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A B S T R A C T

The triple-negative breast cancer (TNBC) that comprises approximately 10%–20% of breast cancers is an ag-
gressive subtype lacking effective therapeutics. Among various signaling pathways, mTORC1 and purinergic
signals have emerged as potentially fruitful targets for clinical therapy of TNBC. Unfortunately, drugs targeting
these signaling pathways do not successfully inhibit the progression of TNBC, partially due to the fact that these
signaling pathways are essential for the function of all types of cells. In this study, we report that TRPML1 is
specifically upregulated in TNBCs and that its genetic downregulation and pharmacological inhibition suppress
the growth of TNBC. Mechanistically, we demonstrate that TRPML1 regulates TNBC development, at least
partially, through controlling mTORC1 activity and the release of lysosomal ATP. Because TRPML1 is specifi-
cally activated by cellular stresses found in tumor microenvironments, antagonists of TRPML1 could represent
anticancer drugs with enhanced specificity and potency. Our findings are expected to have a major impact on
drug targeting of TNBCs.

1. Introduction

Breast cancer is a very common and fatal cancer in women. It is a
heterogeneous disease classified into three major subtypes. Two of
these are defined by the expression of steroid hormone receptors (es-
trogen receptor [ER] and progesterone receptor [PR]) and over-
expression and/or amplification of the receptor tyrosine kinase HER2
(also known as ERBB2). Agents targeting these proteins have led to a
significant increase in patient survival [1–5]. In contrast, the most ag-
gressive and metastatic form of breast cancer is the triple-negative
breast cancer (TNBC) subtype, which is defined by the lack of expres-
sion of ER, PR and HER2 and its resistance to common therapies tar-
geting these molecules [1–5]. TNBC represents approximately
10%–20% of breast cancers [6,7]. The major cause of TNBC mortality is
the propensity of TNBC cells to metastasize to nearby normal tissues

and organs and even spread to distant parts of the body through the
blood or lymph system. Therefore, understanding the basic cellular and
molecular mechanisms of TNBC development is crucial for devising
new therapies for this disease.

The mammalian target of rapamycin complex 1 (mTORC1) is crucial
for autophagy induction in response to nutrient shortage and cellular
stress. Continuous loss of mTORC1 activity during nutrient and energy
deprivation leads to cell death [8,9] because mTORC1 is also required
for protein synthesis, metabolism, cell growth and proliferation and
cellular homeostasis [10–12]. Mounting evidence suggests that
mTORC1 represents a major signaling pathway responsible for cancer
cell growth and survival [13,14]. Hyperactivation of mTORC1 pathway
is common in human cancer including breast cancer [12,14,15]. In
particular, activated mTORC1 is more frequently observed in TNBC
(36%) than in other subtypes of breast cancer, rendering mTORC1 a
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potential target for TNBC therapy [16–18]. As such, several molecules
that inhibit mTORC1 are currently in clinical trials for the treatment of
multiple cancer types, including breast cancer [17,19–23].

Adenosine triphosphate (ATP) is actively released to the extra-
cellular environment in response to tissue damage and cellular stress
[24]. Increased levels of extracellular ATP at tumor sites have been
suggested to play a key role in host-tumor interaction [24–26], likely
acting on their specific cell surface receptors to increase motility, in-
vasion and metastasis of many cancers [27–30], including breast cancer
[31,32]. Interestingly, the lysosome plays an important role in mTORC1
signaling and is a major source of ATP. Specifically, mTORC1 is re-
cruited to the surface of the lysosome to be activated by nutrients
within the lysosome [33]. Lysosomal ATP (˜ 1mM) [34,35] can be re-
leased into extracellular space via lysosomal exocytosis [35–37],
thereby regulating cancer migration and invasion [36,38]. Thus, lyso-
somes may regulate cancer development by controlling both mTORC1
and ATP signaling pathways.

