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Endolysosomal ion channel MCOLN2 (Mucolipin-2) promotes
prostate cancer progression via IL-1β/NF-κB pathway
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BACKGROUND: Prostate cancer (Pca) is the most common cancer type among males worldwide. Dysregulation of Ca2+ signaling
plays important roles during Pca progression. However, there is lack of information about the role of endolysosomal Ca2+

-permeable channels in Pca progression.
METHODS: The expression pattern of MCOLN2 was studied by immunohistochemistry and western blot. Cell viability assay,
transwell assay and in vivo tumorigenesis were performed to evaluate the functional role of MCOLN2. Downstream targets of
MCOLN2 were investigated by cytokine array, enzyme-linked immunosorbent assay, Ca2+ release experiments and luciferase
reporter assays.
RESULTS: We report that MCOLN2 expression is significantly elevated in Pca tissues, and associated with poor prognosis.
Overexpression of MCOLN2 promoted Pca cells proliferation, migration and invasion. Importantly, knockdown of MCOLN2 inhibited
Pca xenograft tumor growth and bone lesion development in vivo. In addition, MCOLN2 promoted the production and release of
IL-1β. Moreover, luciferase reporter assay and western blot revealed that MCOLN2 promoted Pca development by regulating the IL-
1β/NF-κB pathway.
CONCLUSION: In summary, MCOLN2 is crucially involved in Pca progression. Mechanistically, MCOLN2 regulates Pca progression
via IL-1β/NF-κB pathway. Our study highlights an intriguing possibility of targeting MCOLN2 as potential therapeutic strategy in Pca
treatment.
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BACKGROUND
Prostate cancer (Pca) is the second most common cause of cancer
deaths among males in developed countries [1]. Androgen
deprivation therapy is the first-line therapy for Pca; however, it
is associated with significant adverse effects and inevitably
becomes ineffective once androgen-independent prostate tumor
cells begin to grow. Eventually the cancer progresses to metastatic
castration-resistant Pca, resulting in death [2–4]. Metastatic lesions
of Pca are incurable [5]. In spite of the high incidence and
mortality, the etiology of Pca remains unknown [6]. Therefore,
identification of new molecular targets for Pca therapies is
urgently needed for early diagnosis and better treatments for
patients with Pca [3].
Transient receptor potential (TRP) channels are a group of

cation channels that are expressed in the plasma membrane and
the membrane of intracellular organelles such as endo- and
sarcoplasmic reticulum, lysosomes and endosomes [7]. Most TRP

channels are Ca2+-permeable, thus they play an important role in
the maintenance of cellular Ca2+ homeostasis [7]. Dysregulation of
these channels may distort Ca2+ signaling, thereafter promoting
pathophysiological cancer hallmarks, such as cancer cell survival,
proliferation and invasion [8–10]. In this regard, several TRP
isoforms that are located on the plasma membrane thus
mediating extracellular Ca2+ entry, have been shown to be
involved in the proliferation, apoptosis and/or migration of Pca
cells [8, 11].
Unlike most other TRP family members, the mucolipin subfamily

of TRP channels, including Mucolipin-1, -2 and -3 (MCOLN1, -2 and
-3), is exclusively located in the endolysosomal membrane [12].
Activity of MCOLN channels causes endolysosomal Ca2+ release,
which is accompanied by cytosolic Ca2+ rise [12]. Functionally,
MCOLN-mediated Ca2+ signaling plays a pivotal role in vesicular
trafficking events during autophagy and lysosomal exocytosis [13].
Among the mucolipin subfamily, MCOLN1 is the best studied one.
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Recent studies have found that MCOLN1 can enhance tumor
growth and invasion in a variety of cancer types, including triple-
negative breast cancer, melanoma and head-and-neck tumor
[14–16]. Unlike MCOLIN1, MCOLN2 is a poorly characterised
channel and expressed mainly in lymphoid and myeloid tissues
[17], where MCOLN2 participates in innate immunity-defense
against various pathogens including virus and bacteria [18, 19].
There is currently no report about involvement of any MCOLN
channels in Pca.
Given the increasing appreciation of the link between

