Received: 30 July 2021 | Revised: 29 December 2021

Accepted: 19 January 2022

DOI: 10.1111/cas.15288

ORIGINAL ARTICLE

Cancer Science R8s

MEK/ERK-mediated oncogenic signals promote secretion of
extracellular vesicles by controlling lysosome function

Tomoya Hikita! | Ryo Uehara! | ReinaE.Itoh! | Fumie Mitanil? | Mamiko Miyata® |

Takuya Yoshida® | Rui Yamaguchi*® | Chitose Oneyama

Division of Cancer Cell Regulation, Aichi
Cancer Center Research Institute, Nagoya,
Japan

2Department of Oncology, Graduate
School of Pharmaceutical Sciences,
Nagoya City University, Nagoya, Japan
3Laboratory of Biophysical Chemistry,
Graduate School of Pharmaceutical
Sciences, Osaka University, Suita, Japan

“Division of Cancer Systems Biology, Aichi
Cancer Center Research Institute, Nagoya,
Japan

>Department of Cancer Informatics,
Graduate School of Medicine, Nagoya
University, Nagoya, Japan

%Department of Target and Drug
Discovery, Graduate School of Medicine,
Nagoya University, Nagoya, Japan

7Japan Science and Technology Agency,
PRESTO, Nagoya, Japan

Correspondence

Chitose Oneyama, Division of Cancer Cell
Regulation, Aichi Cancer Center Research
Institute, 1-1 Kanokoden, Chikusa-ku,
Nagoya, Aichi 464-8681, Japan.

Email: coneyama@aichi-cc.jp

Funding information

Precursory Research for Embryonic
Science and Technology, Grant/Award
Number: JP1005457; Japan Science
and Technology Agency, Grant/Award
Number: 20H03456

1 | INTRODUCTION

1,2,6,7

Abstract

Cancer cells secrete large amounts of extracellular vesicles (EVs) originating from mul-
tivesicular bodies (MVBs). Mature MVBs fuse either with the plasma membrane for
release as EVs, often referred as to exosomes or with lysosomes for degradation.
However, the mechanisms regulating MVB fate remain unknown. Here, we investi-
gated the regulators of MVB fate by analyzing the effects of signaling inhibitors on EV
secretion from cancer cells engineered to secrete luciferase-labeled EVs. Inhibition
of the oncogenic MEK/ERK pathway suppressed EV release and activated lysosome
formation. MEK/ERK-mediated lysosomal inactivation impaired MVB degradation,
resulting in increased EV secretion from cancer cells. Moreover, MEK/ERK inhibition
prevented c-MYC expression and induced the nuclear translocation of MiT/TFE tran-
scription factors, thereby promoting the activation of lysosome-related genes, includ-
ing the gene encoding a subunit of vacuolar-type H*-ATPase, which is responsible for
lysosomal acidification and function. Furthermore, c-MYC upregulation was associ-
ated with lysosomal gene downregulation in MEK/ERK-activated renal cancer cells/
tissues. These findings suggest that the MEK/ERK/c-MYC pathway controls MVB fate

and promotes EV production in human cancers by inactivating lysosomal function.
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liquid biopsy.3 EVs produced by cancer cells induce phenotypic

Cancer cells aberrantly secrete large amounts of extracellular ves-
icles (EVs) with cargo molecules different from those secreted by
healthy cells>?; therefore, EVs have attracted widespread attention

as a novel diagnostic marker that can be easily obtained through

changes in other cells in both the local and distant tumor microen-
vironment via the activity of their cargo, thereby supporting the
establishment of the premetastatic niche and promoting organ-
specific metastasis.*® Furthermore, EVs play a crucial role in the

maintenance of cellular homeostasis as an additional mechanism for
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disposal of waste molecules.” Therefore, biogenesis of EV may be a
promising target for cancer therapy; however, the mechanisms un-
derlying the upregulation of EV biogenesis in cancer cells is largely
unknown, and this lack of knowledge has hampered the develop-
ment of EV-targeting therapeutic strategy.'®?

Endosome-originated EVs known as exosomes are ~40-150 nm
in diameter and contain various proteins, nucleic acids, and Iipids.7'10
During the maturation process of endosomes, invagination of endo-
somal membranes results in the formation of multivesicular bodies
(MVBs) encapsulating a large number of intraluminal vesicles (ILVs).
Matured MVBs face 2 alternative fates: fusion with lysosomes or
autophagosomes that are driven to degradation within the cell,
whereas fusion with the plasma membrane leads to the release of
ILVs into the extracellular space as EVs.2112 The balance between
these 2 fates is pivotal to regulate the secretion of MVB-derived EVs
in cancer cells; however, its mechanisms, such as the signaling path-
ways responsible for promoting MVB fusion with the plasma mem-
brane for EV formation, still need to be defined.