Recently, we [39], and others [40,41], demonstrated that Transient
Receptor Potential Mucolipin 1 (TRPML1 or ML1), the lysosomal Ca2+

release channel, is required for sustained activity of mTORC1 under
nutrient stress but not under normal conditions. This regulation of
mTORC1 by ML1 is essential for cells to survive extreme conditions
[39]. Mounting evidence also suggests that ML1 is a key regulator of
lysosomal exocytosis [42–44]. Here we show that ML1 supports tumor
development by promoting both mTORC1 activity and lysosomal ATP
release. We show that ML1 is markedly upregulated in highly meta-
static TNBC when compared with non-metastatic ER+/PR+ MCF-7
breast cancer cell, as well as the non-tumorigenic MCF-10 A epithelial
cell line. The mRNA of ML1 from TNBC patients is also significantly
higher than that from ER+/PR+ breast cancer patients. Molecular ab-
rogation or pharmacological inhibition of ML1 suppresses TNBC cell
proliferation and invasion in vitro, and tumor growth and progression
in vivo. In addition, we demonstrate that ML1 regulates TNBC growth
by promoting mTORC1 activity and facilitating TNBC invasion through
increasing lysosomal ATP release. Our work suggests that inhibiting
ML1 could be a potential therapeutic strategy for TNBC.

2. Materials and methods

2.1. Cell culture

MCF10 A breast normal cells were grown in DMEM/F12 (1:1).
Human breast cancer cell lines MDA-MB-231, MCF7, and Hs 578 T were
grown in DMEM, while SUM159PT were cultured using F12 medium
(Life Technologies, Carlsbad, CA) supplemented with 10% FBS (Life
Technologies). All cultures were maintained at 37 °C in a 5% CO2 in-
cubator.

2.2. Antibodies, plasmids and reagents

The following primary antibodies were used for western blotting
and immunofluorescence staining: anti-p-p70S6K (T389) (9206, Cell
Signaling Technology), anti-p70S6K (Cell Signaling Technology, 9202),
and anti-GAPDH (H-12) (sc-166574, Santa Cruz Biotechnology), goat-
anti-mouse IgG-HRP (Santa Cruz Biotechnology, sc-2005); goat-anti-
rabbit IgG-HRP (Thermo Fisher Scientific, PI31460), Ki67 (Santa Cruz,
sc-23900), Alexa Fluor®488 goat anti-mouse IgG (Life Technologies,
A11001). The chemicals were purchased from Sigma except for ML-SI1
(Enzo Life Sciences Inc) and TO-PRO-3 iodide (T3605, Life
Technologies). The human wild-type mTOR, mTOR-S2035 T (active),
mTOR-S2035 T/D2357E (kinase dead), RagBGTP (Q99 L) and RagBGDP

(T54 L) clones were from Addgene (plasmid # 26603, 26604, 26605,
19315, 19314, respectively) [45–47].

2.3. Western blot

Proteins were separated on SDS–polyacrylamide gel electrophoresis
and transferred to a PVDF membrane (Bio-Rad, Hercules, CA, USA). The
membrane was blocked with 5% non-fat milk and incubated with
specific primary antibody solution at 4 °C overnight with gentle con-
stant shaking. After three thorough TBS-S washes, the membranes were
incubated with corresponding HRP-conjugated secondary antibody at
room temperature for 1 h. Immunoreactive bands were visualized using
Clear ECL (Bio-Rad) and autoradiography.

2.4. Lentivirus production and cell transduction

For knockdown studies, we constructed pLKO shRNA vectors (ad-
dgene, 8453) encoding shRNAs that target Syt-VII and ML1. Briefly, the
plasmid was linearized using AgeI and EcroR1 to facilitate directional
cloning. The sequences for human ML1-shRNA were as follows: #1, 5′-
AAAGTATTTGAGACGACGGCG-3′; #2, 5′-GCCCACATCCAGGAGTG
TAA-3′ [48]. The sequences for human Syt7 shRNA were as follows: #1,
5′-GAACGAGACCTTCCTCTTTGC-3′; #2, 5′-CAATGACGTCATCGGCAA
GAC-3′ [49]. Lentivirus was made using a three-plasmid packaging
system. Briefly, shRNAs in the pLKO vector were co-transfected into
HEK293 T cells along with psPAX2 and pMD2.G. Lentivirus was har-
vested 48 h after transfection, and 8 μg/ml polybrene was added. Sub-
confluent MDA-MB-231 cells were infected with harvested lentivirus,
and then were selected in 1 μg/ml puromycin for 3 days.

