSI2 was positively correlated with tumor size (p=0.002),
lymph node metastasis (p<0.001), UICC stage (p=0.006),
and perineural invasion (p=0.03). Similarly, high expres-
sion of NLK was positively correlated with tumor size
(p<0.001), lymph node metastasis (p<0.001), UICC stage
(p=0.009), CA19-9 value (p=0.03), and vascular invasion
(p=0.04) (Table 2). Survival analysis of the 90 patients
revealed that patients with high MSI2 expression had
significantly lower overall survival compared to patients
with low MSI2 expression (p=0.001) (Fig. 2a), and
patients with high NLK expression also had poor overall
survival (p<0.001) (Fig. 2b). Furthermore, patients with
both high MSI2 and NLK expression had significantly
lower overall survival compared to patients with both low
MSI2 and NLK expression (p=0.001) (Fig. 2c). Univari-
ate and multivariate analyses of survival in postopera-
tive pancreatic cancer patients revealed that the positive
expression of MSI2 and NLK, as well as postoperative
liver metastasis, were independent prognostic indicators
for pancreatic cancer patients (Table 3).

NLK promotes invasion and migration ability of PC cells
through the activation of the EMT and PI3K-AKT-mTOR
signaling pathway

To confirm the role of NLK in PC cell function, we trans-
fected NLK-ShRNA (NLK-Sh) and negative control
(NLK-Ctrl) in Capan-2 cells, and overexpressed NLK
(Lv-NLK) and negative control (Lv-Vector) in Panc-1
cells. Transwell cell culture system showed that the inva-
sive and migratory abilities of NLK-Sh transfected cells
in Capan-2 cells were significantly reduced compared
to the NLK-Ctrl group, while the invasive and migra-
tory abilities of Lv-NLK overexpressing cells in Panc-1
cells were significantly increased compared to the Lv-
Vector group (Fig. 3a). GSEA analysis of NLK in TCGA
database showed significant enrichment in the EMT and
PI3K-AKT-mTOR pathway (Fig. 3b). Western blot results
showed that the expression of the EMT-related protein
E-cadherin increased, while the expression of Vimentin
and P-catenin decreased after knocking down NLK; the
expression of E-cadherin decreased while the expression
of Vimentin and B-catenin increased after overexpressing
NLK (Fig. 3c). Similarly, compared to the control group,
the expression of proteins in the PI3K-AKT-mTOR sig-
naling pathway [p-PI3K (Tyr458), p-AKT (Ser473), and
p-mTOR (Ser2448)] decreased after silencing NLK, while
the expression of proteins in the PI3K-AKT-mTOR sig-
naling pathway increased after overexpressing NLK
(Fig. 3d).

We further verified the role of MSI2 in the EMT and
PI3K-AKT-mTOR signaling pathway of pancreatic can-
cer cells through rescue experiments. In Miapaca-2
cells, compared to MSI2-Ctrl, the invasive and migratory
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Table 1 Correlation analysis between MSI2 and NLK

abilities of tumor cells were reduced in the MSI2-Sg

MSI2 . r p group, but partially rescued after co-transfection with

: Low High Lv-NLK (Fig. 4a). Western blot results showed that after

NLK Negative % 15 046 <0.001 interfering with MSI2 in Miapaca-2 cells, the expres-
Positive 9 40

sion of EMT-related protein E-cadherin increased, while
the expression of Vimentin and p-catenin decreased,
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Table 2 Correlation analysis of MSI2 and NLK expression with clinical data

Parameters No.of patients MSI2 P NLK P

low high low high

Cases 90 35 55 41 49

Ages(years)
<65 25 39 0.96 30 34 0.69
>65 10 16 I 15

Gender
Male 28 37 0.19 28 37 045
Female 7 18 13 12

Tumor location
Head 26 39 0.73 31 34 0.51
Body-tail 9 16 10 15

Tumor size(cm)
<25 18 11 0.002 21 8 <0.001
>25 17 44 20 41

Differentiation
Well 11 22 041 14 19 0.65
Moderate 24 33 27 30

T stage
TI+T2 15 13 0.06 14 14 057
T3+T4 20 42 27 35

Lymph nodes metastasis
NO(negative) 11 38 <0.001 2 47 <0.001
N1(positive) 24 17 39 2