In cancer cells, various signaling pathways are frequently dereg-
ulated, thereby contributing to cancer development, such is the case
of the mitogen-activated protein kinase kinase (MEK) and mitogen-
activated protein kinase (ERK)**'* that are aberrantly activated by
the small G proteins Ras and Raf kinase, which are frequently mu-
tated in several cancers.?>!® The mechanisms underlying the regu-
lation of the MEK/ERK pathway and the signaling circuits that drive
the different features of cancers, including tumor growth, invasion,
and metastasis, have been extensively studied since their discov-
ery.18 Nevertheless, very few studies have analyzed the effects of
the MEK/ERK pathway on the phenotypic characteristics of cancer
cells, including the upregulation of EVs.*

In this study, the effects of known cellular signal inhibitors on
EV secretion encouraged us to explore potential regulators of the
fate of MVBs in cancer. Previously, we developed a system using
engineered cancer cells that secrete luminescent EVs by the ex-
pression of a tetraspanin (such as CDé63) fused with luciferase.?’
Detailed evaluation of these cells demonstrated that the intensity
of luciferase luminescence in the cell culture medium correlated well
with the number of EVs, demonstrating that this experimental sys-
tem is convenient to estimate the quantity of secreted EVs includ-
ing exosomes. Here, this system was used to study the molecular
mechanisms underlying the upregulation of EV biogenesis in cancer
cells. Based on the results, we propose a MYC-MiT/TFE-mediated
mechanism by which MEK/ERK activation in cancer cells suppress
lysosome function, causing the upregulation of EV secretion, which
is, in turn, shown to be crucial for the growth of MEK/ERK-activated
and lysosome-inhibited cancer cells. We further demonstrate that
MEK/ERK activation is associated with the upregulation of MYC
and downregulation of a subunit of the lysosomal vacuolar-type
H* ATPase (V-ATPase) proton pump, ATP6V1B1, in renal cancer
tissues. These findings suggest that the MEK/ERK-MYC-MIiT/TFE-
lysosomal pathway is pivotal for EV secretion and proliferation in
human cancer cells in which the MEK/ERK oncogenic pathway is
hyperactivated.

2 | MATERIALS AND METHODS

2.1 | Cellculture

Human colon cancer HT29 cells were obtained from the American
Type Culture Collection. Mouse embryonic fibroblasts (MEFs) im-
mortalized by large-T antigen were kindly provided by Dr. Akira
Imamoto. Human renal cancer Caki-1, KMRC-1, and VMRC-RCW
cells were obtained from the Japanese Collection of Research
Bioresources Cell Bank, National Institutes of Biomedical Innovation,
Health, and Nutrition (Osaka, Japan). Cells were cultured in the
following media: HT29 in McCoy's 5A medium (Gibco), MEF and
KMRC-1 in Dulbecco's modified Eagle's medium (DMEM; Sigma-
Aldrich), and Caki-1 and VMRC-RCW in Minimum Essential Medium
Eagle (Sigma-Aldrich). All media were supplemented with 10% fetal
bovine serum (FBS; Gibco). The cells were cultured at 37°C in a hu-
midified 5% CO, chamber.

2.2 | Chemicals

Chemicals were obtained commercially: U0126 (662005) from EMD/
Calbiochem, GW4869 (D1692) from Millipore Sigma, MYCi975
(58906) from Selleck Chemicals, trametinib (HY-10999) from
MedChemExpress, and bafilomycin A1 (BVT-0252) from Adipogen
AG.

2.3 | Acidic lysosome detection

Cells on a glass-bottomed dish were cultured in medium contain-
ing Lysotracker Red DND-99 (50 nM) (Thermo Fisher Scientific) for
30 min, and then the medium was replaced with Lysotracker-free
medium, followed by observation of the cells using a ZEISS LSM 800
with Airyscan confocal microscope (Carl Zeiss).

2.4 | Quantitative RT-PCR

Quantitative RT-PCR was performed as previously described.?!
Relative gene expression levels were calculated using 18S riboso-
mal RNA or GAPDH sequence as control, as per the 2-22C method.

Primer sequences are described in Table S1.

2.5 | Western blotting

Western blotting was performed as previously described.?? The fol-
lowing antibodies were used: anti-Alix (ABC40) from Millipore Sigma;
anti-Tsg101 (C-2), anti-CD63 (MX-49.129.5), anti-ATP6V1B1/2
(F-6) and anti-GAPDH (6C5) from Santa Cruz Biotechnology; anti-
phospho-ERK1/2 (D13.14.4E), anti-ERK1/2 (137F5), anti-phospho-
MEK1/2 (41G9), anti-MEK1/2 (L38C12), and anti-Ras (27H5) from
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Cell Signaling Technology; anti-c-MYC (Y69) from Abcam; anti-
TFEB (PA5-34360) from Thermo Fisher Scientific; and anti-TFE3
(HPA023881) from Sigma-Aldriché5. All antibodies were used at a
1:1000 dilution.

2.6 | Immunofluorescence staining
Immunocytochemistry was performed as described previously.22
Fluorescence was observed using a ZEISS LSM 800 with Airyscan
confocal microscope (Carl Zeiss).

2.7 | Gene expression and gene silencing

Ectopic gene expression and site-directed mutagenesis were per-
formed using pCX4 retroviral vectors.?? Each gene was PCR am-
plified and subcloned into the pCX4 vector. Virus production and
infection were performed as previously reported.?® Lentiviral vec-

tors carrying each gene were purchased from Sigma-Aldrich.

2.8 | Soft-agar colony formation assay

Soft-agar colony formation assay was performed as previously de-
scribed.?? Colonies were stained with 3-(4,5-dimethylimidazol-2-yl)
-2,5-diphenyltetrazolium bromide (Sigma-Aldrich), and micrographs
were used to count the colony numbers.