2.5. Real-time qPCR

Total RNA was extracted using TRIzol reagent (Invitrogen Life
Technologies, Carlsbad, CA, USA). After reverse transcription using
iScript™ Advanced cDNA Synthesis Kit (BIO-RAD), real-time qPCR was
proformed using GoTaq® qPCR Master Mix (Promega). Gene-specific
primers of ML1: Fwd (5′-CGGATGACACCTTCGCAGCCTAC-3′), Rev (
5′-ACGCATACCGGCCCAGTGACAC -3′). Syt7: Fwd (5′- ACTCCATCA
TCG TGAACATCATC -3′), Rev (5′- TCGAAGGCGAAGGACTCATTG-3′).
The expression of target gene copies was normalized to GAPDH mRNA
expression.

2.6. Cell proliferation

The proliferation of the cells was determined by monitoring their
growth over 72 h time periods. For this, the cells were seeded at
5× 104 cells/well in 24-well plates. Cells were incubated overnight at
37 °C/5% CO2 and the three wells of each group were trypsinised and
counted. This time point was corresponded to 0 h. The remaining wells
were incubated for additional 72 h at 37 °C/5% CO2, and then trypsi-
nised and counted. The cells number at 72 h were calculated relative to
the cells number of each group at 0 h.

2.7. Immunostaining

Cells were grown on Poly-D-Lysine (Sigma-Aldrich) coated cover-
slips and washed with PBS twice before fixation with pre-chilled 4%
paraformaldehyde at room temperature for 10min. Fixed cells were
then washed with PBS. Fixed cells were permeabilized with 0.3% Triton
X-100 for 7min and then blocked with 2% BSA in PBS buffer for 30min
at room temperature. After 3 times wash with PBS, cells were incubated
with Ki-67 antibody (1: 50, Santa Cruz, sc-23900) at 4 °C overnight.
After three more washes with PBS, cells were incubated with Alexa
Fluor®488 goat anti-mouse IgG (1: 500, Life technology, A11001) for
60min at room temperature in the dark. Nuclear stain TO-PRO-3 iodide
(1: 500, Life technologies) was added 15min before imaging. Images
were acquired using a confocal microscope (LSM510, Zeiss) with a 40 X
plain objective lens and captured using ZEN2009 software (Zeiss).
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2.8. ATP measurement

Extracellular ATP was quantified by using the Luminiscent ATP
detection assay kit (Abcam, ab113849) that quantifies the amount of
light emitted by luciferin when oxidized by luciferase in the presence of
ATP and oxygen. Cells were plated into a 12-well plate and grown to
90% confluence in complete medium, washed twice with PBS and then
incubated in FBS free medium containing 100 μM ARL67156 for 4 h.
Medium was collected and centrifuged at 1000 rpm for 5min in order
to pellet floating cells and used immediately for the ATP assay ac-
cording to manufacturer protocol. ATP standards were loaded on the
same plate as references. Luminiscence was determined by SpectraMax
M-3 Multi-Mode Microplate Readers (Molecular Devices). ATP levels
were normalized to cell number and compared to corresponding con-
trols.

2.9. Cell viability assays

Cells were stained with propidium iodide (PI, Sigma, P-4170)
(10 μg/ml) and incubated at room temperature in PBS for 15min. Cells
were then examined immediately by fluorescence microscopy. For
quantitative analysis, adherent cells were collected by trypsinization,
and PI+ cells were counted using a hemocytometer under an upright
fluorescent microscope.

