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Background: MUC15, one of the hydrophilic glycoproteins that protect wet-surfaced epithelia, has been shown to be in-
volved in tumorigenesis of various tumors. However, the mechanism of MUC15 in pancreatic cancer have not
been revealed yet. Our study focused on investigating its clinical significance and function in pancreatic cancer.

Material/Methods: Using tissue microarrays and immunohistochemical staining, we evaluated MUC15 expression in 92 patients
diagnosed with pancreatic ductal adenocarcinoma (PDAC). The correlations between MUC15 expression and
clinicopathological variables and prognosis were analyzed. To validate our findings, we analyzed the data from
an online database. We then demonstrated its function or mechanism in pancreatic cancer cell lines using tran-
swell assay, cytotoxicity assay, cell apoptotic detection, and western blot.

Results: The expression level of MUC15 was remarkably increased in PDAC tissues in comparison with para-cancer-
ous tissues, and was associated with poor prognosis. Cytoplasmic MUC15 expression was identified as an in-
dependent prognostic indicator for overall survival by multivariate Cox regression analysis. Functionally, over-
expressed MUC15 enhanced the migration and invasion ability in cancer cells. In vitro studies revealed that
MUC15 enhanced the gemcitabine resistance of pancreatic cancer. Additionally, the regulatory mechanism of
MUC15 in PDAC were correlated with ERK and AKT signaling pathways.

Conclusions: We performed integrated analysis and revealed that MUC15 is a good prognostic predictor for patients with
PDAC. The functional experiments showed that MUC15 contributed to the malignant behaviors of pancreatic
cancer in vitro.
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Material and Methods

Pancreatic cancer (PC) has become one of the leading causes
of cancer-related death due to its high mortality and extremely
poor prognosis [1,2]. Pancreatic ductal adenocarcinoma (PDAC),
which has high intra-tumoral heterogeneity, accounts for near-
ly 85% of PC. Patients are usually diagnosed at the relative-
ly late stage and only one-quarter of them can receive surgi-
cal treatment [3], and the 5-year survival rate of patients who
receive the operation is less than 30% [4,5]. Recently, more
studies have focused on the prognostic markers and crucial
molecules of PDAC [6-8], but the number of powerful biomark-
ers remains limited.

Mucins, a high-molecular-weight glycoprotein family, are locat-
ed in the membrane and the cytoplasm, exerting roles of hy-
dration, lubrication, and protection. Mucins usually consist 2
subtypes: secreted mucins and membrane-bound mucins [9].
The former subtype lack a transmembrane domain can be se-
creted outside the epithelia to the extracellular environment,
such as MUC2, MUC5, MUC6, and MUC7 [10,11]. The latter
subtype consists of the N-terminal portion and a transmem-
brane domain, which contain many phosphorylation sites for
signaling transduction, including MUC1, MUC4, MUC12, and
MUC15. These mucins not only provide a safe shield but also
act as the sensor of signal transmitting between outer and
inner cells [9,12].

In the mucin family, MUC15 lacks typical tandem repeats and
is @ membrane-bound glycoprotein. Its mRNA can be detect-
ed in various organs, including testis, ovary, breast, thymus,
spleen, prostate and intestine, and it is also expressed in var-
jous tissues, including placenta, peripheral blood leukocyte,
and bone marrow [13,14]. An increasing number of studies
have focused on its role in various types of malignant tu-
mors. However, the exact role of MUC15 in malignant tumors
are unclear. MUC15 promotes malignant phenotypes in colon
cancer, papillary thyroid cancer, and glioma, but MUC15 sup-
presses aggressive behaviors in hepatic cancer and renal can-
cer [15-20]. The mechanism underlying these opposite roles
of MUC15 in different tumors is still unclear and may result
from tissue heterogeneity.

According to TCGA database, MUC15 overexpression is asso-
ciated with poor prognosis in PDAC. However, to the best of
our knowledge, the function of MUC15 in tumorigenesis and
progression of PDAC is not known. The present study is the
first to investigate the biological role and clinical significance
of MUC15 in PDAC. We explored the association between
MUC15 and clinicopathological parameters and evaluated the
prognostic value of MUC15 in pancreatic cancer, and the role
of MUC15 in progression and chemo-resistance of pancreatic
cancer cells were evaluated by cellular function experiments.