2.9 | Electron microscopy and lysosome/MVB
quantification

Cells cultured on dishes were washed with phosphate-buffered sa-
line (PBS) and fixed for 1 h in 2.5% glutaraldehyde in 0.1 M phos-
phate buffer at room temperature. Then, the cells were slowly and

gently scrapped and pelleted. Pellets were washed with phosphate
buffer and incubated with 1% OsO4 for 90 min at 4°C. The samples
were then dehydrated, embedded in Spurr's resin, and sectioned
using a ultramicrotome (Leica Microsystems). Ultrathin sections
(50-70 nm) were stained with 2% uranyl acetate for 10 min and
with a lead-staining solution for 5 min, and observed using a JEM-
1010 transmission electron microscope (JEOL) fitted with an Orius
SC1000 (model 832; Gatan) digital camera. For the calibration of
images, quantification, and analysis, Image) software (https://im-
agej.nih.gov/ij/) was used. MVBs were identified by morphology
and counted; MVBs contain only discrete ILVs, whereas lysosomes
contain multilamellar profiles. At least 14 MVBs were analyzed per
experiment from separate cells. Data were analyzed from duplicate
or triplicate independent experiments and 2-4 grids were used for
each condition. The minimum number of cells scored for each condi-

tion was 20.

2.10 | Gene expression analysis of several
cancer samples

Data analysis was performed using FireBrowse (http://firebrowse.
org/), which provides access to data stored in The Cancer Genome
Atlas (TCGA) database.

2.11 | Quantification of EVs

NanoLuc luciferase assay was performed as described previously?®
using a Nivo multiplate reader (PerkinElmer). For EV preparation,
cells were seeded onto a 150-mm culture dish at the density of
5 x 10° cells, and cultured for 24 h. After washing with 20 ml PBS 2
times, the culture medium was replaced with 13 ml 1% EV-depleted
FBS containing medium. EV-depleted FBS was prepared by ultracen-
trifuging at 110,000 g for 16 h at 4°C. After 48 h of culture, the cul-
ture supernatant was harvested and final cell amounts were counted

FIGURE 1 MEK/ERK activation promotes EV secretion and impairs lysosome function. (A) Schematic representation of the selection

of EV inhibitors. After CD63Nluc-expressing HT29 cells (HT29/CD63Nluc) were treated with signaling inhibitors, luminescence in the
culture medium was analyzed. Relative luminescence normalized by cell viability in the presence for 24 h of the MEK inhibitor U0126 at the
indicated concentrations. (B) HT29 cells treated with or without U0126 for 24 h were used for EV preparation followed by nanoparticle
tracking analysis of isolated particles. (C) HT29 cells were treated with DMSO, 10 uM U0126, or 100 nM trametinib for 24 h, and then

subjected to immunostaining for anti-LAMP1 and Lysotracker Red DND-99. Scale bars, 10 um. (D) Expression analysis of lysosomal genes

in cells used in (C). (E) Total cell lysates from HT29 cells treated with DMSO, 10 uM U0126, 10 puM U0126, or 50 nM bafilomycin A1l (BafA1)
for 24 h were immunoblotted with the indicated antibodies. (F) HT29/CD63Nluc cells were treated with DMSO or 10 uM U0126, and 50 nM
bafilomycin A1 for 24 h, luminescence in the culture medium was analyzed. (G) Electron microscopy images of MVBs (blue arrowheads) and
lysosomes (red arrowheads) in HT29 cells treated with DMSO or trametinib (100 nM) for 24 h are presented in upper panels with a scale
bars representing 5 pm. Boxed areas with dotted line are enlarged at lower panels with a scale bar of 500 nm. High magnification pictures of
MVB are shown in insets of lower panels. Quantification of number of lysosomes per cell (n = 17: DMSO, n = 25: trametinib), MVBs in more
than 21 fields per condition, and ILVs per MVB (n > 14). Boxes represent the interquartile range and line inside the box represents median
value. (H) Total cell lysates from HT29 cells treated for 48 h with 1 nM BafA1, and/or GW4869 (GW) at 1 or 5 uM were immunoblotted

with the indicated antibodies. (I) HT29 cells treated with DMSO, or 1 nM BafA1, and/or GW at 1 or 5 uM were used for the soft-agar colony
formation assay. Relative colony numbers obtained from 3 independent experiments are shown. Data are represented as means + standard
deviation of 3 independent measurements. Statistical analysis was performed using one-way ANOVA. **p < 0.01, ***p < 0.001; n.s., not
significant
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to confirm no growth differences arose among the different condi-
tions or cells. For nanoparticle tracking analysis (NTA), cell superna-
tant was centrifuged at 2000 g for 10 min at 4°C to remove cells and
cellular debris, and then filtered through a 0.22-um filter (Millipore
Sigma) and ultracentrifuged at 110,000 g for 70 min at 4°C (SW41Ti
rotor; Beckman Coulter). Apolipoprotein A1, a non-EV marker, in the
sample was checked to be below the detection limit. The size distri-
bution and concentration of the EVs were determined by NTA using
a NanoSight LM10 (Malvern Panalytical).?*

2.12 | Immunohistochemical analysis

Kidney carcinoma with matched kidney tissue array (KD244 and
KD244a) was purchased from US Biomax. Briefly, tissue array slides
were deparaffinized and treated at 120°C for 10 min with citrate
buffer (pH 6.0). After washing with PBS, endogenous peroxidase
was blocked with 0.3% H,O, for 30 min. The slides were blocked
with 5% bovine serum albumin in Tris-buffered saline solution with
0.1% Tween 20 for 30 min, and then incubated with the primary
antibody or IgG isotype control overnight at 4°C. After washing
twice with PBS, the slides were incubated with Envision+Dual Link
System-HRP (Dako) for 30 min. The slides were developed using
the Peroxidase Stain DAB Kit (Nacalai Tesque), a chromogenic sub-
strate for peroxidase, and counterstained with hematoxylin.?! The
images were visualized under a BZ-X710 fluorescence microscope

(Keyence).