inflammation and cancer, the role of inflammatory cytokines,
especially IL-1β, in the pathogenesis of cancer has been
extensively investigated [20, 21]. Fibrosarcoma cells that are
genetically modified to constitutively secret mature IL-1β dis-
played an increased growth, invasiveness and angiogenesis
[20, 21]. In several human cancers including Pca, local IL-1β
expression by the malignant cells or the microenvironment has
been associated with aggressive tumor growth and poor
prognosis [22–24]. These evidences demonstrate a pro-
tumorigenic role of IL-1β. Interestingly, substantial amount of
evidence also suggests an important role of cytosolic Ca2 signaling
and lysosomal Ca2+ release in promoting IL-1β production and
release in leukocytes [25–27]. However, such kind of connection
between Ca2+ and IL-1β has never been explored in Pca cells. It is
unclear whether endolysosomal Ca2+ channels in general and
MCOLN2 in particular can promote IL-1β production and release in
Pca progression.
In the present study, we identified the first endolysosomal

Ca2+-permeable channel MCOLN2 that is crucially involved in Pca
progression. We showed that MCOLN2 was upregulated in
prostate tumor tissues and correlated with poor prognosis.
Overexpression of MCOLN2 promoted tumor growth, migration
and invasion. Mechanistically, we demonstrated that MCOLN2
acted through IL-1β/NF-κB pathway to exert its pro-tumorigenic
effect to promote Pca progression.

METHODS
Bioinformatics analysis
Meta-analysis of the expression pattern of MCOLN family in Pca in five
independent microarray datasets (Each of the datasets has all MCOLN
family member expression data) was performed in Oncomine website
(https://www.oncomine.org). The datasets (GSE17951 and GSE46602)
analysed in this study were downloaded from the Gene Expression
Omnibus (GEO). The gene expression data and survival information for Pca
were originated from TCGA and analyzed by The Human Protein Atlas
website (https://www.proteinatlas.org/).

Plasmids, antibodies and reagents
pCMV5-flag-MCOLN2 and pLKO-tet-on-MCOLN2 shRNA were constructed
by our lab. GFP-RelA was obtained from addgene (#23255). The antibodies
used were listed as follows: human anti-MCOLN2 antibody (1:1000, #ACC-
082, Alomone labs) or (1:1000, #sc-393538, Santa Cruz), anti-Vimentin
(1:1000, #5741, CST), anti-ZO-1 (1:1000, #8193, CST), anti-E-Cadherin
(1:1000, # 3195, CST), anti-Slug (1:500, #9585, CST), anti-NF-κB p65 (RelA)
(1:1000, #8242, CST), anti-Phospho-NF-κB p65 (p-RelA) (1:1000, #3033, CST),
anti-IκB-α (1:1000, #4814, CST), anti-Phospho- IκB-α (1:1000, #2859, CST),
anti-Ki-67 (1:1000, A2094, ABclonal), anti-LAMP-1 (1:1000, MA1-164,
Invitrogen), anti-RAB7 (1:1000, ab50533, Abcam), anti-GAPDH (1:1000,
#97166, CST). Neutralised IL-1β antibody (500 ng/ml, AF-201-SP) and
recombinant human IL-1β (201-LB-005) were from R&D Systems. Glycyl-L-
phenylalanine-beta-naphthylamide (GPN) (145914, Abcam), ML-SA1
(SML0627, Sigma–Aldrich), Ionomycin (I3909, Sigma–Aldrich), BAPTA-AM
(A1076, Sigma–Aldrich) were used in culture cells.

Cell culture
293FT cell lines, human Pca cell lines (PC-3, DU145, LNCaP) and benign
hyperplastic prostatic epithelial cell line (BPH-1) were purchased from the
American Type Culture Collection (ATCC). Cells were cultured in Dulbecco’s
modified Eagle’s media (DMEM) or Roswell Park Memorial Institute (RPMI)

1640 medium supplemented with 10%(v/v) fetal bovine serum (FBS) and
100 Units/mL of penicillin, and 100 µg/mL of streptomycin. These cell lines
were checked for mycoplasma presence routinely.

siRNA transfection
Exponentially growing untreated PC-3 and DU145 cells were plated in six-
well plate for 24 h before transfection. When cells were grown at 60–70%
confluence, 30 pmol of specific siRNA targeting the mRNA of MCOLN2 or
scrambled siRNA (NC-si) with Lipofectamine RNAiMax reagent (Thermo-
Fisher Scientific, #13778150) were added to conduct siRNA transfection.
After treatment for at least 48 h, the interference efficiency was confirmed
by RT-PCR and western blotting, and the cells were harvested for further
assays. The siRNA oligonucleotides were synthesised from GenePharma
(Shanghai, China) and the detailed sequences of siRNAs used in this study
were listed in Supplementary Table 1.