2.10. Cell invasion assays

5×104 cells in 500 μl serum-free DMEM were placed into the upper
chamber of a 24-well Transwell insert (8 μm pore size; Corning) coated
with 25 μg of Matrigel (Corning), and then 750 μl complete medium
was added to the lower chamber. After 24 h of incubation, the re-
maining cells on the upper membrane were removed with cotton wool,
whereas the cells that had migrated or invaded through the membrane
were stained with the 1% methylene blue. Cells were counted from the
digitized images using Image J. All assays were performed in triplicate.

2.11. Cell migration assays

Cell migration was assessed using the wounding-healing assay.
Briefly, cells were grown up to 95% confluence. The growth medium
was replaced with medium containing 0.5% FBS and the monolayer of
cells was scratched using a 200 μl pipette tip. Wound width was mon-
itored over time by microscopy. Percentage wound recovery was ex-
pressed as follows: [1-(Width of the wound at a given time/width of the
wound at t= 0)] ×100%. For live imaging, cells were grown and
wounded as mentioned above. Cells were then incubated in medium
containing 0.5% FBS (37 °C, 5% CO2), and cell movement was tracked
over 17 h with 3min intervals under AxioObserver.Z1 wide-field mi-
croscope (Zeiss) equipped with a 10 × objective and an Axiocam MRm
camera (Zeiss). The total path length for each track was analyzed using
Manual Tracking in ImageJ.

2.12. In vivo experimental manipulation

Six-week-old female NOD/SCID mice were purchased from Charles
River and separated into two groups: Scramble control (n= 7) and
TRPML1 KD (n=12). MDA-MB-231 cells (2× 106) expressing ML1
shRNA1 or control shRNA were subcutaneously injected into the
mammary fat pads (fat pad number 4) of 8‐week‐old NOD/SCID mice.
Palpable tumors (˜ 3 weeks post-injection) were measured every 2 days
for a period of 4 weeks using a standard caliper. Mice were euthanized
at the selected time point and tumors were extracted. Tumor volume
was calculated using the ½ x length x width2 formula. Lymph node
metastases was physically assessed at the time of tumor extraction. Data
acquired from this experiment was plotted using the GraphPad Prism
software. This procedure was performed under the approval of the

Dalhousie Animal Ethics Committee, Halifax, NS, Canada.

2.13. Data analysis

Data are presented as mean ± SEM. Statistical comparisons were
made using analysis of variance (ANOVA) and Student’s t test. Results
presented are mean ± SEM. P values of< 0.05 were considered sta-
tistically significant. *: P < 0.05, **: P < 0.01, ***: P < 0.005.

3. Results

3.1. ML1 is highly expressed in metastatic breast cancer cells and breast
tumors

We first investigated the expression profile of ML1 in non-tumori-
genic MCF-10 A cells and several breast cancer cell lines, including the
non-metastatic ER+/PR+ breast cancer cell line MCF-7 and three me-
tastatic TNBC cell lines MDA-MB-231, Hs 578 T and SUM159PT
[50,51]. ML1 expression levels were gauged by quantitative PCR with
reverse transcription (RT-PCR). ML1 mRNA was found to be specifically
upregulated in aggressive, metastatic TNBC cell lines including MDA-
MB-231, Hs 578 T and SUM159PT relative to MCF-7 and MCF10 A
(Fig. 1A), suggesting a specific role of ML1 in TNBC development.
Analysis of breast cancer dataset (METABRIC) showed higher mRNA
expression of ML1 in TNBC compared to ER+/PR+ cancer patients
(Fig. 1B). The enhanced expression of ML1 in TNBC cell lines and pri-
mary tumors suggested that ML1 might be implicated in TNBC pro-
gression.