Patients and tissue samples

Tissues were collected from patients who underwent RO resec-
tion in Peking Union Medical College Hospital from November
2008 to October 2014. The inclusion criteria were as follows:
the PDAC diagnosis confirmed pathologically, none of the pa-
tients received local therapy before surgery, and adjacent nor-
mal tissues could be obtained from the resected specimen.
Patients were excluded as follows: final diagnosis other than
PDAC, perioperative death, and lost to follow-up. The stage
was according to the 8th American Joint Committee on Cancer
Staging Manual. The median time of follow-up ranged from
3 to 42 months (median, 17.3 months). The clinicopatholog-
ical data of 92 patients, including demographics, tumor sta-
tus, and complete follow-up, was finally analyzed. The present
study was approved by the Institutional Ethics Committee of
Peking Union Medical College Hospital (Z5-1823) and inform
consent was obtained.

Tissue microarrays (TMAs) constructions and
immunohistochemistry

The TMA was constructed as described previously [7]. Tissues
of formalin-fixed paraffin-embedded tumor tissues and pa-
ra-tumor tissues were analyzed with a manual tissue arrayer
(Beecher Instrument, W1, USA). The representative cancer and
para-cancerous tissues of each PDAC patient were punched out
on 2 cores (diameter=1.5 mm) after careful selection. Tissues
were processed with deparaffinization and rehydration, and
the antigens were retrieved, followed by endogenous peroxi-
dase blocking. After that, sections were incubated with rabbit
MUC15 antibody (Sigma Aldrich, HPA026110) and incubated
with HRP-labeled secondary antibody for 60 min. Finally, the
slides mixed with the chromogen were evaluated by light mi-
croscopy (Nikon, Japan). Normal nonimmune rabbit serum was
used as the negative control.

Staining evaluation

TMAs were digitalized using Panoramic Viewer (NDP, Japan)
after staining. Two pathologists blinded to clinicopathological
data conducted the staining evaluation. Discrepancies were set-
tled by discussion and consensus. Cytoplasmic and/or mem-
brane brown coloration was identified as positive staining. The
MUC15 expression was assessed by H-score [21]. Every TMA
was divided into 5 parts, and the average value was regard-
ed as the patient’s result.
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Data mining from public databases

The Kaplan-Meier Plotter (www.kmplot.com) was applied to es-
timate the association of MUC15 expression with survival of
patients, which was checked in an online database based on
mRNA expression level using the log-rank test. GEPIA (http://
gepia.cancer-pku.cn) was also used to evaluate the prognostic
value of MUC15 in PC based on the Cancer Genome Atlas (TCGA)
and the GTEx by using a standard processing pipeline. The basic
expression level of MUC15 in different tissues was revealed by
the gene database from the National Center for Biotechnology
Information (NCBI) (https://www.ncbi.nlm. nih.gov) [22]. The
protein expression level of MUC15 in various organs was ac-
quired from the Human Protein Atlas (https://www.protein-
atlas.org) [23].

Cell lines

The PDAC cell lines Panc-1, MIA PaCa-2, AsPC-1, T3M4, BxPC-3,
and CFPAC-1 were introduced from the American Type Culture
Collection (ATCC). The cell lines were cultured in DMEM,
RPMI1640, and IMDM (Hyclone) with 10% fetal bovine serum
(FBS, Gibco) and 1% antibiotics in a cell incubator at 37°C
with 5% CO,.

Transfection

Cells were plated in 6-well plates and cultured at 37°C for
24 h. When cells reached 50-70% confluence, they were
infected with MUC15-overexpression plasmid (MUC15-
OE) and negative control plasmid (MUC15-NC) (Tsingke,
China). Complementary DNA encoding GSTM3 was synthe-
sized and subcloned into the pcDNA3.1(+) vector by BamHI-
Xhol. The small interfering RNA of MUC15 (siMUC15) (siRNA:
5’-CCUUGGAAUACUACACUCA -3’) and negative control siRNA
(siNC) (siRNA: 5’- UUCUCCGAACGUGUCACGU -3’) were con-
structed by RiboBio (Guangzhou, China). Lipofectamine 3000
(Invitrogen, USA) was used according to the official instruc-
tions. The efficiency of transfection was tested after 48-72 h
by western blot and PCR.

