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MUC15 inhibits cancer metastasis via PI3K/AKT
signaling in renal cell carcinoma
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Abstract
Patients with renal cell carcinoma (RCC) often develop distant metastasis and the specific molecular mechanism
remains poorly understood. In our study, we demonstrated that MUC15, a subtype of mucins family, could suppress
the progression of RCC by inhibiting PI3K/AKT signaling. Firstly, we observed that MUC15 was notably decreased in
RCC compared to normal tissue. Furthermore, we showed that MUC15 could negatively modulate the migration and
invasion of RCC in vitro and in vivo. Mechanistically, we found that knocking-down of MUC15 could active the PI3K/
AKT signaling by increasing the AKT phosphorylation and subsequently increase the mRNA and protein expression of
MMP2 and MMP9. Interruption of the AKT pathway with the specific inhibitor LY294002 could reverse the expression
of MMPs. Therefore, our study clarify the novel function of MUC15 in RCC, which may provide a new sight to diagnose
and prevent RCC metastasis.

Introduction
Renal cell carcinoma (RCC) is one of the common

malignancies in urological system. There are an estimated
73,820 new cases and 14770 deaths from kidney and renal
pelvic cancer in United States in 20191. Major subtypes of
RCC are clear cell RCC (ccRCC), papillary RCC (pRCC)
and chromophobe RCC (chRCC)2, and ccRCC is
approximately accounted of 75%3. Most of the familial4 and
about 60% sporadic ccRCC have mutations or deletions in
the von Hippel-Lindau (VHL) gene located at 3p(p3.25)5.
Up to 20% of newly diagnosed patients have developed
distant metastasis6, and a significant percent about 30% of

patients with located cancer have occult metastasis7–9.
Increased understanding of molecular of metastatic RCC is
contributed to the diagnosis and treatment.
MUC15, an important subtype of mucins (MUC) family

which are high molecular weight glycoproteins and pro-
duced by epithelial cells10, has been reported to inhibit
tumor proliferation and metastasis in hepatocellular car-
cinoma11 and suppresses invasion of trophoblast-like cells
in vitro12. In contrast, MUC15 plays an oncogenic role in
colon cancer13,14, papillary thyroid carcinoma15,16.
Obviously, the role of MUC15 in cancer development is
still confusing, and the expression and function of
MUC15 in RCC are yet completely unknown.
In this study, we were the first to confirm that MUC15

was notably decreased in RCC compared to normal tissue.
In addition, we demonstrated that MUC15 could suppress
the migration and invasion of RCC through PI3K/AKT
signaling in vitro and in vivo. Therefore, our study offers
more understanding about the mechanism of RCC
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metastasis, in which MUC15 might be a potential target
for RCC diagnosis and treatment.

Results
MUC15 is downregulated in human RCC tissues
To explore the expression level of MUC15 in RCC tis-

sues, we performed immunohistochemical staining in the
clinical samples including 40 cases of RCC and 17 cases of
normal renal tissues. As shown in Fig. 1a, we found that
the protein expression of MUC15 was significantly
downregulated in RCC tissues compared to normal tub-
ular epithelium (***P < 0.001). Moreover, based on ana-
lyzing RNA-sequence in cohort of no-paired samples (315
cases RCC tissues and 72 cases normal kidney tissues) and
72 paired samples from the The Cancer Genome Atlas
(TCGA), we could concluded that MUC15 mRNA

expression level is obviously lower in RCC tissues (Fig. 1b,
c, ***P < 0.001). In addition, from the analysis of public
microarray datasets GSE6344 and GSE781, we could also
get the same conclusion (Fig. 1d, e, ***P < 0.001). Similar
result was observed in human normal and renal cancer
tissues by Western blotting assay (Fig. 1f). However, there
was no significant correlation between MUC15 and tumor
grades or stages (Supplementary Fig. 1A–D), and we also
failed to observe a significant correlation between MUC15
expression and overall survival (OS) or disease free sur-
vival (DFS) of RCC patients (Supplementary Fig. 1E, F).