3.2. ML1 knockdown reduces TNBC cell proliferation, cell viability and
tumor growth

We generated stable MDA-MB-231 cells with knockdown of ML1
(ML1-KD) [48] (Fig. 1C). Knockdown of ML1 caused a decrease in the
overall cell number of MDA-MB-231 cells, as evaluated by direct cell
counting (Fig. 1D, 1E). A reduction in cell number in ML1-KD cells
could be due to either a decreased cell proliferation or an increased cell
death. To differentiate these possibilities, we monitored cell death using
Propidium Iodide (PI) staining and cell proliferation using Ki67
staining. We found that knockdown of ML1 caused an increase in cell
death (Fig. 1F, 1 G) and a decrease in cell proliferation (Fig. 1H, 1I).
The effect of ML1-KD on cell viability and proliferation were re-
capitulated in another TNBC cell line, SUM159PT cells (Fig. 1J-1 L).
However, ML1 deletion in MCF10 A and MCF7 did not affect cell pro-
liferation and/or cell viability (Fig. 1J). Altogether, these data suggest
that ML1-KD specifically suppresses cell proliferation and viability in
metastatic TNBC cell lines.

To assess whether ML1 regulates TNBC growth in vivo [1,3,52–54],
we performed an orthotopic xenograft model of breast cancer cells in
SCID/NOD mice [55–57]. MDA-MB-231 cells (2× 106) expressing ML1
shRNA1 or control shRNA were subcutaneously injected into the
mammary fat pads (fat pad number 4) of 8‐week‐old NOD/SCID mice
(51–53). Three weeks later tumor growth was monitored over a period
of 4 weeks. ML1-KD reduced tumor volume and tumor weight when
compared to control cells expressing scrambled shRNA (Fig. 1M-1 P).
These in vivo data are consistent with our in vitro observations, and
strongly indicate that ML1 is essential for TNBC tumor growth.

3.3. ML1 knockdown reduces TNBC cell invasion

Despite recent advances in breast cancer therapy, cancer metastasis,
which is contributed to enhanced cell invasion, remains the leading
cause of breast cancer death [58–61]. We determined the impact of
ML1-KD on MDA-MB-231 cell invasion using in vitro Matrigel invasion
assays. ML1 deletion significantly suppressed MDA-MB-231 cell inva-
sion (Fig. 2A, 2B). Furthermore, ML1 deletion also inhibited MDA-MB-
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Fig. 1. ML1 ablation inhibits TNBC development.
(A) ML1 mRNA levels in different breast cancer cell lines were determined using qPCR. ML1 mRNA was highly increased in metastatic breast cancer cell lines relative
to MCF10 A and MCF7. (B) Higher ML1 mRNA levels in TNBC patients compared with ER+/PR+ breast cancer patients (METABRIC). (C) ML1 knockdown in MDA-
MB-231 cells that were transduced with lentivirus expressing shRNA against ML1. The efficacy for the two shRNAs in reducing ML1 gene expression was measured
using qPCR. ML1 mRNA expression were normalized against GAPDH. (D, E) ML1-KD reduced the number of MDA-MB-231 cells. Cell number was measured by direct
count of cells at 72 h. Assays were performed in triplicates for each condition. (F, G) ML1 knockdown dramatically increased MDA-MB-231 cell death that was
revealed by Propidium Iodide (PI) staining. Cells were cultured in DMEM containing 0.5% FBS for 48 h. (H, I) ML1-KD inhibited MDA-MB-231 cell proliferation as
determined by Ki67 immunostaining. (J) ML1-KD reduced the number of TNBC cells but not MCF-7 and MCF-10 cells. Cell number was examined by direct count at
24 h. (K, L) ML1-KD increased cell death while decreasing cell proliferation in SUM159PT cells. (M–P) in vivo characterization of ML1-KD on tumor growth. ML1-KD
leads to a smaller tumor and slower growth rate as compared to control tumors. Results presented are mean ± SEM. *: P < 0.05, **: P < 0.01, ***: P < 0.005.