Human tissue array and scoring
Immunohistochemistry staining for MCOLN2 was performed on human
Pca tissue microarray specimens (PR8011b, US Biomax, USA), using the
MCOLN2 antibody (1:400, Alomone labs). The percentage of MCOLN2-
positive cancer cells and the staining intensity grade (0–3) were
determined. The cancer cell staining index, a factor of the staining
percentage and intensity, was obtained for each tissue section.

RNA extraction and RT-PCR
Total RNA was extracted using TRIzol (Invitrogen). The cDNA was
synthesised from 2 µg of total RNA using M-MLV reverse transcriptase
(Thermo Fisher Scientific) for quantitative RT-PCR. The primer sequence of
target genes and reference gene GAPDH were listed in Supplementary
Table 2.

Western blots
Total protein was extracted from cells using cell lysis buffer containing
PMSF (Beyotime). The samples were separated by 8–12% SDS-
polyacrylamide gel electrophoresis, followed by transferring to PVDF
membrane. After blocking in PBS containing 5% bovine serum albumin,
the membrane was incubated with primary antibody at 4 °C overnight,
followed by incubation with a peroxidase-linked secondary antibody
(Thermo Fisher Scientific) at room temperature for 1 h. The signals were
detected by X-ray film after incubating with western blotting Luminol
reagent (GE Health care).

Immunocytochemistry
The cells grown on coverslips were washed with PBS twice, fixed in 4%
paraformaldehyde (Sigma–Aldrich, USA) in PBS, permeabilised with 0.1%
Triton X-100 (Sigma–Aldrich, USA), and then blocked with 5% bovine
serum albumin (Thermo Fisher Scientific) in PBS for 1 h at room
temperature. The cells were incubated with primary antibodies at 4 °C
overnight, followed by incubation with fluorescence-conjugated secondary
antibodies for 90min at room temperature in the dark. Images were
acquired using a confocal microscope.

Cell viability assay
Cell growth was determined by cell counting kit-8 (CCK8) (#c0038,
Beyotime). Cells at a density of 2 × 103 per well were grown in the 96-well
plates in 0.1 ml full medium at 37 °C for different period of times. Each
treatment had five duplicated wells, and CCK8 assays were repeated three
time according to the manufacturer’s protocol [28].

Colony-formation assay
Briefly, single-cell suspension was plated at a density of 500 cells per well
in six-well plate. The culture medium was replaced every 3 days. Two
weeks later, formed clones were fixed and stained with 0.5% crystal violet,
and the colonies with more than fifty cells were counted under a
microscope.

Migration and invasion assays
Cells were plated into the upper chamber (without fetal bovine serum)
with 8 µm pore (BD Falcon, Franklin Lakes, NJ, USA) at a density of 5 × 104

per well. Chambers without or with Matrigel matrix were inserted into
matching 24-well plate containing 20% FBS for migration or invasion
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assays. After migrated or invasive cells adhering to the lower surface of
chamber were fixed and stained with 0.5% crystal violet and counted
under microscope.

Wound-healing assay
Wound-healing assays were performed following the procedure described
elsewhere (https://ibidi.com/culture-inserts/25-25-culture-inserts-2-well-for-
self-insertion.html). A two-well culture insert (#80209, ibidi, WI, USA) was
placed on the culture surface. A cell suspension was added to both
reservoirs and allowed to attach. Remove the two-well culture insert after
plating cells for 12 h to create a cell-free gap of ~500 µm, 10 fields were
randomly selected in each well to record the gap area following fixing and
staining with crystal violet at appropriated time to analyze cell migration.