MUC15 suppressed RCC cell migration and invasion
in vitro
We also examined the expression level of MUC15 in

different RCC cell lines, as shown in Fig. 2a, b, compared

Fig. 1 Expression of MUC15 in RCC and normal kidney tissues. a Immunohistochemistry staining of MUC15 in normal kidney tissues (n= 17) and
RCC tissues (n= 40). The scale bar is 50 μm. b MUC15 mRNA expression in normal kidney tissues (n= 72) and RCC tissues (n= 315) from TCGA
database. c MUC15 mRNA expression in 72 paired normal kidney and RCC tissues. d MUC15 mRNA expression in matched normal kidney and RCC
tissues (n= 10) from GEO database (GSE6344). e MUC15 mRNA expression in not matched normal kidney (n= 8) and RCC tissues (n= 9) from GEO
database (GSE781). f Western blot analysis of MUC15 protein expression level in human normal and renal cancer tissues, the quantification analysis
was shown below. β-actin was used as a loading control (N= 3).
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to HK-2 cell line, Caki-1, ACHN and Rcc42 cells had
relatively higher MUC15 mRNA expression, while
ACHN, Caki-1 and OS-RC-2 cells had relatively higher
MUC15 protein expression among all tested RCC cell
lines. In contrast, MUC15 was lower in 786-O cell lines
both in mRNA and protein expression level. Therefore,
we successfully generated the stable ACHN and Caki-1
sublines with endogenous MUC15 knockdown and 786-O
subline with ectopic MUC15 overexpression (Fig. 2c, d).
The sustaining proliferation and activating metastasis

are vital aspects of tumor progression17–19, therefore, we
aimed to explore these two important biological functions
of MUC15 in RCC. For tumor cell proliferation, we did
not observe any significant changes in MUC15 knocking-
down ACHN or Caki-1 cells, and MUC15 overexpressed
786-O cells (Supplementary Fig. 2A–C). However,
Knocking-down of MUC15 in ACHN and Caki-1 cells led
to an increased wound healing rate, indicating that
MUC15 inhibited the ability of migration in RCC cells.

Inversely, the wound healing rate was inhibited in MUC15
overexpressed 786-O cells (Fig. 3a). Similarly, in Trans-
well migration and invasion assays as showed in Fig. 3b,
knocking-down MUC15 could promote cell migration
and invasion in ACHN and Caki-1 cells. In contrast,
overexpression of MUC15 in 786-O cells restrained cell
migration and invasion. Thus, we could get a conclusion
that MUC15 suppressed RCC metastasis in vitro.

MUC15 could regulate PI3K/AKT signaling and MMPs
expression
In the previous study, it has been proved that Matrix

metalloproteinases (MMPs) are associated with the cancer
progression20. Traditionally, MMPs played roles in matrix
remodeling, particularly in cancer invasion and angio-
genesis21. To further investigate the underlying mechan-
ism of MUC15 suppressing RCC metastasis, we examined
the changes of MMPs family in RCC cell lines with
modification of MUC15 expression levels. Indeed, as

Fig. 2 Expression of MUC15 in RCC cell lines and establishment of sublines. a, b Quantitative real-time RT-PCR and western blot analysis of
MUC15 expression level in human normal and renal cancer cell lines (N= 3). c, d Quantitative real-time RT-PCR and western blotting analysis of
MUC15 mRNA expression in ACHN or Caki-1 cell lines transfected with MUC15 shRNAs and shControl, and 786-O cell line infected with MUC15
lentivirus and negative control. 18S was applied as the endogenous control for quantitative real-time RT-PCR, and GAPDH was used as a loading
control for western blotting assay (N= 3).
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Fig. 3 Effects of MUC15 in cell migration and invasion of RCC cell lines. a Representative images of wound healing in MUC15 Knock-down (KD)
ACHN and Caki-1 sublines, MUC15 overexpressing (OV) 786-O sublines, quantification analysis was shown below (N= 3). b Representative pictures of
Transwell migration and invasion in MUC15-KD ACHN and Caki-1 sublines, MUC15-OV 786-O sublines, quantification analysis was shown below
(N= 3). The scale bar represents 100 μm (*P < 0.05, **P < 0.01, ***P < 0.001).
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shown in Fig. 4, both in mRNA and protein levels, we
observed an increase of MMP2 and MMP9 in ACHN and
Caki-1 cells with MUC15 knock-down, but decrease of
MMP2 and MMP9 in 786-O cells with MUC15 over-
expression. At the same time, after analyzing the mRNA