Fig. 2. ML1 knockdown inhibits MDA-MB-231 cells migration and invasion.
(A, B) MDA-MB-231 cells with ML1-KD showed significantly reduced invasion relative to control cells. Cancer cell invasion was examined using Matrigel invasion
assays. (C, D) ML1-KD in MDA-MB-231 cells significantly reduced cell migration that was examined using wound healing assay. (E, F) ML1-KD in SUM159PT cells
significantly reduced cell invasion. (G, H) time-lapse cell imaging indicated that MDA-MB-231 cell motility was inhibited by ML1-KD. (I) Compared to control,
invasion of ML1-KD MDA-MB-231 cells was significantly reduced. To compensate for reduced cell viability of the ML1-KD group, 15% more ML1-KD cells were added
relative to the scrambled shRNA control group at time 0. (J) MDA-MB-231 cells with ML1-KD failed to show presence of tumors in Lymph Nodes. Tumors in lymph
Node were detected in 4 out of 7 control mice (36.8 mm3, n=4) but not in mice injected with ML1-KD MDA-MB-231 cells. All graphs represent mean ± SEM with at
least three biological replicates. **: P < 0.01.
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231 cell migration examined by wound-healing assays (Fig. 2C, 2D).
The reduction in cell invasion by ML1 knockdown was also detected in
SUM159PT cells expressing ML1-shRNA1 (Fig. 2E, 2 F). Because
knockdown of ML1 inhibited cell proliferation and viability, the effects
of ML1-KD on cell migration and invasion could be secondary to its
effects on proliferation and survival. To exclude this possibility, we
monitored the migration of individual cells using time-lapse cell ima-
ging [62] and found that ML1 knockdown inhibited motility of in-
dividual TNBC cells (Fig. 2G, 2 H). Furthermore, despite increasing cell
numbers of the ML1-KD group by 15% over the control group (Fig. 1G),
significantly less ML1-KD cells passed through Matrigel (Fig. 2I), sug-
gesting that the effect of ML1-KD on cell migration and invasion is not
the result of reduced proliferation or survival. Importantly, the xeno-
graft model showed no visible tumors in lymph nodes of the ML1-KD
MDA-MB-231-injected group of mice compared to mice injected with
control scrambled shRNA-expressing MDA-MB-231 cells (0/12 for ML1-
KD vs 4/7 for Scrambled shRNA) (Fig. 2J) [2,5,63,64], suggesting that
knockdown of ML1 in MDA-MB-231 cells inhibits cancer cell invasion.

3.4. ML1 controls cancer development through regulating mTORC1

mTORC1 pathway plays an important role in the regulation of cell
proliferation, metabolism and survival. Hyperactivation of mTORC1 is
frequently observed in breast cancer and has been linked to cancer
growth [13,14,16–19,21,65,66]. Targeted therapy against mTORC1 has
been shown to decrease tumor growth in vivo model systems [67,68],
including TNBC [5,18] and several agents that inhibit mTORC1 are
currently in clinical trials for the treatment of multiple cancer types,
including breast cancer [69,70].

Our previous study demonstrated that ML1 promotes mTORC1 ac-
tivity under stress but not under normal conditions [39]. This regula-
tion of mTORC1 is essential for cells to survive stressful conditions such
as nutrient deprivation known to cause autophagic cell death
[8,39,71–73]. Given that tumor growth requires abundance of energy
and nutrients, cancer cells constantly face stressful conditions, such as
nutrient starvation and enhanced oxidative stress. We tested the idea
that ML1 may help cancer cell survival by promoting mTORC1 activity.
Indeed, deletion of ML1 in MDA-MB-231 cells reduced mTORC1 ac-
tivity and increased oxidative stress through H2O2 treatment further
reduced mTORC1 activity (Fig. 3A, 3B). Recently, we demonstrated
that ML1 is required for mTOR recruitment onto lysosomes [39]. In
agreement with this, decreased cell proliferation (Fig. 3C) observed in
MDA-MB-231 cells with ML1-KD was not rescued by mTORC1 over-
expression (Fig. 3C, 3D). In contrast, RagBGTP (Fig. 3E-3 G), a GTP-
bound Rag mutant that retains mTORC1 on the lysosomal membrane
[46,74], caused higher cell proliferation in ML1-KD MDA-MB-231 cells
compared to control vector and RagBGDP, a GDP-bound Rag mutant that
prevents mTORC1 from being recruited to the lysosomal surfaces
[46,74,75].