Lentivirus production and cell transduction
HEK293FT cells were seeded in 10 cm dishes. The cells with 60–80%
confluence were co-transfected with pLKO-Tet-On (Novartis), 7.5 µg
psPAX2 (Addgene, 12260) and 7.5 µg pMD2.G (Addgene, 12259) using a
commercial lentivirus package kit (Biowit, Shenzhen, China) according to
manufacturer’s instruction. The supernatants were harvested at 48 and 72
h, centrifuged at 400 × g for 10 min, and then passed through 0.45 µm
filters. The collected virus was stored at −80 °C. The shRNA sequences of
MCOLN2 were listed in Supplementary Table 3.
Pca cells were seeded in six-well plate. When the cells reached 40%

confluence, lentiviral conditional medium was added. After 48 h, the cells
were treated with 2 µg/ml puromycin (Thermo Fisher Scientific) for 4 days
to select positively infected cells. And the MCOLN2 shRNA expression was
induced by 100 ng/ml doxycycline (Sigma–Aldrich) for at least 48 h.
MCOLN2 knockdown cells were confirmed with qPCR and western blots.

[Ca2+]i measurement
Ca2+ measurement was performed as described in our previous report
[29]. Briefly, DU145 and PC-3 cells were plated on the coverslips for 48 h
before measurements. The cells were loaded with fluo-4/AM (Invitrogen, 5
µM) and 0.02% Pluronic F-127 (Invitrogen) for 30min in dark at 37 °C. The
coverslip was gently rinsed twice with Ca2+ free-PSS in mM: 140 NaCl, 5
KCl, 1 MgCl2, 10 glucose, 0.2 EGTA, 5 HEPES, pH 7.4 and placed in a bath
chamber for measurement. Four micromolar ionomycin was applied to the
cells to induce Ca2+ release from the intracellular Ca2+ stores.
Fluo-4 ratio (F1/F0) was used to monitor changes in intracellular [Ca2+]i

upon stimulation by using a confocal microscope (Olympus FV1000, Japan).

ELISA (enzyme-linked immunosorbent assay) analysis of IL-1β
Secreted IL-1β was detected by ELISA using human IL-1β ELISA kit (R&D
systems, USA) according to the manufacturer’s instruction. Briefly, the cells
were plated in six-well plate and cultured with free FBS medium for 24 h.
After treatment, the supernatant from the cultured cells was collected by
centrifugation and applied to ELISA experiments immediately. The final
amount of interested protein from each group was normalised to the cell
number.

Cytokine assay
PC-3 cells were plated in six-well plates and transfected with NC-si or
siMCOLN2 for 48 h. Cell lysates were collected and subjected to human
cytokine antibody array (Abcam, ab133997) according to the manufac-
turer’s instructions. Briefly, the arrays were first blocked with blocking
buffer, then incubated with 1ml diluted cell lysate protein at 4 °C
overnight, followed by incubation with Biotin-conjugated anticytokines
cocktail at 4 °C overnight. The membranes were washed and then
incubated with 2ml HRP-conjugated streptavidin at 4 °C overnight,
followed by chemiluminescence detection using a CCD camera with the
imaging system. Quantitative array analysis was performed using Image J.

Luciferase reporter assay
Pca cells were plated at 50–60% confluence in 24-well plates. 24 h later,
cells were transiently transfected with 1 µg total DNA using Lipofectamine
2000 Transfection Reagent (ThermoFisher). The pGMNF-κB-Luc was
transfected into cells with one of the following siRNAs or plasmids:
scrambled siRNA or Control, siMCOLN2 or MCOLN2. Co-transfection of
Renilla luciferase under the control of the SV40 early enhancer/promoter
region (p SV40-RL, Promega) was used as a control. After 48 h, the cells
were collected and subjected to a Dual Luciferase Reporter Assay System

(E1910, Promega, USA). Firefly luciferase activity was normalised to Renilla
luciferase activity for each sample. All transfections were performed at
least three times, in triplicate.

In vivo xenograft assay
Animal experiments were approved by the Animal Experimentation Ethics
Committee of The Chinese University of Hong Kong, performed in
compliance with the guide for the care and used of laboratory animals
(National Institutes of Health Publication, 8th edition, updated 2011). Four-
to five-weeks-old male nude mice were used in this study.
5 × 106 transfected DU145 cells/100 µl of PBS per mouse were injected

subcutaneously in the lower back of the nude mice. Tumor length and
width were measured every 3 days until the end of the experiment. Three
weeks later, mice were sacrificed by CO2 inhalation, and tumors were
isolated and measured. Tumor volumes were calculated: Volume=
Length ×Width2/2. For intratibial injections, the mice were anaesthetised
with isoflurane and one million transfected PC-3 cells in 10 µl of PBS were
injected into the left tibia of each mouse. Mice were imaged using Bruker
SkyScan 1278 microCT for bone lesion area. Mice that never developed
lesions were considered technical injection failures and were excluded
from the studies. Four weeks later, mice were sacrificed by CO2 inhalation,
and the bone lesion areas were measured by Image J.
For both cases, doxycycline (30 µg/gram of body weight per mouse) was

administered by intraperitoneal injection every two days to induce the
knockdown of MCOLN2 expression and PBS was as vehicle control.