expression of MMP2 and MMP9 in TCGA database, there
was a negative correlation between MUC15 and MMP9
expression (Supplementary Fig. 2D, E).
Furthermore, we explored the upstream signaling to

regulate the expression of MMP2 and MMP9. As showed

Fig. 4 Effects of MUC15 in PI3K/AKT signaling and MMPs expression. a The heat map of protein expression of 278 RCC samples in TCGA
database was analyzed and drawn by MORPHEUS. AKT, beta-Catenin, GSK3-alpha-beta, PTEN, RAD50, BRD4 protein expression level was elevated
significantly in all tested proteins. b Real-time quantitative PCR analysis of MMP2 and MMP9 mRNA expression level in MUC15-KD ACHN and Caki-1
sublines, MUC15-OV 786-O sublines (N= 3). c Western blot analysis of MMP2, MMP9 and PI3K/AKT signaling in MUC15-KD ACHN and Caki-1 sublines,
MUC15-OV 786-O sublines. 18S was applied as the endogenous control for quantitative real-time RT-PCR, and GAPDH was used as a loading control
for western blotting assay (N= 3) (*P < 0.05, **P < 0.01, ***P < 0.001).

Yue et al. Cell Death and Disease          (2020) 11:336 Page 5 of 10

Official journal of the Cell Death Differentiation Association



in Fig. 4a, according to the heat map of protein expression
of 278 RCC samples in TCGA database, AKT, beta-
Catenin, GSK3-alpha-beta, PTEN, RAD50, BRD4 protein
expression level was elevated significantly in all tested
proteins, so we considered that those molecules played
vital roles in RCC. Activation of PI3K/AKT has been
proven to regulate tumor cell migration and invasion
through degradation of MMPs-mediated matrix or acti-
vation of various transcription factors22,23. Therefore, we
examined whether MUC15 modulated PI3K/AKT path-
ways to affect cell migration and invasion of RCC cells.
Indeed, we observed an increased AKT phosphorylation
in ACHN and Caki-1 cells with MUC15 knock-down, but
decreased in 786-O cells with MUC15 overexpression,
which indicated a negative regulation of AKT activation
by MUC15 (Fig. 4b, c). However, we failed to observe a
significant change of phosphorylation of EGFR, GSK3-
beta and expression of beta-Catenin after knock-down of
MUC15 in ACHN cells (Supplementary Fig. 2F). Also,
there was no positive correlations between phosphoryla-
tion of EGFR and MUC15 mRNA expression in RCC
specimens from TCGA (Supplementary Fig. 2G–I).

MUC15 repressed RCC cell migration and invasion via
PI3K/AKT signaling
To confirm the role of PI3K/AKT pathways in RCC

metastasis, the PI3K inhibitor LY294002 was applied in
RCC sublines with modification of MUC15 expression
level. Indeed, in ACHN and Caki-1 cells with MUC15
knock-down, we found that the increase of wound healing
rate was partly reversed at 24 h and 48 h after LY294002
treatment (Fig. 5a). At the same time, in Transwell
migration and invasion assays as shown in Fig. 5b,
LY294002 could also abolish the increase of cell migration
and invasion. Consistently, as shown in Fig. 5c, the
upregulation of MMP2, MMP9 also were abolished after
LY294002 treatment.

MUC15 inhibited RCC cells distant metastasis in vivo
To verify the tumor-suppressive role of MUC15 in RCC

in vivo, we established the tail-vein injection metastasis
model using 786-O sublines in nude mice. As shown in
Fig. 6a, we observed multiple metastases of lung, liver,
brain, abdominal cavity and spinal column when 786-O
negative control (NC) cells were injected via tail vein,
meanwhile only few metastases were observed in spinal
column when MUC15-overexpressing 786-O were injec-
ted, indicating that overexpression of MUC15 in 786-O
cells dramatically abolished the incidence of distant
metastasis (Fig. 6b, P < 0.01). Also, we compared the
expression of p-AKT, MMP2 and MMP9 in the distant
metastatic tissues by IHC staining. In consistent with our
in vitro results, 786-O tumors with higher MUC15
expression showed lower p-AKT, MMP2 and

MMP9 staining compared with NC (Fig. 6d). All these
results indicated that MUC15 could inhibit RCC metas-
tasis in vivo.