Western blot assay

Western blot analysis was performed as described previous-
ly [24]. The primary antibodies were as follows: anti-MUC15
(1: 1000 dilution, Immunoway, USA), anti -actin (Abcam, USA),
anti-AKT antibody (Abcam, USA), anti-p-AKT antibody (Abcam,
USA), anti-Erk1/2 antibody (Cell Signaling Technology, USA),
anti-pErk1/2 antibody (Cell Signaling Technology, USA), and
anti-GAPDH (Santa Cruz, USA).

LAB/IN VITRO RESEARCH

RNA isolation and RT-PCR

RNA was extracted from treated PDAC cells using TRIzol re-
agent (Ambion, Life Technologies). The cDNA was creat-
ed using a reverse transcription kit (Takara, China) on a
96-well thermal cycler (Applied Biosystems). Quantitative
PCR was conducted used SYBR Premix Ex TagTM Reagent
(TaKaRa, China) by using StepOnePlus™ (Applied Biosystems)
based on the manufacturer’s instructions. The MUC15 for-
ward primer was CTCAAATCTCAAGGCGAGTCATTC and the
MUC15 reverse primer was GCAGGTGTAGCATTGGGATGTGC.
B-actin forward: CTCCATCCTGGCCTCGCT GT; B-actin reverse:
GCTGTCACCTTCACCGTTCC. Fold changes relative to B-actin
were calculated by 2724,

Immunofluorescence assay

Monoclonal rabbit antihuman MUC15 (1: 100, Santa Cruz, USA)
was applied for immunofluorescence staining. 4’6-diamidino-
2-phenylindole was used to counterstain the nuclei. The in-
tracellular localization of MUC15 was scanned through a con-
focal laser microscope (Nikon, Japan).

Transwell migration and invasion assays

The upper chambers of the transwell plate (24-well, 8-mm,
Corning, Life Sciences) were prepared with Matrigel (BD
Biosciences, USA) for invasion assay, and no Matrigel was used
for migration assay. About 3x10* cells were seeded in the up-
per chamber and incubated overnight. Culture medium with
10% FBS was placed in the lower chamber and culture medi-
um without FBS was placed in the upper chamber. Then, the
non-migrating cells were gently removed after incubation at
37°C for 48 h. Cells were fixed in 90% ethyl alcohol and then
stained with 1% crystal violet. We counted cells from 5 ran-
dom views under an inverted microscope.

Cytotoxicity assay

Firstly, 5x10° cells were placed in 96-well plates, and then var-
ious concentrations of gemcitabine (10 nm, 100 nm, 1 pm,
10 pm, 100 pm, 1 mm) were added for 48 h. CCK8 (Dojindo,
Japan) reagent was applied to incubate with cells for 2.5 h,
and then the cellular viability was detected using an enzyme-
labeling instrument. The formula of the inhibition rate was as
follows: 1-(0D,,,~OD, )/(OD,,.~OD, ). (OD=0D450-0D630)

Blank)

Cell apoptosis

We used an annexin V-FITC/PI apoptosis assay kit
(NeoBioscience, China) to detect cellular apoptosis. After di-
gestion with trypsin, the cells were stained with Annexin V-FITC
for 10 min. Then, Pl was added to further stain the cells in the
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Figure 1. Expression of MUC15 in pancreatic ductal adenocarcinoma tissues. (A) Representative microphotographs of strong
cytoplasmic and membrane MUC15 expression in cancer tissue. Magnification, 500 um, 100 um. (B) Representative
microphotographs of weak MUC15 expression in para-cancerous tissue. Magnification, 500 pm, 100 um. (C) Negative MUC15
expression in control. Magnification, 100 um. (D) Comparison of the cytoplasmic MUC15 expression staining scores between

cancer and para-cancerous tissue. ** P<0.01.

dark for 5 min. An AccuriCé flow cytometer (BD, USA) was used
to analyze the cells according to the manufacturer’s instructions.