2.13 | Gene expression data of kidney
cancer samples

For gene expression data of kidney renal clear cell carcinoma patients
from TCGA project, we downloaded text files containing fragments
per kilobase of transcript per million mapped reads upper quartile
(FPKM-UQ) values from the Genomic Data Commons Data Portal
(https://portal.gdc.cancer.gov/). For tumor samples, we selected a
sample for each patient if it was annotated with “Primary Tumor” in
a sample sheet from the portal site, which resulted in 530 samples.
For normal samples, we selected a sample for each patient if it was
annotated with “Solid Tumor Normal,” which resulted in 72 samples.

2.14 | Gene set variation analysis

To estimate the variation of gene set enrichment through the sam-
ples of an expression data set, gene set variation analysis (GSVA),?®
a nonparametric unsupervised method, was performed on TCGA
data sets using R software to obtain GSVA enrichment scores
for lysosome-related gene sets in MSigDB 7.1.24%” For GSVA,
FPKM-UQ gene expression values were transformed with log, after
addition of 1.

2.15 | Statistical analysis
Data are presented as mean + standard deviation. Statistical signifi-
cance was calculated using Student t test or one-way ANOVA with
Dunnett's post hoc analysis using XLSTAT for Microsoft Excel. Test
results were reported as two-tailed p-values, where p < 0.05 was
considered statistically significant.

3 | RESULTS

3.1 | MEK/ERK pathway promotes EV secretion
via suppression of lysosomal function

The effect of inhibitors on EV secretion in human colon cancer HT29
cells expressing CD63-Nluc was evaluated (Figure 1A). U0126, a
MEK inhibitor, decreased the luminescence of the culture medium
of HT29/CD63Nluc cells in a dose-dependent manner (Figures 1A
and S1A), concurrent with the inhibition of downstream ERK activa-
tion (pERK) (Figure S1B). CD63-positive EVs from HT29 cells were
100-150 nm in size and verified to contain MVB-associated pro-
teins, such as Alix and Tsg101, which were suppressed upon MEK
inhibition (Figures 1B and S1C). An approved MEK-targeting drug
trametinib also inhibited EV secretion (Figure S1D). As inhibitors
potentially have multiple effects, we confirmed the effect of MEK
activation on EV secretion. Consistently, EV secretion significantly
increased in transformed MEFs by constitutive activation of MEK,
and this effect was almost reverted to basal levels by the addition
of U0126 (Figure S1E). These findings suggest that the MEK/ERK
pathway is involved in EV secretion.

FIGURE 2 MEK/ERK inhibition induces nuclear localization of MiT/TFE transcription factor family members. (A) TFEB, TFE3, and

MITF immunostaining using HT29 cells treated with DMSO, U0126 (10 uM), and trametinib (100 nM) for 24 h. The cells harboring nuclear
TFEB, TFE3, and MITF colocalized with DAPI were counted as positive cells, and the ratio (%) of cells with nuclear localization of the

3 transcription factors was calculated by dividing positive cell number with total cell number (n > 50 cells, pooled from 3 independent
experiments). Quantification of the ratio (%) of cells with nuclear localization of the 3 transcription factors (n > 50 cells, pooled from 3
independent experiments). (B) HT29 cells expressing control (shCont), TFE3 (shTFE3), or TFEB (shTFEB) shRNAs were immunoblotted with
the indicated antibodies. (C) Cells indicated in (B) were treated with or without trametinib (100 nM) for 48 h and subjected to nanoparticle
tracking analysis for the quantitative measurement of isolated particles. (D) ATP6V1B1 expression was assessed by real-time quantitative
reverse transcription polymerase chain reaction in the cells indicated in (C). (E) Cells indicated in (C) were stained with Lysotracker red. Scale
bars, 10 pm (A,E). Data are represented as mean + standard deviation of 3 independent measurements. Statistical analysis was performed

using one-way ANOVA. **p < 0.01, ***p < 0.001
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Next, the mechanism by which inhibition of MEK mediates were upregulated and downregulated, respectively, upon MEK in-
the suppression of EV secretion was assessed by the reanalysis hibition. In gene ontology analysis using the DAVID bioinformatics
of the gene expression profile of HT29 cells treated with or with- resource,?? extracellular exosome (139 genes) and lysosome-related
out U0126 (available data set: GSE1823228). Pairwise significance gene (24 genes) categories were enriched among the upregulated

analysis of the microarray data revealed that 3070 and 899 genes genes (Figure S1F). Therefore, the impact of MEK inhibition on
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lysosome function was evaluated next. Levels of LAMP1, a lyso-
somal biomarker, and lysosome acidity, visualized by Lysotracker
staining, were found to be considerably increased in HT29 cells upon
MEK inhibition (Figure 1C). Moreover, the expression of lysosome-
related genes was upregulated in HT29 cells treated with MEK in-
hibitors (Figure 1D).