Discussion
Patients with metastatic RCC usually have a very poor

survival in clinic. Nowadays, although many new targeted
or immunotherapy drugs have been used for treatment,
they will inevitably acquire drug resistance24. Therefore,
it is necessary and important to understand more mole-
cular mechanisms of RCC metastasis and drug resistance.
MUC15 is one of cell membrane-associated mucins

that are high-molecular-weight proteins in multiple types
of epithelial25,26. The protein of MUC15 is predicted to
contain a highly conserved cytoplasmic tail, an extra-
celluar domain and a small transmembrane domain25,27,
which indicated that MUC15 maybe play a vital role in
cell signal transduction. Shyu et al.12 firstly studied the
function of MUC15 in human placenta and demon-
strated that overexpression of MUC15 substantially
inhibited matrigel invasion of trophoblast-like cells JAR
and JEG-3. Huang et al.13 showed that mRNA and pro-
tein expression of MUC15 were significantly higher in
colorectal tumors compared with their normal counter-
parts, furthermore, in vitro and in vivo experiments
showed that overexpression of MUC15 could activate
extracellular signal-regulated kinase 1/2 and promote the
progression of human colon cancer cells. In thyroid
carcinoma, Nam et al.15 revealed the association between
high MUC15 expression and aggressive malignant
potential, which indicated that MUC15 may serve as a
prognostic marker and potential therapeutic target.
Moreover, Choi et al.16 demonstrated that MUC15 could
promote tumor progression and cancer stemness via
GPCR/ERK and integrin-FAK signaling pathways. How-
ever, MUC15 plays a opposite role in hepatocellular
carcinoma11. MUC15 mRNA and protein Levels were
obviously lower in hepatocellular cancer than normal
tissues, and patients with lower MUC15 had shorter
overall survival and disease-free survival. Furthermore,
MUC15 could restrain the aggressive behavior by inhi-
biting dimerization of EGFR and PI3K–AKT signaling
in vitro and in vivo.
In our study, we confirmed that MUC15 was notably

decreased in RCC compared to normal tissue. However,
the mRNA and protein expression in normal renal cell
line were not highest compared to renal cancer cell lines,
and this may be due to the heterogeneity of cell lines.
Furthermore, we demonstrated that MUC15 could sup-
press cell migration and invasion of RCC by the strategy
of knocking-down or overexpressing MUC15. Also, we
found that knocking-down MUC15 could active the
PI3K/AKT signaling by increasing the AKT phosphor-
ylation and subsequently increase the mRNA and
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protein expression of MMP2 and MMP9. However, we
failed to detect a significant change of EGFR phosphor-
ylation in RCC cell lines, indicating that the function of
MUC15 in different cancer type may be cell specific.
Taken together, MUC15 could be a potential novel
potential prognostic marker and drug target for RCC
diagnosis and treatment.

Materials and methods
Cell culture and reagents
Human RCC cell lines 769-P, 786-O, ACHN were

obtained from the American Type Culture Collection
(ATCC). Human RCC cell lines Caki-1, OS-RC-2 were
purchased from National Platform of Experiment Cell
Resources for SciTech (Beijing, China), and Human

Fig. 5 MUC15 modulated RCC cell migration and invasion via PI3K/AKT signaling. a Representative images of wound healing in MUC15-KD
ACHN and Caki-1 sublines treated with PI3K inhibitor LY294002, quantification analysis was shown on the right (N= 3). b Representative pictures of
Transwell migration and invasion in MUC15-KD ACHN and Caki-1 sublines treated with LY294002, quantification analysis was shown on the right
(N= 3). c Western blot analysis of MMP2, MMP9 and PI3K/AKT signaling in MUC15-KD ACHN and Caki-1 sublines treated with LY294002. GAPDH was
used as a loading control (N= 3). The scale bar represents 100 μm. (*P < 0.05, **P < 0.01, ***P < 0.001).
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RCC cell lines RCC42 was kindly presented by Dr.
JerTsong Hsieh (University of Texas Southwestern
Medical Center, Dallas, TX, USA). All cell lines were
maintained in RPMI1640 medium with 10% fetal bovine
serum (FBS) at 37 ˚C and 5% CO2. Cells used in
experiments were in good condition without myco-
plasma contamination. LY294002 was obtained from