Statistical analysis
All the data were presented as means ± S.D (at least three biological
replicates or three independent experiments). Statistical analysis was
performed using GraphPad Prism (GraphPad software, San Diego,
California, USA) or SPSS V.16.0. Survival analysis was carried out using
the Kaplan–Meier method, and the log-rank test was used to compare the
survival curves. Student’s t-test or one-way ANOVA was used for
comparison between groups. Tests of normality were passed, although
for experiments with small sample sizes, the ability to test for normality is
limited. Variances were similar between all the statistically compared
groups. P ≤ 0.05 was considered statistically significant.
For animal studies, A priori sample size calculations were not performed.

The mice were randomly divided into two groups and all the experiments
were performed in a completely blinded manner.

RESULTS
MCOLN2 expression was increased during malignant
transformation and predicted a poor prognosis in Pca
To assess the role of mucolipin subfamily of TRP channels
(MCOLN1, 2 and 3) in Pca, we performed meta-analysis in five
independent microarray datasets on Oncomine website [30–34].
The results showed that among three family members, MCOLN2
was significantly upregulated in Pca tissues compared to normal
tissues (Fig. S1). MCOLN2 upregulation in Pca tissues was
confirmed in another two independent GEO datasets (Fig. 1a, b).
To test the prognostic value of MCOLN2, data derived from The
Cancer Genome Atlas (TCGA) cohort with Pca clinical follow-up
information was used for Kaplan–Meier analysis. Of note, Pca
patients with higher MCOLN2 expression have significant poor
prognosis compared to those with lower MCOLN2 expression
(Fig. 1c). To further determine the protein expression pattern of
MCOLN2 during Pca development, we performed immunohisto-
chemical staining of MCOLN2 in a large-scale human Pca tissue
microarray (TMA). The results showed that MCOLN2 expression
was increased from human normal prostate tissues to prostate
hyperplasia tissues to Pca tissues (Fig. 1d, e). These results suggest
that MCOLN2 expression is increased during Pca development
and correlated with poor prognosis.

MCOLN2 promoted Pca cell proliferation in vitro and in vivo
To investigate the role of MCOLN2 in progression of Pca,
endogenous MCOLN2 expression was compared among different
Pca cell lines (LNCaP, PC-3 and DU145) and benign prostate cell
(BPH-1). The expression of MCOLN2 was higher in Pca cell PC-3
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and DU145 than in BPH-1. LNCaP cells had the lowest expression
of MCOLN2 (Fig. 2a). In order to evaluate the functional role of
MCOLN2 in Pca, we knocked down MCOLN2 expression in PC-3
and DU145 but overexpressed MCOLN2 in LNCaP cells (Fig. 2b).

The results showed that MCOLN2 knockdown with siRNA
significantly inhibited the proliferation of PC-3 and DU145 cells
after 3 days (Fig. 2c). Similar results were observed in doxycycline
(Dox) inducible MCOLN2 stable knockdown PC-3 and DU145 cell
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lines (Fig. S2A, B). And exogenous overexpression of MCOLN2-
significantly accelerated the proliferation of LNCaP cells (Fig. 2c).
Furthermore, foci formation assay results also showed that
MCOLN2 silencing significantly reduced the size and number of
colonies formed by PC-3 and DU145 cells, whereas exogenous
overexpression of MCOLN2 had opposite effect in LNCaP cells
(Figs. 2d and Fig. S2C, D). These results indicated that MCOLN2
promoted Pca cell growth in vitro.
Next we investigated whether MCOLN2 affected the tumor-

igenesis of Pca cells in vivo. DU145 cells with Dox-inducible
MCOLN2 stable knockdown were subcutaneously injected into
BALB/c nude mice to generate xenograft tumors. Dox was given at
the indicated timepoints. The results showed that MCOLN2
knockdown significantly inhibited tumor growth as early as at
the first week and continually until the end of experiments
(Fig. 2e, f). The tumors in MCOLN2 knockdown group were smaller
in size and lower in weight than those in negative control (shNC)
group (p < 0.01) (Fig. 2e and Fig. S2E). IHC staining confirmed that
MCOLN2 expression and the percentage of Ki-67-positive
proliferation cells were both lower in MCOLN2 knockdown
(shMCOLN2-2) group compared to the shNC control group
(Fig. 2g, h).