To verify the significance of lysosome activation on suppression
of EV release, we examined the effect of bafilomycin Al. The levels
of cellular CD63 protein, as a marker of MVBs, were downregu-
lated in UO126-treated HT29 cells and restored by the addition of
the lysosome inhibitor bafilomycin A1, although CD63 expression
remained unaltered (Figures 1E and S1G). U0126-induced sup-
pression of EV secretion was significantly restored by addition of
bafilomycin A1 (Figure 1F) without activation of ERK (Figure S1H).
Therefore the upregulation of EV secretion by bafAl treatment
(Figure 1F) can be attributed to the suppression of lysosomal ac-
tivity below basal level (Figure S1l). By MEK inhibition, the LC3-
positive foci were not emerged and the conversion of LC3 to LC3-II
was not induced, suggesting that autophagic activity is ignorable
and Bafilomycin A1 would mainly inhibit lysosome formation in our
experimental conditions (Figure S1J,K). Altogether, these findings
demonstrated that MEK inhibition promotes lysosome biogenesis
and activity via upregulation of lysosomal gene expression, further
suggesting that the upregulation of EV production in cancer cells is
due to the inactivation of lysosomes downstream of the MEK/ERK
pathway. Electron microscopy analysis of HT29 cells demonstrated
that the number of lysosomes was significantly increased by tra-
metinib treatment; conversely, the number of MVBs was markedly
decreased (Figure 1G).

The apparent compensation between EV secretion and lyso-
some activation led us to a hypothesis that EV secretion acts as an
alternative mechanism to avoid accumulation of MVBs. To examine
the consequence of the accumulation of MVB in cancer cells, the
effects of low concentrations of bafilomycin A1 and GW4869, an
inhibitor of N-sphingomyelinase and exosome secretion, on cancer
cells were assessed. Neither inhibitor affected the cellular amount of
the MVB biomarker CD63 (Figure 1H); bafilomycin A1 did not inhibit
the growth of cancer cells, and GW4869 moderately suppressed
cancer cell growth in a dose-dependent manner (Figure 11), as pre-
viously reported.24 Surprisingly, the presence of both inhibitors syn-
ergistically attenuated the growth of the cancer cells (Figures 1l and
S1L), with stronger band intensity of CD63 suggesting the retention
of MVBs in the cells (Figure 1H).

3.2 | Nuclear localization of TFE3 regulates
ATP6V1B1-mediated lysosomal acidification under
MEK/ERK pathway

As alteration of V-ATPases expression might impair the ability of lys-
osomes to maintain low pH,%°™3? the expression of genes encoding
V-ATPase subunits was evaluated upon MEK inhibition. Analysis of
a microarray data set (GSE18232) revealed that MEK inhibition up-
regulated several lysosomal V-ATPase component genes (data not
shown), including ATP6V1B1, which encodes subunit B of V,-ATPase.
Upregulation of ATP6V1B1 was confirmed by real-time quantitative re-
verse transcription polymerase chain reaction (QRT-PCR) (Figure S2A).
Moreover, MEK inhibition increased ATP6V1B1 levels in HT29 cells, as
determined by western blot analysis (Figure S2B). Lysotracker staining
showed that lysosome acidification was increased upon ATP6V1B1
overexpression in HT29 cells (Figure S2C,D), whereas EV secretion
was significantly downregulated (Figure S2E). Conversely, ATP6V1B1
was knocked down in nontransformed MEFs, lysosome acidifica-
tion was suppressed, and EV secretion was increased (Figure S2F-
H). Together, these findings suggest that MEK inhibition induces
ATP6V1B1 expression and subsequently enhances lysosome activity,
leading to the suppression of EV secretion.

Next, we evaluated the effects of MEK inhibition on the mi-
crophthalmia family of basic helix-loop-helix-leucine-zipper tran-
scription factors (MiT/TFE), including TFEB, TFEC, TFE3, and MITF,
given their reported contribution for the regulation of lysosomal
gene expression.33'34 Immunofluorescence analysis revealed that
TFEB and TFE3 were distributed in the cytoplasm of HT29 cells.
After addition of MEK inhibitors, most TFE3 translocated into the
nucleus without a change in expression (Figures 2A and S3A,B),
whereas TFEB showed partial nuclear localization. The expression of
MITF was observed in the cytoplasm at quite low levels before and
after the treatment with MEK inhibitors (Figure 2A). Similar MEK/
ERK activity-dependent TFE3 localization was observed in MEK-
transformed MEFs (Figure S3C,D).