Selleckchem (Houston, TX, USA). The antibodied were
as follows: MUC15 (Rabbit, Sigma-Aldrich, St Louis,
MO, USA), β-actin and GAPDH (mouse, Kangchen
Bio-tech, Shanghai, China), AKT, p-AKT, p-EGFR,
p-GSK-3β, β-Catenin and MMP2 (Rabbit, Cell Signal-
ing Technology, Danvers, MA, USA), MMP9 (Rabbit,
abcam, Inc., Cambridge, Britain).

Fig. 6 MUC15 modulated RCC cells distant metastasis in vivo. a BLI images of athymic BALB/c nude mice implanted with 786-O/NC and 7860/
MUC15 cells by tail-vein injection, the images of lung, liver and adjacent metastasis were showed below (N= 5). b Quantification of light emission for
metastases in mice (N= 5). (**P < 0.01). c Representative images of Hematoxylin- eosin (HE) staining of lung and liver metastatic tumor (N= 3).
d Representative images of immunohistochemistry staining of MUC15, p-AKT, MMP2 and MMP9 in distant or adjacent metastatic tissues from 786-O/
NC and 7860/MUC15 cells (N= 3). The scale bar represents 50 μm.
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Clinical specimens and immunohistochemistry
All the RCC and nomal tissues were collected from the

Department of Urology, The first Affiliated Hospital of
Xi’an Jiaotong University, Xi’an, China. The Collection of
clinical samples was approved by the Ethical Committee
of Hospital and informed consent was obtained from all
patients. The tissue sections were deparaffinized in 60 °C
for 4 h and immersed in xykene quickly, rehydrated in a
series of grade alcohols. After washing 3 times by 5min
once with PBS buffer (exclusive of potassium), tissue
sections were subjected to 5-min pressure cooker antigen
retrieval methods, 10-min of quenching endogenous
enzyme. Next, the primary antibody was incubated at 4 °C
overnight, and Dako Cytomation EnVision-HRP reagent
was incubated for 30mins at room temperature after
washing with PBS. Then, adding diaminobenzidine (DAB)
to detect the signals and hematoxylin to stain nucleus.
The result was evaluated by the intensity of staining (0, 1,
2+, 3+) and the percentage of positive cells separated by
0 (0%), 1 (1–25%), 2 (26– 50%), 3 (51–75%) and 4
(76–100%). The product of two scores reveals the staining
level negative (0 score), weak (1–4 score), moderate
(5–8 score) and strong (9–12 score).

Plasmid transfection and lentiviral infection
MUC15 short hairpin RNA (shRNA) was applied to

knocked-down MUC15 in RCC cell lines. The plasmids
LVRU6GP contained the shRNA of MUC15 were pur-
chased from GeneCopoeia (Guangzhou, China), then
lentiviral system pLKO.1 (Oligoengine, Seattle,WA) was
constructed to infect cells. For overexpression of MUC15,
the lentiviral system EX-E2664-Lv201 (GeneCopoeia,
Guangzhou, China) containing full-length MUC15 was
used. After 48 h of transfection with 8 μg/ml polybrene
following the manufacturer’s instructions, the cells were
harvested for next experiments.

Wound healing assay
RCC cell lines ACHN and Caki-1 with MUC15 knock-

down or 786-O with MUC15 overexpression were planted
in 6-well plate with cross marker lines on the back. Using
a 200 µl pipette tip to cut out the artificial wounds, then
the wounds healing was observed by inverted microscope
after 12 and 24 h at the same position. The software Image
Pro Plus 6.0 (Media Cybernetics company, USA) was
applied to analyze the percentage of wounds healing area.