UICC stage
[+1IA 30 32 0.006 34 28 0.009
IIB+1II 5 23 7 21

Pre-therapeutic CA19-9 level
<37 U/ml 13 14 0.24 17 10 0.03
>37 U/ml 22 41 24 39

Perineural invasion
Absent 32 40 0.03 36 36 0.09
Present 3 15 5 13

Vascular permeation
Absent 23 26 0.09 27 22 0.04
Present 12 29 14 27

Postoperative Liver metastasis
Negative 27 34 0.13 31 30 0.15
Positive 8 21 10 19

inhibiting the occurrence of EMT. After co-transfection
with Lv-NLK, the expression of E-cadherin decreased,
while the expression of Vimentin and p-catenin
increased, the process of EMT was reversed (Fig. 4b);
similarly, the protein expression levels of the PI3K-AKT-
mTOR signaling pathway decreased after interfering with
MSI2-Sg in Miapaca-2 cells, and the decreased protein
expression levels of the PI3K-AKT-mTOR signaling path-
way were reversed after co-transfection with Lv-NLK,
while the total protein levels of PI3K, AKT, and m-TOR
did not change (Fig. 4c). To further clarify the mecha-
nism by which MSI2 regulates NLK, molecular docking
predictions were performed. The result showed that the
distance between the amino acid residues 201-250 of

MSI2 and the nucleotides 79-87 of NLK are close, which
meant that there is a large interaction trend and a high
binding possibility between MSI2 and NLK (Fig. 4d).
Further RIP experiments were down, followed by PCR
amplification and agarose gel electrophoresis analysis,
revealed that MSI2 specifically binds to the wild-type
sequence of NLK mRNA at positions 79-87, but not
to the mutant plasmid at positions 79-87, indicating
the specific binding of MSI2 to the translation regula-
tory region of the NLK gene (Fig. 4e). RNA Pulldown
experiments also confirmed that the wild-type probe
of NLK mRNA at positions 79-87 specifically binds to
MSI2, while the mutant probe of NLK mRNA at posi-
tions 79-87 does not, confirming that MSI2 can exert
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Table 3 Univariate and multivariate clinicopathological analysis
of survival for 90 pancreatic cancer patients after surgery

Parameters Univariate P Multivari- P
analysis ate analysis
hazard hazard
ratio(95%Cl) ratio(95%Cl)

Age (<65/>65 years) 1.40(0.77,252) 027

Gender (male/ 1.34(0.75,241) 032

female)

Tumor location 1.54(0.89,2.66) 0.12

(Head/Body-tail)

Tumor size 1.71(0.94,3.12) 0.08

(<2.5/=2.5cm)

well/poorand mod-  1.50(0.86,2.61) 0.15

erate Differentiation

T stage 2.06(1.11,3.85) 0.02 143(0.73,282) 03

(T14T2/T3+T4)

Lymph nodes 042(0.24,0.74) 0.003 3.76(0.79,17.87) 0.1

metastasis(NO/NT)

UICC stage(l+1IA/ 1.93(1.14,3.27) 0.02 1.28(0.71,227) 04

I1B+111)

CA19-9 level 1.55(0.85,2.83) 0.15

(<37 U/ml/=37 U/ml)

Perineural invasion 1.55(0.81,2.96) 0.19

(absent/present)

Vascular permeation  1.63(0.96,2.77) 0.07

(absent/present)

Postoperative Liver ~ 3.67(2.08,6.50) <0.001 2.75(1.515.02) <0.001

metastasis

(negative/positive)

MSI2 expression 2.64(1464.78) 0.001  1.89(1.02446) 0.04

(positive/negative)

NLK expression 0.30(0.17,0.55) <0.001 7.03(1.40,35.18) 0.02

(positive/negative)

post-transcriptional regulation on NLK via the 79-87nt
site of NLK mRNA (Fig. 4f).