MCOLN2 promoted migration and invasion of Pca cells in vitro
and bone lesion development in vivo
To investigate the role of MCOLN2 in the motility and invasion of
Pca cells, transwell experiments were performed. MCOLN2
knockdown significantly impaired the migration and invasion
ability of PC-3 (Fig. 3a) and DU145 cells (Fig. 3b), whereas MCOLN2
overexpression largely facilitated the motility of LNCaP cells
(Fig. S3A). In wound-healing assays, the results showed that
MCOLN2 silencing significantly reduced the wound closure of
DU145 and PC-3 cells (Fig. 3c, Fig. S3B). Given that epithelial-
mesenchymal transition (EMT) is a critical event involved in the
process of tumor metastasis [35], the impact of MCOLN2 on the
expression of several EMT markers was examined in DU145 and
PC-3 cells after MCOLN2 knockdown. MCOLN2 knockdown
significantly decreased the expression of Slug and Vimentin but
increased the expression of ZO-1 and E-Cadherin at both mRNA
(Fig. 3d) and protein levels (Fig. 3f). The effect of MCOLN2
knockdown on the expression of Vimentin and E-Cadherin
proteins were further confirmed in the xenograft tumor tissues
(Fig. 3e). These data strongly suggest that MCOLN2 promotes the
migration and invasion of Pca cells.
Bone is the preferential site for PCa metastasis. To study the role

of MCOLN2 in PCa induced bone lesion development, PC-3 cells
with Dox-inducible MCOLN2 stable knockdown were intratibially
injected into the nude mice and the area of bone lesion was
measured. A significant decrease of bone lesion area was
observed in Dox-induced MCOLN2 knockdown group
(shMCOLN2-2) (Fig. 3g, Fig. S3C). The growth of PC-3 tumors in
the tibiae with bone lesion was confirmed by H&E staining
(Fig. 3h). IHC staining confirmed that MCOLN2 and Vimentin
expressional levels were lower in shMCOLN2-2 group compared to
the shNC control group (Fig. 3i and Fig. S3D).

Identification of IL-1β as the downstream signaling molecule
of MCOLN2
To identify the downstream mediators of MCOLN2 in Pca
progression, we first compared the expression profiles of various
chemokines and growth factors between negative control group
(NC) and MCOLN2 knockdown group using cytokine array analysis.
Two cytokines (IL-1β and IL-8) were significantly decreased in the
siMCOLN2 cells compared with the control cells (Fig. 4a) and
confirmed by real-time PCR (Fig. 4b). Real-time PCR results also
showed that MCOLN2 overexpression caused an upregulation of
IL-1β in LNCaP cells (Fig. S4A). We further quantified the secretion
of IL-1β protein by enzyme-linked immunosorbent assay in the

culture medium. Knockdown of MCOLN2 expression decreased IL-
1β secretion from PC-3 and DU145 cells (Fig. 4c).
To explore whether MCOLN2 regulated Pca progression

through or in part by modulating IL-1β expression and activity,
we tried to rescue the inhibitory effect of MCOLN2 knockdown on
Pca progression with IL-1β recombinant protein. Our results
showed that re-introduction of IL-1β significantly increased the
growth of PC-3 or DU145 cells to the level found in control cells, as
determined by both CCK8 and foci formation assay (Fig. 4d, e).
Furthermore, re-introduction of IL-1β also rescued the migration
ability of DU145-siMCOLN2 cells (Fig. 4f). These results strongly
suggest that alteration of IL-1β levels induced by MCOLN2 are
indeed responsible for Pca progression.