Transwell assay
For transwell migration assay, cells were harvested and

4 × 104 cells in 300 µl serum-free RIPA-1640 were added
into the upper chamber with 8-µM pore polycarbonate
membrane flters (Millipore, USA). For invasion assay, 8 ×
104 cells in 300 µl serum-free RIPA-1640 were added into
the upper chamber inserts with Matrigel (BD Biosciences,

USA) flated for 4 h in advance. 1 ml medium containing
10% FBS was added in lower chamber. After incubation
for 24 h or 36 h, the Transwell inserts were fixed with 4%
paraformaldehyde for 15min and stained with 0.1%
crystal violet for 15 min at room temperature. Then, the
number of cells was counted in three random fields in
100× magnification inverted light microscope.

Real-time RT-PCR
The RNAfast 200 reagents (Fastagen Biotechnology,

Shanghai, China) was used to extract the total cellular
RNA. After quantitating by absorbance at 260 nm, the
RNA sample was transcribed reversely by PrimeScript RT
Master Mix (Takara Bio, Dalian, China) according to the
suggested system. Then the quantitative PCR was
accomplished by SYBR-Green PCR Master Mix (Takara
Bio, Dalian, China) with specific primers as follows:
MUC15, F: TATTCACTTCTATCGGGGAGCC, R: GGG
AATGACTCGCCTTGAGAT; MMP2, F: GATACCCC
TTTGACGGTAAGGA, R: CCTTCTCCCAAGGTCCAT
AGC; MMP9, F: GGGACGCAGACATCGTCATC, R: TC
GTCATCGTCGAAATGGGC; 18S, F: CAGCCACCC
GAGATTGAGCA, R: TAGTAGCGACGGGCGGTGTG.

Western blot analysis
The cells lysates were obtained with RIPA buffer

(50mM Tris, PH 8.0,150 mM NaCl, 0.1% SDS, 1% NP40
and 0.5% sodium deoxycholate) containing proteinase
inhibitors (1% inhibitors cocktail and 1mM PMSF) (Roche
Applied Science, Germany) for 10min in ice and cen-
trifuged at 12,000 g for 15min at 4 °C. The samples were
separated by 12% SDS-PAGE and transferred to poly-
vinylidene fluoride (PVDF) membranes. After blocking
with 5% non-fat milk, the membranes were incubated with
primary antibody at 4 °C overnight. Next, the membranes
were washed with TBST buffer for 3 times and incubated
with peroxidase-conjugated secondary antibody for 1 h at
room temperature. After washing with TBST buffer for 3
times again, the membranes were visualized with an ECL
chemiluminescent detection system (Bio-rad, USA).

Tail-vein cancer metastasis model
Nude tail-vein injection model was performed as the

cancer metastasis model based on previous studies28.
Female athymic BALB/c nu/nu mice about 4–6 weeks old
were applied to the experiment based on the document of
the ethical committee of Xi’an Jiaotong University. Ten
mice were randomly divided into two groups by random
scale as Lv-NC and Lv-MUC15. RCC cell line 786-O with
MUC15 overexpression or negative control were main-
tained and harvested, 2 × 106 cells were suspended with
serum-free RIPA-1640 and injected via the tail vein with
insulin needle. After 6 weeks, D-luciferin substrate (Bio-
synth, Naperville, IL, USA) in PBS with 450 mg/kg was
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injected into abdominal cavity, 15–20min later, biolu-
minescence imaging (BLI) was performed to detect the
distant metastases in the lung and other organs after mice
were anesthetized.

Bioinformatics and statistical analysis
The RCC public datasets GSE6344 and GSE781 were

downloaded from NCBI GEO database. The MUC15
expression data based on RNA-sequence and protein
expression data were acquired from cBioPortal (www.
cbioportal.org) for The Cancer Genome Atlas (TCGA)29.
The samples without data were excluded from the ana-
lysis. The mRNA expression data was analyzed and per-
formed by GraphPad Prism version 7.0 software
(GraphPad Software, USA). The heat map of protein
expression of 278 RCC samples was analyzed and drawn
by web tool MORPHEUS (https://software.broadinstitute.
org/morpheus/). All the statistical analyses were per-
formed by SPSS 22.0 software. All data were reported as
mean ± SD of triplicate experiments, and the differences
between two groups were compared by the two-tailed
Student’s (t-test) or one-way analysis of variance. *P < 0.05
was considered statistically significant.