MSI2 regulates NLK to promote liver metastasis of
pancreatic cancer in vivo

To further verify the regulation of MSI2 and NLK on
pancreatic cancer cells in vivo, we performed nude
mouse transplantation tumor experiments. The results
showed that compared to the MSI-Ctrl+NLK-Ctrl group,
the number of liver metastases was significantly reduced
in the MSI2-Sg+NLK-Ctrl group, while the restriction
of liver metastasis was reversed in the MSI2-Sg+Lv-
NLK group, and the highest number of liver metastases
was observed in the MSI-Ctrl+Lv-NLK group (p=0.001)
(Fig. 5a). The expression levels of NLK and MSI2 in pan-
creatic cancer tissues in nude mouse were verified by
Western Blot (Fig. 5b). HE staining of liver metastatic
tissues also showed that knocking down MSI2 effectively
reduced the occurrence of liver metastasis, while upregu-
lation of NLK promoted the occurrence of liver metas-
tasis (Fig. 5¢). Through in vivo and in vitro experiments,
we revealed that MSI2 directly binds to the NLK mRNA
to maintain its stability and promote the invasion and
migration of pancreatic cancer cells, and NLK promotes
pancreatic cancer progression through the EMT and
PI3K/AKT/mTOR signaling pathway (Fig. 5d).

Discussion

Pancreatic cancer is a leading cause of cancer death
worldwide and its global burden has more than doubled
over the past 25 years [26]. Further elucidating the mech-
anisms of pancreatic cancer occurrence and development
is beneficial for improving the prognosis of pancreatic
cancer patients. MSI2 is associated with the development
of various solid tumors, but the mechanism of its bind-
ing with downstream genes as an RNA binding protein
has not been fully studied. NLK, as an evolutionarily con-
served serine/threonine protein kinase activated during
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on PI3K/AKT/mTOR pathway proteins

mitosis, has been found to promote or inhibit different
tumors, and its role in pancreatic cancer is still unclear.
Study have shown that NLK overexpression in gallblad-
der cancer is significantly correlated with TNM stage
and perineural invasion, leading to a worse prognosis
[27]. In colorectal cancer, NLK levels are significantly
elevated compared to adjacent tissues and are correlated
with tumor size and depth of invasion [28]. In our study,
the expression of MSI2 is positively correlated with NLK
in pancreatic cancer. Multivariate analysis revealed that
MSI2 and NLK were independent adverse indicators for
the survival of pancreatic cancer patients, and their com-
bined effect on the survival of pancreatic cancer patients
has not been reported in previous studies.

EMT is considered to be the initiating factor for the
transformation of benign to malignant tumors, and
mediated malignant biological behavior involves multiple
signaling pathways [29, 30]. EMT plays an important role
in various malignant biological behavior of pancreatic
cancer. Numb-PRRL amplifies EMT-activating factors in
pancreatic cancer [31]. GINS can downregulate E-cad-
herin through specific activation of the ERK/MAPK
signal, promoting EMT in pancreatic cancer [32]. Our
results demonstrate that NLK can promote the occur-
rence and development of EMT in pancreatic cancer
cells. However, due to different types of cancer and their
associated cellular environments, the role of NLK may
vary or even be opposite in different types of cancer [33].
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Reports suggested that NLK overexpression can inhibit
the occurrence of EMT and subsequently inhibit the pro-
liferation and migration of non-small cell lung cancer
(NSCLC) by affecting E-cadherin protein expression [34,
35]. The silence of MSI2 repressed extrahepatic cholan-
giocarcinoma cell migration and invasion by inhibiting
epithelial-mesenchymal transition [36]. Besides, MSI2
might enhance invasion of hepatocellular carcinoma by
inducing epithelial-mesenchymal transition [37]. Build-
ing on our previous research, this study further confirms
that MSI2 can affect EMT by regulating NLK, and both
of them together promote the deterioration of the prog-
nosis of pancreatic cancer patients, which also provides
a potential target for EMT-targeted therapy in pancreatic
cancer.