In addition to its role in cancer cell proliferation and growth, sup-
pression of mTORC1 signaling pathway has been suggested to inhibit
cancer cell invasion and metastasis [13,14]. However, neither mTORC1
overexpression (Fig. 3H) nor RagBGTP (Fig. 3I) rescued the decrease in
the invasion of ML1 deficient MDA-MB-231 cells, suggesting that ML1-
dependent mTORC1 activation promotes TNBC cell proliferation and
growth but not invasion.

3.5. ML1 controls TNBC invasion by facilitating lysosomal ATP exocytosis

In light of our findings thus far, we reasoned that the mTORC1-
independent role of ML1 in invasiveness of TNBCs could be the result of
ML1-dependent control of extracellular ATP levels through lysosomal
exocytosis. This is based on the following: first, increased levels of ex-
tracellular ATP [24–32] and adenosine [76,77] at tumor sites increase
migration, invasion and metastasis of some cancer cells; second, lyso-
somal ATP (˜ 1mM) [34,35,78] and adenosine (˜1mM) [79] can be

released into the extracellular space via lysosomal exocytosis to elevate
extracellular ATP levels [35–37]; third, lysosomal exocytosis has been
implicated in tumor cell migration, invasion and metastasis [36,38];
fourth, ML1 is essential for lysosomal exocytosis [44]; fifth, highly
metastatic MDA-MB-231 breast cancer cells release higher levels of ATP
compared to MCF-7 breast cancer cells or normal epithelial breast
MCF10 A cells [32].

Addition of ATP (200 μM), but not adenosine (200 μM), promoted
MDA-MB-231 cell invasion (Fig. 4A, 4B). The effect of ATP on MDA-
MB-231 cell invasion was eliminated by promoting ATP degradation
using apyrase (Fig. 4A, 4B), suggesting that extracellular ATP, but not
adenosine, facilitates MDA-MB-231 cell invasion.

Elevated ATP in tumor microenvironments could be attributed to
either ATP transport pathways on the plasma membrane (PM) or ve-
sicular exocytosis [80–83]. To test whether ML1 promotes MDA-MB-
231 cancer development through facilitating lysosomal ATP release,
lysosomal exocytosis was inhibited by deleting synaptotagmin 7 (Syt7)
[42,49]. As expected, Syt7 knockdown (Syt7-KD, Fig. 4C) suppressed
MDA-MB-231 cell invasion (Fig. 4D, 4E). Interestingly, decreased in-
vasion of MDA-MB-231 cells with Syt7-KD was partially rescued by
addition of external ATP (Fig. 4D-4E). Further, the reduced invasion
induced by Syt7-KD was not attributed to a defect in either cell pro-
liferation (Fig. 4F) or viability (Fig. 4G). Inhibition of MDA-MB-231 cell
invasion by ML1-KD was partially rescued by addition of external ATP
(Fig. 4H, 4I) and ML1-KD reduced ATP levels in the culture medium
(Fig. 4J), strongly arguing that elevated ML1 in MDA-MB-231 cell
promotes cell invasion through enhanced lysosomal ATP release via
lysosomal exocytosis.

Because ATP is known to control cell proliferation [84], we con-
sidered the possibility that, in addition to enhancement of mTORC1
activity (e.g. Fig. 3), ML1 also promotes MDA-MB-231 cell proliferation
through lysosomal ATP release. However, direct application of ATP did
not increase MDA-MB-231 cell proliferation (Fig. 4K) in agreement with
previous reports [85,86], suggesting that elevated ML1 levels promote
TNBC growth by increasing mTORC1 activity while facilitating TNBC
invasion through enhanced lysosomal ATP release.