Statistics analysis

Data are presented as the mean+(SD) from at least 3 inde-
pendent experiments. Categorical variables were analyzed by
chi-square test. Continuous variables were analyzed by the t
test. The 2 test or Fisher exact test was applied to evaluate
the correlation between the expression of MUC15 and clini-
copathological indicators. Kaplan-Meier method and the log-
rank test were used for overall survival analysis. A multivar-
iate analysis of prognostic predictors was calculated by Cox
regression analysis. Statistical analyses were performed using
SPSS23.0 software (SPSS, Inc., Chicago, USA) and GraphPad
Prism 7.0 (La Jolla, USA). A P value less than 0.05 was regard-
ed as statistically significant.
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Results

MUC15 expression and its association with
clinicopathological variables

MUC15 stained positively in the cytoplasm of cancerous and
para-cancerous tissues (Figure 1A-1C). The cytoplasmic ex-
pression of MUC15 was remarkably higher in the cancerous
tissue than in the para-cancerous tissue (P<0.01) (Figure 1D).
Based on the optimal cutoff value of H-score, there were 42
cases with high MUC15 expression level and 50 cases with
low MUC15 expression level. MUC15 was also positive on the
cellular membrane in 37 of 92 samples. High cytoplasmic ex-
pression of MUC15 was significantly associated with CA19-
9 (P=0.019). There were no significant differences in other
variables between high and low cytoplasmic MUC15 groups
(Table 1). Membrane MUC15 was not significantly associat-
ed with the clinicopathological variables (P>0.05) (Table 2).

Prognostic significance of MUC15 in PDAC

Kaplan-Meier analysis and log-rank test were performed
to investigate the prognostic significance of various

[Chemical Abstracts/CAS]
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Table 1. Relationship between cytoplasmic MUC15 expression and clinicopathological characteristics in pancreatic cancer.

MUC15 expression
Variables

N1 41 18 (43.9%) 23 (56.1%)

P value in bold is statistically significant. Total patient number does not equal 92 in all categories, as patient information was not
available for all cases. T — tumor; N — lymph node.
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Table 2. Relationship between membrane MUC15 expression and clinicopathological characteristics in pancreatic cancer.

MUC15 expression
Variables

N1 16 6 (37.5%) 10 (62.5%)

Total patient number does not equal 37 in all categories, as patient information was not available for all cases. T — tumor; N — lymph
node.
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Figure 2. Kaplan-Meier curves for overall survival of patients with pancreatic ductal adenocarcinoma. (A) Overall survival of patients
according to cytoplasmic MUC15 expression in cancer tissues (P=0.042; log-rank test). (B) Kaplan-Meier curves for OS based
on sex (P=0.019; log-rank test). (C) Kaplan-Meier curves for OS based on tumor size (P=0.034; log-rank test). (D) Kaplan-
Meier curves for OS based on vessel invasion (P=0.021; log-rank test). (E) Kaplan-Meier curves for OS based on stage
(P=0.036; log-rank test). (F) Kaplan-Meier curves for OS based T stage (P=0.003; log-rank test).

clinicopathological factors in PDAC patients. For univariate
analysis, we observed that cytoplasmic MUC15 expression lev-
el was positively associated with overall survival (OS) of PDAC
patients (median OS: 15.54 months vs. 20.83 months, respec-
tively, P=0.042) (Figure 2A). In addition, sex, tumor size, vessel
invasion, stage, and T stage were also prognostic predictors in
univariate analysis (P=0.019, 0.034, 0.021, 0.036, and 0.003,
respectively; Table 3) (Figure 2B-2F). However, the membrane
MUC15 expression was not shown to be prognostic for OS
(P=0.144). The multivariate Cox regression analysis identified
cytoplasmic MUC15 expression as an independent prognos-
tic indicator of PDAC (P=0.031), along with T stage (Table 3).

In subgroup survival analyses, MUC15 expression remained sig-
nificantly associated with prognosis in 6 subgroups: age <60
years (P=0.035), elevated CA19-9 (P=0.036), head tumor lo-
cations (P=0.026), small tumor size <4 cm (P=0.008), perineu-
ral invasion (P=0.021), and vessel invasion (P=0.008). Survival
curves are shown in Figure 3A-3F.