MCOLN2 mediated endolysosomal Ca2+ release to regulate IL-
1β production and secretion
Subcellular localisation of MCOLN2 proteins was examined in PC-3
and DU145 cells. MCOLN2 displayed partial co-localisation with
late endosome marker RAB7 and low level of co-localisation with
lysosome marker LAMP-1 (Fig. 5a and Fig. S4B), confirming
endolysosomal localisation of MCOLN2.
Next, we studied whether MCOLN2 could mediate endolysoso-

mal Ca2+ release to induce cytosolic Ca2+ rise. Pca cells with or
without MCOLN2 knockdown were loaded with a Ca2+-sensitive
fluorescence dye Fluo-4/AM to monitor changes in cytosolic Ca2+ .
The cells were bathed in Ca2+-free physiological solution and
challenged with a membrane-permeable MCOLN2 activator ML-
SA1 to induce intracellular Ca2+ release. The results showed that
knockdown of MCOLN2 in PC-3 and DU145 cells reduced
intracellular Ca2+ release in response to 20 µM ML-SA1 (Fig. 5b
and Fig. S4C), confirming the role of MCOLN2 in intracellular Ca2+

release. To further dissect the source of ML-SA1-induced
intracellular Ca2+ release, we used glycyl-L-phenylalanine-beta-
naphthylamide (GPN) to disrupt endolysosomes, followed by ML-
SA1 challenge. GPN treatment abolished the ML-SA1-induced
intracellular Ca2+ release (Fig. 5c, d and Fig. S4D, E), confirming
that MCOLN2 mediated endolysosomal Ca2+ release to induce
cytosolic Ca2+ rise. We next investigated the role of cytosolic Ca2+

level in regulating IL-1β production and secretion. Chelation of
cytosolic Ca2+ by BAPTA-AM suppressed the transcription and
protein secretion of IL-1β in PC-3 (Fig. 5e). Taken together, our
data suggest that MCOLN2-mediated cytosolic Ca2+ rise may
regulate IL-1β expression and secretion in Pca cells.

MCOLN2 regulated IL-1β/NF-κB pathway
NF-κB is a Ca2+-activated transcriptional factor and activated by
pro-inflammatory cytokines such as IL-1β [36, 37]. To determine
the involvement of NF-κB, we first performed NF-κB luciferase
reporter assay. The results showed that MCOLN2 knockdown
significantly decreased NF-κB transcriptional activity in both PC-3
and DU145 cells (Fig. 6a). MCOLN2 overexpression in LNCaP cells,
however, increased its activity (Fig. 6a). Furthermore, MCOLN2
knockdown reduced the phosphorylation level of RelA and NF-κB
inhibitor alpha (IκBa) (Fig. 6b), and markedly decreased the
translocation of RelA to nucleus (Fig. 6c and Fig. S5), all of which
indicated a decreased NF-κB pathway activity. Importantly, this
effect could be reversed by introducing IL-1β recombinant protein
in MCOLN2 knockdown cells (Fig. 6b, c and Fig. S5) or by
introducing IL-1β neutralising antibody in MCOLN2 overexpres-
sion cells (Fig. 6b). These results suggest that NF-κB is downstream
of MCOLN2 and IL-1β. Collectively, these results suggest that
MCOLN2 regulates IL-1β/NF-κB pathway.

DISCUSSION
Several TRP channels have previously been reported to play a role
in the regulation of proliferation, apoptosis and migration of Pca
cells. For example, TRPV6, TRPC6 and TRPV2 promote Pca
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progression via stimulating Pca cell proliferation or enhancing
migration and invasion. On the contrary, TRPM8 reduces Pca
progression via stimulating apoptosis and preventing cell migra-
tion [8, 11]. However, the above-mentioned channels are mostly
localised on the plasma membrane, mediating extracellular Ca2+

entry. In the present study, we explored the functional role of an
endolysosomal TRP channel MCOLN2 in Pca. Western blot result
showed that MCOLN2 expression was high in androgen-
independent Pca cells PC-3 and DU145, but low in androgen-

dependent Pca cells LNCaP. Immunohistochemistry staining
showed that MCOLN2 expression was increased in hyperplasia
and adenocarcinoma prostate tissues during malignant transfor-
mation. These data combined with bioinformatics analysis implied
a potential role of MCOLN2 during Pca development. However, it
still needs further study to investigate whether MCOLN2 expres-
sion is regulated by androgen receptor pathway. In vitro
functional studies showed that knockdown of MCOLN2 expression
in PC-3 and DU145 cells reduced the cell proliferation, migration
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and invasion, whereas overexpression of MCOLN2 in LNCaP cells
had an opposite effect.
The role of MCOLN2 in Pca was further examined in animal