The PI3K/AKT signaling pathway is a key signaling
pathway that induces tumor cell growth and invasion,
and plays a crucial role in EMT initiation [33, 38, 39]. In
prostate cancer, MSI2 can bind to the 3’-UTR region of
androgen receptor (AR) mRNA, enhancing its mRNA
stability and translation activity, and regulating the PI3K/
AKT/mTOR pathway [40]. In addition, microRNA-149
could suppress the malignant phenotypes of ovarian can-
cer via downregulation of MSI2 and inhibition of PI3K/
AKT pathway [41]. The regulation of PI3K/AKT/mTOR
signaling by MSI2 and NLK in pancreatic cancer is still
unclear. Our study confirmed that overexpression of NLK
increased the expression of p-PI3K (Tyr458), p-AKT
(Ser473), and p-mTOR (Ser2448) in vitro, while knockout
of NLK suppressed the PI3K/AKT/mTOR signaling path-
way and inhibited EMT in pancreatic cancer cell lines.
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This study has some limitations. The study found that
different subtypes of MSI2 can affect the prognosis of
breast cancer [9], but we did not distinguish the effect of
the MSI2 subtype on pancreatic cancer progression. In
animal experiments, the mortality rate of mice in MSI2-
Ctrl+Lv-NLK group was too high, although the number
of animals in other groups was normal, but the reliabil-
ity of animal experimental data was affected. mTOR can
catalyze two multiprotein complexes, mTORC1 and
mTORC2 [20]. Whether NLK promotes the expression of
mTORC2 through p-AKT (Ser473) will be an important
point to explore in the future.

In summary, our study revealed that MSI2 can spe-
cifically bind to the translational regulatory region of the
79-87nt of NLK mRNA, exerting post-transcriptional
regulatory effects. The high expression of NLK activates
the PI3K/AKT/mTOR and EMT signaling pathways, pro-
moting the invasion and migration of pancreatic cancer

cells. We have identified a novel therapeutic target for
pancreatic cancer and provided help for the clinical treat-
ment of pancreatic cancer.

Supplementary Information
The online version contains supplementary material available at https://doi.
0rg/10.1186/512935-024-03444-9.

Supplementary Material 1

Supplementary Material 2

Acknowledgements
We thank for the General Laboratory and the Center Laboratory of the First
Hospital of China Medical University for technical supports.

Author contributions

HLP performed the data analysis and wrote the manuscript. SJ, MYT, CH
and TC helped to accurately process the data. DM reviewed and revised the
manuscript. All authors read and approved the final manuscript.


https://doi.org/10.1186/s12935-024-03444-9
https://doi.org/10.1186/s12935-024-03444-9

Huang et al. Cancer Cell International

(2024) 24:273

Funding
Scientific research project of Shenyang Health Commission(2022022).

Data availability
No datasets were generated or analysed during the current study.

Declarations

Ethics approval and consent to participate

This research protocol was approved by the ethical committee of the
institutional review board of China Medical University and a consent form was
signed by each participating patient.

Competing interests
The authors declare no competing interests.

Received: 17 February 2024 / Accepted: 9 July 2024
Published online: 03 August 2024

References

1.

Park W, Chawla A, O'reilly EM. Pancreat Cancer: Review[J] Jama.
2021,326(9):851-62.

American Cancer Society. Cancer Facts & Fig. 2023.

Sheng W, Shi X, Lin'Y, et al. Musashi2 promotes EGF-induced EMT in
pancreatic cancer via ZEB1-ERK/MAPK signaling[J]. J Exp Clin Cancer Res.
2020;39(1):16.

Sun J, Sheng W, Ma Y, et al. Potential role of Musashi-2 RNA-Binding protein in
Cancer EMT[J]. Onco Targets Ther. 2021;14:1969-80.

Rentas S, Holzapfel N, Belew MS, et al. Musashi-2 attenuates AHR signalling to
expand human haematopoietic stem cells[J]. Nature. 2016,532(7600):508-11.
Kharas MG, Lengner CJ, Al-Shahrour F, et al. Musashi-2 regulates normal
hematopoiesis and promotes aggressive myeloid leukemia[J]. Nat Med.
2010;16(8):903-8.

Okano H, Imai T, Okabe M. Musashi: a translational regulator of cell fate[J]. J
Cell Sci. 2002;115(Pt 7):1355-9.

Troiano G, Caponio VCA, Botti G, et al. Immunohistochemical analysis
revealed a correlation between Musashi-2 and Cyclin-D1 expression in
patients with oral squamous cells CarcinomalJ]. Int J Mol Sci. 2019;21(1):121.
Li M, Li AQ, Zhou SL, et al. RNA-binding protein MSI2 isoforms expression and
regulation in progression of triple-negative breast cancer{J]. J Exp Clin Cancer
Res. 2020;39(1):92.