Data mining of MUC15 from public databases

Confirming our finding that MUC15 is associated the poor
prognosis of PDAC, the Kaplan-Meier plotter online database
illustrated that the high level of MUC15 represented the worse
0S and disease-free survival (DFS), which means MUC15 is
a tumor promoter in PDAC (P=0.012, 0.014) (Figure 4A, 4B).
Meanwhile, the analysis results from GEPIA demonstrated that
patients with high MUC15 expression tended to have short-
er OS and DFS compared to those with low MUC15 expres-
sion, although the difference was not significant (p=0.15, 0.39)
(Figure 4C, 4D). Additionally, data from the NCBI Gene data-
base demonstrated that the level of MUC15 in normal pancre-
ases was lower than in other tissues, such as thyroid, placen-
ta, and esophagus (Figure 4E). Consistently, according to data
from the Human Protein Atlas, the protein level of MUC15 in
pancreases was moderate compared with other organs or tis-
sues, but was lower than in thyroid, placenta, and esophagus
tissues (Figure 4F).
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Table 3. Univariate and multivariate analyses of prognosis factors in pancreatic cancer patients.

Univariate analysis Multivariate analysis

Variables Overall survival 95% confidence Hazard  95% confidence

(MedianzSE, months) interval interval
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Table 3 continued. Univariate and multivariate analyses of prognosis factors in pancreatic cancer patients.

variate analysis

Variables Overall survival

(MedianzSE, months)

95% confidence
interval

Multivariate analy

Hazard
ratio

95% confidence
interval

20.83+1.57 17.753-23.907 1
P value in bold is statistically significant. T — tumor; N — lymph node.
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Figure 3. Prognostic impact of MUC15 expression in selected patient subgroups. (A) Patients aged <60 years (P=0.035; log-rank test).
(B) Patients with elevated CA19-9 (P=0.036; log-rank test). (C) Patients with tumors located at pancreatic head (P=0.026; log-
rank test). (D) Patients with tumor size <4 cm (P=0.008; log-rank test). (E) Patients with perineural invasion (P=0.021; log-

rank test). (F) Patients with vessel invasion (P<0.008; log-rank test).
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Figure 4. Data mining of MUC15 from public databases. (A) Kaplan-Meier curves for overall survival based on MUC15 expression in
PDAC by www.kmplot.com. (p=0.012). (B) Kaplan-Meier curves for disease-free survival based on MUC15 expression in PDAC
by www.kmplot.com. (p=0.014). (C) Overall survival curves of MUC15 by GEPIA (P=0.15). TPM, transcripts per million. (D)The
disease-free survival curves of MUC15 by GEPIA (P=0.38). TPM, transcripts per million. (E) Basic expression level of MUC15 in
different organs or tissues by RNA-sequence. RPKM, reads per kilobase per million reads. (F) The protein expression level of
MUC15 in different organs or tissues from the Human Protein Atlas.

The expression level of MUC15 in various cell lines

MUC15 was expressed in all the 6 cell lines. T3M3, AsPC-1,
and Panc-1 had higher MUC15 expression levels, whereas
BxPC-3, MIA PaCa-2, and CFPAC had relatively lower MUC15
expression levels (Figure 5A). RT-PCR proved that the expres-
sion of MUC15 mRNA was in accordance with its protein ex-
pression (Figure 5B). Immunofluorescence assay also verified
that MUC15 is located in the cytoplasm and partially in the
membrane (Figure 5C). To explore the biological function of
MUC15 in PDAC cells, we overexpressed MUC15 in MIA PaCa-
2 cells by transfection with MUC15-OE and downregulated of
MUC15 in AsPC-1 cells by transfection with siMUC15. The effi-
cacy of MUC15-OE and siMUC15 compared to negative control
was further verified by western blot and PCR (Figure 5D, 5E).

MUC15 promoted PC cell migration and invasion

Cellular motility was evaluated by the transwell assay.
Overexpression of MUC15 remarkably accelerated the migra-
tion and invasion capacity in MIA PaCa-2 cell lines (Figure 5A),
while MUC15 knockdown significantly impaired cell migration
and migration in AsPC-1 cells compared to negative control
(Figure 5B). As previous studies have shown that MUC15 can
promote the proliferation of tumor cells [17], we also investi-
gated its effect on PC cell proliferation, but the results showed
no significant difference between the MUC15-OE/siMUC15
group and the control groups.