To examine whether the MEK/ERK-TFE3 axis could lead to ly-
sosomal inactivation and upregulation of EV secretion, knockdown
experiments were performed next (Figure 2B). TFE3 knockdown
restored the trametinib-induced downregulation of EV secretion in
HT29 cells without trametinib, whereas TFEB knockdown did not
(Figure 2C). Under the same conditions, knockdown of TFE3 mark-
edly suppressed trametinib-induced upregulation of ATP6V1B1

expression and lysosome acidification (Figure 2D,E). These results

FIGURE 3 MEK/ERK-mediated MYC upregulation controls lysosome function and EV secretion. (A) Cell lysates from HT29 cells
expressing control (shCont) or MYC (shMYC) shRNAs were immunoblotted with the indicated antibodies. (B) Cells indicated in (A) were
stained for anti-TFE3 (green) or Lysotracker (red). Scale bars, 10 um. (C) Nanoparticle tracking analysis for the isolated particles was
performed using cells indicated in (A). (D) HT29 cells expressing CD63Nluc (HT29/CD63Nluc) were treated with c-MYC inhibitor (MYCi975)
at different concentrations for 24 h. (E) Relative luminescence intensity of CD63Nluc (solid lines) in the culture medium and Lysotracker-
positive intensity (dotted lines) in these cells are shown. (F) Total cell lysates from HT29 cells treated with or without trametinib (100 nM)
for 24 h were immunoblotted with anti-MYC antibody. (G) HT29 cells transfected with control (mock) or MYC were treated with DMSO or
trametinib (100 nM) for 24 h, and the total cell lysates were immunoblotted with the indicated antibodies. (H) Cells indicated in (G) were
stained for anti-TFE3 (green). Scale bar, 10 pm (B, H). Data are represented as mean + standard deviation of 3 independent measurements.
Statistical analysis was performed using one-way ANOVA. *p < 0.05, **p < 0.01, ***p < 0.001
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indicated that MEK/ERK-mediated exclusion of TFE3 from the nu-
cleus suppresses lysosome activity, accompanied by the upregula-

tion of EV secretion from cancer cells.

3.3 | MEK/ERK pathway regulates MYC expression
to control the localization of TFE3

The subcellular localization and activity of the MiT/TFE transcrip-
tion factor family is known to be regulated through phosphorylation
by the mammalian target of rapamycin (nTOR) or ERK23>2%: phos-
phorylated MiT/TFE is retained in the cytoplasm, whereas dephos-
phorylated MiT/TFE is translocated into the nucleus.3*%” In addition,
c-MYC was recently reported to be involved in regulating lysosomal
genes.38 The presence of the mTOR inhibitor rapamycin did not in-
duce lysosome acidification unlike U0126 or trametinib (Figure S3E).
Moreover, TFE3 mutants with putative phosphorylation sites rec-
ognized by ERK or mTOR®? (Figure S3F) also failed to show nuclear
localization; this result contrasted those obtained upon treatment
with the MEK inhibitor (Figure S3G-I). These observations sug-
gest that the translocation of TFE3 into the nucleus induced by
MEK inhibitor was not due to the inhibition of phosphorylation by
ERK or mTOR. Alternatively, shRNA-mediated MYC knockdown in
HT29 cells was found to induce the nuclear localization of TFE3
and concomitant lysosome acidification, as well as upregulation
of lysosome-related genes (Figure 3A,B). More importantly, MYC
knockdown significantly decreased EV secretion (Figure 3C) and
the number of lysosomes and MVBs were changed (Figure S4A) as
shown similarly by trametinib treatment (Figure 1G). The importance
of c-MYC in lysosome function and EV secretion was also confirmed
by an inverse correlation between Lysotracker signal (in cells) and
CD63NIluc luminescence (in culture medium) in HT29/CD63Nluc
cells upon treatment with c-MYC inhibitor MYCi975%° (Figures 3D
and S4B). Drastic reduction in c-MYC expression by the treatment
of trametinib demonstrated that MEK/ERK signaling regulates MYC
expression (Figures 3E and S4C,D). To further verify the significance
of MYC expression on MEK/ERK-mediated regulation of TFE3 locali-
zation, we performed rescue experiments by exogenous expression
of c-MYC. Although the expression of MYC protein in the MYC-
introduced cell after treatment of trametinib was not marked, it was

sufficient to restore cytoplasmic localization of TFE3 in these cells
(Figure 3F,G). To confirm the contribution of TFE3 translocation to
the reduction of EV secretion in MYC-downregulated cancer cells,
EV secretion was compared between MYC knockdown and MYC/
TFE3 knockdown HT29 cells. As shown in Figure S4E,F, decrease of
EV secretion by MYC knockdown was completely restored by TFE3
knockdown, suggesting that the regulation of EV secretion by MYCiis
dominantly caused via TFE3. These findings suggest that MEK/ERK-
mediated MYC expression plays a crucial role in the regulation of EV

secretion from cancer cells through controlling TFE3 translocation.