Acknowledgements
This study was supported by the National Natural Science Foundation of China
(NSFC 81572516 to KW) and International Science and Technology
Cooperation and Exchange Program in Shaanxi Province (2016KW-021 to KW).

Author details
1Department of Urology, First Affiliated Hospital of Xi’an Jiaotong University,
Xi’an 710061, China. 2Department of Hepatobiliary Surgery, First Affiliated
Hospital of Xi’an Jiaotong University, Xi’an 710061, China. 3Department of
Neurosurgery, Cancer Hospital of the Chinese Academy of Medical Sciences,
Beijing 100021, China

Conflict of Interest
The authors declare that they have no conflict of interest.

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

Supplementary Information accompanies this paper at (https://doi.org/
10.1038/s41419-020-2518-9).

Received: 19 September 2019 Revised: 10 April 2020 Accepted: 14 April
2020

References
1. Siegel, R. L., Miller, K. D. & Jemal, A. Cancer statistics, 2019. CA Cancer J. Clin. 69,

7–34 (2019).
2. Humphrey, P. A., Moch, H., Cubilla, A. L., Ulbright, T. M. & Reuter, V. E. The 2016

WHO classification of tumours of the urinary system and male genital organs-
part B: prostate and bladder tumours. Eur. Urol. 70, 106–119 (2016).

3. Hsieh, J. J. et al. Renal cell carcinoma. Nat. Rev. Dis. Prim. 3, 17009 (2017).

4. Akhtar, M., Al-Bozom, I. A. & Al Hussain, T. Molecular and metabolic basis of
clear cell carcinoma of the kidney. Adv. Anat. Pathol. 25, 189–196 (2018).

5. Greene, C. J. et al. Suppressive effects of iron chelation in clear cell renal cell
carcinoma and their dependency on VHL inactivation. Free Radic. Biol. Med
133, 295–309 (2019).

6. Gonzalez Leon, T. & Morera Perez, M. Renal cancer in the elderly. Curr. Urol.
Rep. 17, 6 (2016).

7. Frank, I. et al. An outcome prediction model for patients with clear cell renal
cell carcinoma treated with radical nephrectomy based on tumor stage, size,
grade and necrosis: the SSIGN score. J. Urol. 168, 2395–2400 (2002).

8. Patard, J. J. et al. Use of the University of California Los Angeles integrated
staging system to predict survival in renal cell carcinoma: an international
multicenter study. J. Clin. Oncol. 22, 3316–3322 (2004).

9. Wolff, I. et al. Do we need new high-risk criteria for surgically treated renal
cancer patients to improve the outcome of future clinical trials in the adjuvant
setting? Results of a comprehensive analysis based on the multicenter
CORONA database. Eur. J. Surgical Oncol. 42, 744–750 (2016).

10. Yonezawa, S. et al. Mucins in human neoplasms: clinical pathology, gene
expression and diagnostic application. Pathol. Int. 61, 697–716 (2011).

11. Wang, R. Y. et al. MUC15 inhibits dimerization of EGFR and PI3K-AKT signaling
and is associated with aggressive hepatocellular carcinomas in patients.
Gastroenterology 145, 1436–1448. e1431-1412 (2013).

12. Shyu, M. K. et al. Mucin 15 is expressed in human placenta and suppresses
invasion of trophoblast-like cells in vitro. Hum. Reprod. 22, 2723–2732 (2007).

13. Huang, J. et al. Overexpression of MUC15 activates extracellular signal-
regulated kinase 1/2 and promotes the oncogenic potential of human colon
cancer cells. Carcinogenesis 30, 1452–1458 (2009).

14. Byrd, J. C. & Bresalier, R. S. Mucins and mucin binding proteins in colorectal
cancer. Cancer Metastasis Rev. 23, 77–99 (2004).

15. Nam, K. H. et al. Expression of the membrane mucins MUC4 and MUC15,
potential markers of malignancy and prognosis, in papillary thyroid carcinoma.
Thyroid 21, 745–750 (2011).