MUC15 enhanced the chemo-resistance of gemcitabine
in vitro

Cytotoxicity assay was performed to determine the function
of MUC15 in chemical resistance in vitro. The MUC15 over-
expression in MIA PaCa-2 decreased the inhibitory effects
of gemcitabine compared with that in the MUC15-NC group
(Figure 6A). The MUC15-OE group (42.1 um) had a higher 1C50
of gemcitabine than in the negative control group (3.7 pum).
On the contrary, CCK-8 assay indicated that knockdown of
MUC15 in AsPC-1 cells was associated with increased inhibi-
tion of gemcitabine chemotherapy compared with that in the
siNC group (Figure 6B). The half-maximum inhibitory concen-
tration (IC50) of gemcitabine in the siMUC15 group (0.8 um)
was lower than in the siNC group (9.3 um). In addition, the flow
cytometry detection of apoptosis showed that the apoptotic
rate of MUC15-OE was lower than in the MUC15-NC group af-
ter incubation with gemcitabine for 48 h (Figure 6A). By con-
trast, siMUC15 exhibited a higher rate of apoptosis than in
the siNC group (Figure 6B). In summary, these results show
that MUC15 enhanced the chemo-resistance of PDAC cells to
gemcitabine in vitro.

The underlying mechanism of MUC15 in prompting PDAC

To further explore the mechanism of MUC15 in enhancing tu-
morigenesis of PDAC, western blot analysis was performed to
evaluate changes in protein levels. Previous studies revealed
that MUC15 participates in ERK and AKT pathways in other
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Figure 5. The expression of MUC15 in PC cell lines and transient transductions of MUC15 overexpression and knockdown were
established. (A) MUC15 protein expression 6 PC cells lines. (B) The level of MUC15 mRNA in 6 PC cells lines. (C) Localization
of MUC15 in cells by immunofluorescent analysis. White bar, 40 pm. (D, E) The efficiency of MUC15 overexpression and
MUC15 knockdown in MIA PaCa-2 and Aspc-1 were confirmed by western blot and gRT-PCR. The data are presented as the

mean=SD. (t test; *** p<0.001; **** p<0.0001) (MUC15-OE —

siMUC15 — MUC15 knockdown; siNC — scramble control).

cancers; therefore, we assessed it in pancreatic cancer, show-
ing that MUC15 increased the expression of ERK1/2 and AKT
in PC cells by loss-of-function or gain-of-function strategies
(Figure 7A). Confirming our findings, we discovered that the
expression of MUC15 and ERK1 (also named MAPK3) was pos-
itively correlated in PC tissues analyzed by GEPIA (N of PC pa-
tients=179, 2-tailed Pearson correction=0.2, = 0.0069). MUC15
and AKT were also correlated with GEPIA (P=0.043) (Figure 7B).
Taken together, our results suggest that MUC15 activates the
ERK-MAPK and AKT signaling pathways in PDAC (Figure 8).

MUC15 overexpression; MUC15-NC — MUC15 negative control;

Discussion

Pancreatic cancer is an extremely malignant tumor with a
dismal 5-year survival rate of less than 10% in the U.S. [1].
Increasing interest in novel cancer biomarkers has been fo-
cused on the mucin family, which contributes to the malig-
nant phenotype of pancreatic cancer. However, MUC15 has
received less attention. In the present study, we explored the
expression of MUC15 in PDAC tissue and investigated the func-
tion of MUC15 in cancer cells in vivo. We also performed the
bioinformatics analysis to further illustrate its role in PDAC.
The results show that high cytoplasmic expression of MUC15
is an independent prognostic factor associated with overall
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Figure 6. Pancreatic cancer cell migration/invasion was assessed by transwell assay. (A) MIA PaCa-2. (B) AsPC-1. (t test; ** p<0.01;
*** p<0.001) (MUC15-OE — MUC15 overexpression; MUC15-NC — MUC15 negative control; siMUC15 — MUC15 knockdown;

siNC — scramble control).

survival. Loss-of-function and gain-of-function analyses both
proved that MUC15 promotes cell motility and chemo-resis-
tance in pancreatic cancer.

The mucin family has key roles in protecting mucous mem-
branes, lubricating the epithelium, and participating in dif-
ferentiation of epithelial cells [25,26]. Many mucin proteins,
including MUC1, MUC2, MUC4, MUC5AC, and MUC16, wide-
ly participate in tumor progression and have clinical utility in
pancreatic cancer [27-31]. Currently, there are 2 main con-
tradictory theories on the role of MUC15 in tumorigenesis.
Firstly, MUC15 is overexpressed in colon cancer cell lines, ac-
tivates the p-ERK pathway, and promotes metastasis and in-
vasion [17]. Subsequently, Yang [32] showed the MUC15 over-
expression was correlated with cancer progression and can be