3.4 | MEK/ERK-MYC-lysosomal genes axis in
human cancer tissues

To address the functional relevance of the MEK/ERK-MYC-lysosomal
genes pathway to human cancers, expression of MYC and ATP6V1B1
was examined in various types of cancer and match-paired adja-
cent normal tissues using publicly available data from TCGA data-
base. MYC was highly expressed in several cancers, including colon,
rectum, and colorectal adenocarcinoma, glioblastoma, and glioma,
kidney cancers, lung squamous cell carcinoma, prostate adenocar-
cinoma, and skin cutaneous melanoma (Figure S5A). Analysis of
ATP6V1B1 expression in these particular cancers revealed that it
was much lower in renal tumors than in the match-paired normal
tissues (Figure S5B). Reassessment of renal cancer carcinoma (RCC)
from the TCGA RNA-seq data confirmed that MYC expression was
significantly higher and ATP6V1B1 expression was lower in tumor
tissues than in their normal counterparts (Figure 4A). Similarly, other
RCC data sets from the Gene Expression Omnibus database also
showed an inverse correlation between MYC and ATP6V1B1 expres-
sion (Figure S5C-E). These findings highlighted a potential correla-
tion between MYC expression and lysosome function; therefore,
a GSVA was performed in RCC samples. Consistently, an inverse
correlation between the expression of MYC and lysosome-related
genes was observed when analyzing a large data set of renal can-
cers from the Kyoto Encyclopedia of Genes and Genomes database
(p = 0.000323; Reactome, p = 0.0003729; Figure 4B). Furthermore,
immunohistochemical analysis of the 24 primary tumors revealed

that pERK (indicative of MEK/ERK activation) was greatly increased

FIGURE 4 MEK/ERK-MYC-MiT/TFE-lysosomal gene axis in renal cell carcinomas (RCCs). (A) MYC and ATP6V1B1 levels in several

types of renal tumors and adjacent normal tissues. The expression of each gene in primary renal tumor (red) and normal tissue (blue) was
analyzed (TCGA data set). Boxes represent the interquartile range and line inside the box represents median value. (B) Gene set variation
analysis of MYC and lysosome-related gene expression in MSigDB 7.1. (C) Immunohistochemistry for pERK, c-MYC, TFEB, TFE3, MITF,
ATP6V1B1, and LAMP1 in RCC and matched-adjacent normal renal tissues (magnification: x20). Inset: x160 magnified view. Representative
images from 24 samples are shown. Scale bars, 100 pm. (D) Kaplan-Meier plots of MYC and ATP6V1B1 in renal cancer (TCGA data set). (E)
Schematic model of MEK/ERK pathway role in regulating the fate of MVBs and control EV secretion. In normal cells, the MEK/ERK pathway
is inactivated, presumably preserving the expression of lysosomal genes, including vacuolar-type H*-ATPase, and maintaining lysosome
function. MVBs are degraded and therefore the number of MVBs fusing with the plasma membrane is low, leading to suppression of EV
secretion. In cancer cells, when the MEK/ERK pathway is activated, MYC expression is increased and MiT/TFEs transcription factors are
retained in the cytoplasm, inactivating the transcription of lysosomal genes and disrupting lysosome function. A large amount of MVBs can
therefore fuse with the plasma membrane, promoting EV secretion. Statistical analysis was performed using one-way ANOVA. ***p < 0.001
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in most of the 24 primary tumor regions compared with adjacent
normal tissues in agreement with previous findings (Figure 4C).**
Notably, MiT/TFE proteins, including TFEB, TFE3, or MITF, were
prominently localized in the nucleus and cytoplasm in normal tissues
and tumor samples, respectively. Moreover, ATP6V1B1 and LAMP1
expressions were markedly downregulated in primary tumor tissues.
These observations suggested a correlation between pERK/MYC ex-
pression and nuclear localization of MiT/TFEs, and the expression of
lysosomal proteins in human cancer tissues.

Next, the impact of MYC and ATP6V1B1 expression on the over-
all survival rate of RCC patients was investigated (Figure 4D). A
cohort of 877 patients was classified into 2 groups based on their
expression of each gene. At 10 y after diagnosis, 70% of the “low
expression” group of MYC were alive, whereas 40% of the “high
expression” group of MYC survived (p = 5.5 x 1078, Figure 4D
[left panel]). By contrast, 70% of the “high expression” group of
ATP6V1B1 survived until 10-year after diagnosis, whereas 40% of
the “low expression” group of ATP6V1B1 survived for the same time
(p = 0.0013, Figure 4D [right panel]). These results indicate a strong
correlation between high and low expression of MYC and ATP6V1B1,
respectively, and the poor prognosis of RCC patients. Overall, the
present findings suggest that upregulation of MYC is induced by the
activation of the MEK/ERK oncogenic pathway in various human
cancers and is associated with the promotion of EV secretion via
MiT/TFE-mediated downregulation of lysosome biogenesis and

activity.

4 | DISCUSSION

This study revealed that the oncogenic MEK/ERK pathway affects
the fate of MVBs by inactivating lysosome activity and the conse-
quential upregulation of EV secretion. A schematic model for the
MEK/ERK-mediated regulation of the balance between the degra-
dative and secretory fate of MVBs is depicted in Figure 4E. In nor-
mal cells, MEK/ERK activity is low, MYC expression is suppressed,
thereby allowing MiT/TFE family members to localize into the nu-
cleus and retain the transcription of lysosome-related genes, such
as ATP6V1B1. Expression of lysosomal genes in turn induces lyso-
some formation and promotes MVB degradation. Therefore, the
secretion of endosome-originated EVs is suppressed due to the de-
pletion of MVBs (Figure 4E [left panel]). In cancer cells harboring
MEK/ERK activation, MYC expression is upregulated and MiT/TFE
members are localized in the cytoplasm, resulting in the repression
of lysosome-related genes and in the disruption of the lysosome
pathway. Therefore, MVBs accumulate in cells and are destined to
fuse with the plasma membrane for release of the inclusions as EVs
(Figure 4E [right panel]). Currently, it is difficult to experimentally
determine the origin of the secreted EVs and, therefore, whether
they are so-called exosomes or do not need to be investigated in
the future. Therefore, the general term EV is used in this article in
accordance with the recommendation of the international society
for EVs.*? It is noted that we present here the simplest hypothesis

in which the observed changes in the secretion of EVs are directly
attributable to changes in MVB.