Qu G, He L, Yao N, et al. Myofibroblast-specific Msi2 knockout inhibits HCC
Progression in a mouse Model[J]. Hepatology. 2021;74(1):458-73.

Byers RJ, Currie T, Tholouli E, et al. MSI2 protein expression predicts unfavor-
able outcome in acute myeloid leukemialJ]. Blood. 2011;118(10):2857-67.
[to T, Kwon HY, Zimdahl B, et al. Regulation of myeloid leukaemia by the cell-
fate determinant MusashilJ]. Nature. 2010;466(7307):765-8.

Sheng W, Dong M, Chen C, et al. Musashi2 promotes the development and
progression of pancreatic cancer by down-regulating numb protein[J].
Oncotarget. 2017,8(9):14359-73.

Sheng W, Dong M, Chen C, et al. Cooperation of Musashi-2, Numb, MDM2,
and P53 in drug resistance and malignant biology of pancreatic cancer[J].
Faseb j. 2017,31(6):2429-38.

Brott BK, Pinsky BA, Erikson RL. NIk is a murine protein kinase related to
Erk/MAP kinases and localized in the nucleus[J]. Proc Natl Acad Sci U S A.
1998;95(3):963-8.

Choi KW, Benzer S. Rotation of photoreceptor clusters in the developing
Drosophila eye requires the nemo gene[J]. Cell. 1994;78(1):125-36.

Ishitani T, Ninomiya-Tsuji J, Nagai S, et al. The TAKT-NLK-MAPK-related path-
way antagonizes signalling between beta-catenin and transcription factor
TCF[J]. Nature. 1999;399(6738):798-802.

Biggs WH 3rd, Meisenhelder J, Hunter T, et al. Protein kinase B/Akt-mediated
phosphorylation promotes nuclear exclusion of the winged helix transcrip-
tion factor FKHR1[J]. Proc Natl Acad Sci U S A. 1999:96(13):7421-6.

Sun H, Zhou Z, Dong Y, et al. Insights into the DNA methylation of sea
cucumber Apostichopus japonicus in response to skin ulceration syndrome
infectionJ]. Fish Shellfish Immunol. 2020;104:155-64.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32

33.

34.

35.

36.

37.

38.

39.

40.

41.

Page 11 of 11

Lei L, Wang Y, Zheng YW, et al. Overexpression of Nemo-like kinase promotes
the Proliferation and Invasion of Lung Cancer cells and indicates poor
Prognosis[J]. Curr Cancer Drug Targets. 2019;19(8):674-80.

Shen N, Duan XH, Wang XL, et al. Effect of NLK on the proliferation and
invasion of laryngeal carcinoma cells by regulating COCP1[J]. Eur Rev Med
Pharmacol Sci. 2019;23(14):6226-33.

Yang W, Gu L, Yang C, et al. Expression of Nemo-like kinase in cervical
squamous cell carcinoma: a clinicopathological study[J]. Onco Targets Ther.
2018;11:743-9.

Shi C, Xu L, Tang Z, et al. Knockdown of Nemo-like kinase promotes metasta-
sis in non-small-cell lung cancer[J]. Oncol Rep. 2019;42(3):1090-100.
HuangV, Jiang Y, Lu W, et al. Nemo-like kinase associated with prolifera-

tion and apoptosis by c-Myb degradation in breast cancer[J]. PLoS ONE.
2013,8(7):e69148.

Zhang, Peng C, Wu G, et al. Expression of NLK and its potential effect in
ovarian cancer chemotherapy[J]. Int J Gynecol Cancer. 2011;21(8):1380-7.
Klein AP. Pancreatic cancer epidemiology: understanding the role of
lifestyle and inherited risk factors[J]. Nat Rev Gastroenterol Hepatol.
2021;18(7):493-502.

Li M, Zhang S, Wang Z, et al. Prognostic significance of nemo-like kinase
(NLK) expression in patients with gallbladder cancerJ]. Tumour Biol.
2013,34(6):3995-4000.