used as a marker for poor prognosis in glioma patients. In thy-
roid cancer, Choi [18] showed that MUC15 has a vital function
in sphere formation of cancer cells and activates ERK by FAK
and GPCR/cAMP pathways. The above studies suggested that
MUC15 enhances the occurrence, development, and invasion
in malignancies. However, Wang [19] revealed that MUC15
suppresses tumorigenesis in hepatic cancer via the PI3K/AKT
pathway. Yue [15] reported that MUC15 inhibits metastasis via
PI3K/AKT signaling in renal cancer. It was also reported that
upregulation of MUC15 significantly reduces the invasiveness
of choriocarcinoma cells [33]. Collectively, the evidence shows
that MUC15 exerts dual effects in cancer, and our data dem-
onstrates that MUC15 acts as an oncogenic factor in PC, simi-
lar to that in colon cancer and thyroid cancer. The contradicto-
ry molecular function of MUC15 in various cancers may result
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Figure 7. MUC15 increased chemo-resistance to gemcitabine in vitro. (A) MUC15 overexpression increased chemo-resistance to
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Figure 8. MUC15 activated ERK and AKT signaling pathways in pancreatic cancer cells. (A) The key components in ERK and AKT
signaling pathway were evaluated by western blot. (B) The expression level between MUC15 and MAPK3(ERK1) or AKT was
positively correlated in PDAC as shown using GEPIA.
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from the tissue heterogeneity, and further studies are need-
ed to elucidate this phenomenon.

We first investigated the expression level of MUC15 in human
PDAC samples, and our finding showed cytoplasmic MUC15
is an independent prognostic indicator of pancreatic cancer.
Survival data on MUC15 in PDAC from TCGA database also
agrees with our results. Dai [34], analyzing TCGA, also report-
ed that MUC15 combined with EMCN is a prognostic signature
for gastric cancer. Because membrane MUC15 in our study was
only positive in 37 of 92 samples, we failed to draw a strong
conclusion about the relationship between membrane MUC15
and clinicopathological parameters, and larger immunohisto-
chemistry studies are needed to explore its prognostic value.

Previous studies found that MUC15 upregulation significant-
ly contributes to migration and invasion in colon cancer, thy-
roid cancer, and glioma [16-18]. In our study, we also dem-
onstrated that MUC15 could enhance cell motility in PDAC by
the strategy of silencing or overexpressing MUC15. At pres-
ent, the relationship between MUC15 and chemotherapy is
unclear. Our study proves that MUC15 promotes gemcitabine
chemo-resistance in pancreatic cancer cells, but the underly-
ing molecular mechanism is unclear.

MUC15 was predicted to contain a highly conserved cytoplas-
mic tail, a small transmembrane domain, and an extracellular
domain, suggesting that MUC15 exerts a crucial function in sig-
nal transduction [35,36]. ERK-MAPKs are important pathways
for the regulation of tumorigenesis, angiogenesis, and metas-
tasis [37,38]. Interestingly, we proved that MUC15 activated
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the ERK-MAPK pathway in PC cells by western blot. The PI3K/
AKT signaling pathway also promotes the invasion and me-
tastasis of pancreatic cancer [32,39]. Activation of this path-
way leads to cell progression, cellular apoptosis, protein syn-
thesis, and genomic instability [40]. Not surprisingly, we also
verified that MUC15 activates the AKT and p-AKT pathways.
These results prove that MUC15 regulates the ERK-MAPK and
AKT signaling pathways and induces the motility of PC cells.

A limitation of this study is that it is retrospective, not pro-
spective. In addition, the prognostic value of MUC15 in pan-
creatic cancer needs to be further validated in larger samples.
The mechanisms underlying the role of MUC15 in cancers re-
main to be elucidated. Further research is needed to investi-
gate the mechanism of MUC15 and its role in the pathophys-
iology and carcinogenesis of pancreatic cancer.

Conclusions

The results of the present study suggest that cytoplasmic
MUC15 could serve as an indicator of poor prognosis among
PDAC patients. Moreover, MUC15 activated the ERK-MAPK and
AKT signal pathways and strengthened the carcinogenic capac-
ity of pancreatic cancer cells. We hope a more detailed inves-
tigation of MUC15 function and its regulatory network would
provide new insight for basic and clinical studies of PDAC.
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