models in vivo. Indeed, we found that MCOLN2 knockdown
reduced the growth of Pca cells-formed prostate tumor xenografts
in athymic nude mice by more than 80% and bone lesion
development in athymic nude mice. Together, our in vitro and
in vivo experiments from cultured human Pca cells to mouse
xenograft model to patients’ samples all demonstrated a critical
role of MCOLN2 in promoting Pca progression. Thus, we
uncovered MCOLN2 as the first endolysosomal TRP channel that
can promote Pca progression. The effectiveness of MCOLN2
knockdown on prostate tumor growth also highlights an
intriguing possibility of targeting MCOLN2 as a potential
therapeutic strategy in Pca treatment.
MCOLN family channels mediate endolysosomal Ca2+ release,

which is accompanied by cytosolic Ca2+ rise [12]. In our study, ML-
SA1-stimulated cytosolic Ca2+ rise was markedly reduced by
MCOLN2 knockdown, and was abolished by GPN, an agent that
disrupts acidic endolysosomes. These data confirmed MCOLN2 as
an endolysosomal Ca2+ release channel in Pca cells. One recent
study reported that endolysosomal Ca2+ release might facilitate
endolysosomal exocytosis to induce IL-1β release in human
monocytes [26]. Given the important functional role of inflamma-
tory cytokine IL-1β in the pathogenesis of cancer, we next
explored whether MCOLN2 could act through IL-1β signaling
pathway to promote Pca progression. Indeed, our results showed
that knockdown of MCOLN2 or chelation of cytosolic Ca2+ with
BAPTA-AM could both reduce the production and release of IL-1β
in PC-3 cells. Furthermore, exogenous application of IL-1β
recombinant protein could rescue the MCOLN2 knockdown-
induced reduction in cancer cell proliferation and migration.
These results demonstrated that IL-1β situated downstream of
MCOLN2, and that MCOLN2 acted through the production and
release of inflammatory cytokine IL-1β to promote the prolifera-
tion and migration of Pca cells.
NF-κB is a Ca2+-activated transcriptional factor and could be

stimulated by IL-1 family members [36]. Therefore, we next
explored whether NF-κB could be a downstream signal of
MCOLN2. The results showed that knockdown of MCOLN2 in
PC-3 and DU145 cells reduced the level of phospho-p65 and
phospho-IκBa, whereas overexpression of MCOLN2 in LNCaP cells
had opposite effect. Furthermore, in the presence of IL-1β
recombination proteins, MCOLN2 knockdown could no longer
reduce the level of phospho-RelA and phospho-IκBa. Moreover,
MCOLN2 knockdown reduced the nuclear translocation of RelA,
the effect of which was reversed by exogenous application of IL-
1β. Collectively, these data indicate that MCOLN2 regulate IL-1β
production and release to activate the downstream NF-κB
pathway and promote Pca progression. A schematic model is
shown in Fig. 6d.
Several endolysosomal Ca2+-release channels have already

been reported to be linked to cancer progression via different
mechanisms. For example, MCOLN1 may modulate mTORC1 and
lysosomal ATP release to promote the development of triple-
negative breast cancer [14] and melanoma [15]. Two-pore
channels (TPC), which are another group of lysosomal
Ca2+-release channels, may enhance β1-integrin trafficking to
alter migration and metastasis of lung cancer [12, 38]. In the
present study, we demonstrated that MCOLN2 acts through IL-1β/
NF-κB pathway to promote Pca progression, adding a novel
mechanism through which endolysosomal Ca2+ channels can
regulate cancer progression. Together, it is clear that endolyso-
somal Ca2+ channels may regulate cancer progression through
different mechanisms depending on cancer types.
In summary, our study found that MCOLN2, which is

upregulated in Pca and correlated with poor prognosis, can
promote Pca growth and metastasis. Mechanistically, MCOLN2

mediates endolysosomal Ca2+ release, subsequently stimulates IL-
1β/NF-κB pathway to promote Pca progression. The present study
highlights an intriguing possibility of targeting MCOLN2 and/or its
signaling axis as a potential therapeutic strategy.
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