Considering that the MEK/ERK pathway is activated under the
control of various oncogenic signaling pathways, including Ras and
EGFR,}>1943 c.MYC-mediated upregulation of EV in cancer cells
might be explained by similar mechanisms. Indeed, MEK/ERK-
mediated upregulation of c-MYC and EV secretion in HRas- and
KRas-transformed cells was observed (Figure S6A-C). A previous
report indicated that the stability of c-MYC protein is regulated by
ERK-mediated phosphorylation**; however, in the present study,
MYC expression was regulated at the mRNA level (Figure S4C).
Further extensive analysis will be necessary to elucidate the detailed
mechanism of MEK/ERK-mediated MYC expression; whereas the
apparent positive correlation between MYC expression and MEK/
ERK activity in human cancers would provide a missing link between
c-MYC, MEK/ERK, and EV secretion. Mechanisms driving the up-
regulation of EV secretion, which are activated by Src oncogenic
signals, were also demonstrated to promote ILV formation in cancer
cells.?**> Here it was shown that the MEK/ERK pathway does not
change the number of ILV in MVBs (Figure 1G) and inhibition of Src
does not induce activation of lysosome function (Figure S3E), sug-
gesting that the mechanisms underlying the upregulation of EV se-
cretion would differ between oncogenic signals. Very recently, it has
been reported that EV secretion is enhanced by MYC overexpres-
sion, but can be attenuated by MEK in triple-negative breast can-
cer (TNBC) cells.** We found that MEK inhibition decreased MYC
expression in in a type of TNBC cells, MDA-MB-231 (Figure S7D).
A MYC-induced increase in EV secretion and decrease in the ex-
pression of lysosomal genes were observed in these cells as well.
These results support the idea that the activation of the MEK/
ERK-MYC-MiT/TFE-lysosomal pathway can promote EV secretion
in MDA-MB-231 cells. Therefore, although MEK activation induces
the pathway driving the increase of EV secretion, it can be reduced
by other cell type-dependent pathways downstream of MEK.

We found that c-MYC prevents the localization of MiT/TFE
proteins into the nucleus (Figure 3B). A recent study demon-
strated that cyclin-dependent kinase CDK4/6 phosphorylates
MIT/TFE in the nucleus, promoting their shuttling to the cyto-
plasm.*” Considering that CDK4/6 is a transcriptional target of
c-MYC, CDK4/6 downregulation by MYC disruption might pre-
vent MIiT/TFE phosphorylation, thereby retaining them in the
nucleus and resulting in the MiT/TFE-mediated transcription of
lysosomal genes.*® Additional extensive analysis will be neces-
sary to elucidate the precise mechanism underlying regulation of
MYC-mediated MiT/TFE subcellular localization. The present data
demonstrating that repression of MYC suppresses EV secretion via
upregulation of lysosomal genes provide the first firm evidence of
MYC-mediated EV secretion. As MYC overexpression is frequently
observed in human cancers,*?°° this mechanism is expected to
contribute to EV upregulation in several cancers. Our findings also
suggest that targeting MYC expression/function would effectively
prevent EV secretion in several types of cancers, regardless of the
status of the MEK/ERK pathway (Figures 3 and S7A-C).
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Of note, overaccumulation of MVBs in cells was found to sup-
press the growth of cancer cells (Figure 1H,l). In agreement, it
was reported that reduction of EV secretion by targeting Alix or
Rab27b, or in the presence of GW4869, suppresses cell transfor-
mation, suggesting that overaccumulation of MVBs due to dys-
functional EV secretion suppresses the growth of cancer cells.?
Several studies have shown that cancer cells use EVs to excrete
waste molecules, such as unfolded proteins and damaged DNA.>%!
These lines of evidence also suggest that the turnover of MVBs is
important to support the growth of cancer cells, possibly by dis-
carding harmful molecules via lysosomal digestion or extracellular
excretion.

The inverse correlation observed between MEK/ERK activa-
tion and V-ATPase expression in RCC tissues suggests that the
MEK/ERK pathway has a crucial role in the upregulation of EV bio-
genesis in these cancers. Indeed, RCC cells, in which MEK/ERK in-
hibition induced the downregulation of MYC, exhibited activation
of lysosome function and subsequent suppression of EV secretion
(Figure S6D-F). The poor prognosis of RCC patients with high MYC
expression associated with low ATP6V1B1 expression might sug-
gest that the excretion pathway via EV is dominant in RCC as a
mechanism for the disposal of waste molecules and is important
for tumor progression.

In conclusion, this study demonstrates that the MEK/ERK-MYC-
MiT/TFE-lysosomal protein axis has a crucial role in the regulation
of MVB fate for secretion or degradation, and consequently on
EV secretion in cancer cells and cancer cell growth. Although the
cellular context-specific contribution of this axis should be further
investigated, our findings suggest that the regulatory machinery of
lysosome activity may offer new opportunities for therapeutic inter-

ventions targeting EV secretion in cancer.
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