16. Choi, C. et al. Promotion of tumor progression and cancer stemness by
MUC15 in thyroid cancer via the GPCR/ERK and integrin-FAK signaling
pathways. Oncogenesis 7, 85 (2018).

17. Hanahan, D. & Weinberg, R. A. Hallmarks of cancer: the next generation. Cell
144, 646–674 (2011).

18. Wu, K. et al. 2’-hydroxyflavanone inhibits prostate tumor growth through
inactivation of AKT/STAT3 signaling and induction of cell apoptosis. Oncol. Rep.
32, 131–138 (2014).

19. Wu, S. et al. 2’Hydroxyflavanone inhibits epithelialmesenchymal transition, and
cell migration and invasion via suppression of the Wnt/betacatenin signaling
pathway in prostate cancer. Oncol. Rep. 40, 2836–2843 (2018).

20. Shay, G., Lynch, C. C. & Fingleton, B. Moving targets: emerging roles for MMPs
in cancer progression and metastasis. Matrix Biol. 44-46, 200–206 (2015).

21. Cui, N., Hu, M. & Khalil, R. A. Biochemical and biological attributes of matrix
metalloproteinases. Prog. Mol. Biol. Transl. Sci. 147, 1–73 (2017).

22. Pal, I. & Mandal, M. PI3K and Akt as molecular targets for cancer therapy:
current clinical outcomes. Acta Pharmacol. Sin. 33, 1441–1458 (2012).

23. Polivka, J. Jr. & Janku, F. Molecular targets for cancer therapy in the PI3K/AKT/
mTOR pathway. Pharmacol. Ther. 142, 164–175 (2014).

24. Barata, P. C. & Rini, B. I. Treatment of renal cell carcinoma: current status and
future directions. CA Cancer J. Clin. 67, 507–524 (2017).

25. Pallesen, L. T., Berglund, L., Rasmussen, L. K., Petersen, T. E. & Rasmussen, J. T.
Isolation and characterization of MUC15, a novel cell membrane-associated
mucin. Eur. J. Biochem. 269, 2755–2763 (2002).

26. Kerschner, J. E. Mucin gene expression in human middle ear epithelium.
Laryngoscope 117, 1666–1676 (2007).

27. Pallesen, L. T., Pedersen, L. R., Petersen, T. E., Knudsen, C. R. & Rasmussen, J. T.
Characterization of human mucin (MUC15) and identification of ovine and
caprine orthologs. J. Dairy Sci. 91, 4477–4483 (2008).

28. Wu, K. et al. Silibinin inhibits beta-catenin/ZEB1 signaling and suppresses
bladder cancer metastasis via dual-blocking epithelial-mesenchymal transition
and stemness. Cell Signal. 25, 2625–2633 (2013).

29. Cerami, E. et al. The cBio cancer genomics portal: an open platform for
exploring multidimensional cancer genomics data. Cancer Discov. 2, 401–404
(2012).

Yue et al. Cell Death and Disease          (2020) 11:336 Page 10 of 10

Official journal of the Cell Death Differentiation Association

http://www.cbioportal.org
http://www.cbioportal.org
https://software.broadinstitute.org/morpheus/
https://software.broadinstitute.org/morpheus/
https://doi.org/10.1038/s41419-020-2518-9
https://doi.org/10.1038/s41419-020-2518-9

	MUC15 inhibits cancer metastasis via PI3K/AKT signaling in renal cell carcinoma
	Introduction
	Results
	MUC15 is downregulated in human RCC tissues
	MUC15�suppressed RCC cell migration and invasion in�vitro
	MUC15 could regulate PI3K/AKT signaling and MMPs expression
	MUC15 repressed RCC cell migration and invasion via PI3K/AKT signaling
	MUC15 inhibited RCC cells distant metastasis in�vivo

	Discussion
	Materials and methods
	Cell culture and reagents
	Clinical specimens and immunohistochemistry
	Plasmid transfection and lentiviral infection
	Wound healing assay
	Transwell assay
	Real-time RT-PCR
	Western blot analysis
	Tail-vein cancer metastasis model
	Bioinformatics and statistical analysis

	Acknowledgements