Chen X, Zhou Y, Wan Y, et al. The expression of NLK is functionally associated
with colorectal cancers (CRC)[J]. J Cancer. 2021;12(23):7088-100.

Campbell K, Casanova J. A common framework for EMT and collective cell
migration[J]. Development. 2016;143(23):4291-300.

Sheng W, Chen C, Dong M, et al. Calreticulin promotes EGF-induced EMT in
pancreatic cancer cells via Integrin/EGFR-ERK/MAPK signaling pathway[J].
Cell Death Dis. 2017,8(10):e3147.

Sheng W, Tang J, Cao R, et al. Numb-PRRL promotes TGF-31- and EGF-
induced epithelial-to-mesenchymal transition in pancreatic cancer[J]. Cell
Death Dis. 2022;13(2):173.

Huang L, Chen S, Fan H et al. GINS2 promotes EMT in pancreatic cancer

via specifically stimulating ERK/MAPK signaling[J]. Cancer Gene Ther, 2021,
28(7-8): 839-49.

Cao R, Zhang Z,Tian C, et al. Down-regulation of MSMO1 promotes

the development and progression of pancreatic cancer[J]. J Cancer.
2022;13(10):3013-21.

Chen J,Lin Q, NiT, et al. NLK interacts with 14-3-3( to restore the expression
of E-cadherin[J]. Oncol Rep. 2020;43(6):1845-52.

Lv L, Wan C, Chen B, et al. Nemo-like kinase (NLK) inhibits the progression of
NSCLC via negatively modulating WNT signaling pathway[J]. J Cell Biochem.
2014;115(1):81-92.

Hu F, Liu C, Xie F, et al. MSI2 knockdown represses extrahepatic cholan-
giocarcinoma growth and invasion by inhibiting epithelial-mesenchymal
transition[J]. Onco Targets Ther. 2018;11:4035-46.

He L, Zhou X, Qu C, et al. Musashi2 predicts poor prognosis and invasion in
hepatocellular carcinoma by driving epithelial-mesenchymal transition[J]. J
Cell Mol Med. 2014;18(1):49-58.

Sharma N, Nanta R, Sharma J, et al. PI3K/AKT/mTOR and sonic hedgehog
pathways cooperate together to inhibit human pancreatic cancer stem cell
characteristics and tumor growth[J]. Oncotarget. 2015;6(31):32039-60.
Fresno Vara JA, Casado E, De Castro J, et al. PI3K/Akt signalling pathway and
cancer[J]. Cancer Treat Rev. 2004;30(2):193-204.

Zhao J, Zhang Y, Liu XS, et al. RNA-binding protein Musashi2 stabiliz-

ing androgen receptor drives prostate cancer progression[J]. Cancer Sci.
2020;111(2):369-82.

Zhao LW, Yu AJ, Zhang YJ, et al. MicroRNA-149 suppresses the malignant
phenotypes of ovarian cancer via downregulation of MSI2 and inhibition of
PI3K/AKT pathway[J]. Eur Rev Med Pharmacol Sci. 2020;24(1):55-64.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.



	﻿MSI2 regulates NLK-mediated EMT and PI3K/AKT/mTOR pathway to promote pancreatic cancer progression
	﻿Abstract
	﻿Background
	﻿Materials and methods
	﻿Bioinformatics analysis
	﻿Tissue samples and cell lines
	﻿Construction of silenced/overexpressed cell lines
	﻿Immunohistochemistry
	﻿Western blot
	﻿Quantitative real-time PCR
	﻿Invasion and migration assays
	﻿Molecular docking
	﻿Prediction of binding sites
	﻿RNA-immunoprecipitation
	﻿RNA pulldown
	﻿Xenograft mouse model
	﻿Statistical analysis

	﻿Results
	﻿The expression of NLK is closely associated with MSI2
	﻿Clinical significance of MSI2 and NLK expression in pancreatic cancer
	﻿NLK promotes invasion and migration ability of PC cells through the activation of the EMT and PI3K-AKT-mTOR signaling pathway
	﻿MSI2 regulates NLK to promote liver metastasis of pancreatic cancer in vivo

	﻿Discussion
	﻿References