3.6. An ML1 inhibitor impairs TNBC cell proliferation and invasion

To assess the therapeutic relevance of our findings, we investigated
whether the proliferation of MDA-MB-231 cells was sensitive to ML1
inhibitors. As shown in Fig. 5A and 5B, the ML1 inhibitor ML-SI1 (20
μM) significantly reduced MDA-MB-231 cell number (Fig. 5C, 5D, 5 G)
and increased cell death (Fig. 5E, 5 F, 5 G). The effects of ML-SI1 (20
μM) on proliferation were recapitulated in another TNBC cell line,
SUM159TP cells (Fig. 5G). However, ML-SI1 (20 μM) only marginally
affected MCF7 cell proliferation (Fig. 5G). Further, ML1 inhibition
significantly suppressed TNBC cell invasion (Fig. 5H, 5I) and migration
in vitro (Fig. 5J, 5M). Altogether, our data strongly implicate ML1 as a
potential drug target for therapy of TNBCs.

4. Discussion

Although TNBC is the most aggresive malignant cancercausing high
mortality rates among women, therapeutic options for this disease re-
main limited. This is partially due to the lack of our understanding of
key pathways associated with TNBCs. In this study, we report that ML1
is specifically elevated in TNBC cell lines and patients and is associated
with increased mTORC1 activity and lysosomal ATP release into the
extracellular space to promote TNBC growth and invasion.

In agreement with previous studies [24–32], we also show that in-
creased levels of extracellular ATP promotes cancer cell invasion. While
we cannot exclude the involvement of ATP transport pathways across
the plasma membrane [80–83], our data shows for the first time that
the lysosome is one of the sources of ATP that benefits cancer cell in-
vasion. Intriguingly, some studies suggested that ATP may act by
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increasing extracellular levels of adenosine [76], the ATP degradation
product [87,88]. However, our studies showed that direct application
of adenosine or co-application of ATP and apyrase has no effect on
TNBC cell invasion, suggesting that adenosine does not play a major

role in TNBC cell invasion. We showed that a reduction in MDA-MB-231
cell invasion by Syt7-KD and ML1-KD is bypassed by direct application
of ATP. Our data strongly implicate ML1 in promoting MDA-MB-231
cell invasion by facilitating lysosomal ATP release [34,35,78] via

Fig. 3. ML1 controls TNBC cell proliferation through regulating mTORC1.
(A, B) ML1-KD reduced mTORC1 activity in MDA-MB-231 cells. mTORC1 activity was examined by measuring phosphorylation of p70-S6K on Thr-389 (p-p70-S6K)
using Western blotting. GAPDH was used as a loading control. ML1 deletion inhibited mTORC1 activity, and this was further suppressed by H2O2 (1mM, 1 h). (C, D)
The reduction in MDA-MB-231 cell number induced by ML1-KD was not rescued by overexpression of either active mTOR or dead mTOR. MDA-MB-231 cells were
cultured in DMEM containing 10% FBS for 24 h. (E, F) The reduction in MDA-MB-231 cell number induced by ML1-KD was partially rescued by overexpression of
RagBGTP, but not by overexpression of RagBGDP. (G) mTOR overexpression did not rescue the decrease in MDA-MB-231 cell invasion induced by ML1-KD. (H)
Comparable ML1-KD MDA-MB-231 cell invasion between RagBGTP and RagBGDP. All graphs represent mean ± SEM. of at least three biological replicates. NS: no
significance, *: P < 0.05, **: P < 0.01.

Fig. 4. ML1 controls invasion through regulating lysosomal exocytosis.
(A, B) External ATP (200 μM), but not adenosine (200 μM), dramatically increased the invasion of MDA-MB-231 cells. The effect of ATP was eliminated by apyrase (5
U/ml). (C–E) Synaptotagmin 7 (Syt7) knockdown (Syt7-KD) inhibited MDA-MB-231 cell invasion, and this was partially rescued by ATP (200 μM). (F) Syt7-KD did
not alter the number of MDA-MB-231. (G) Syt7-KD had no effect on MDA-MB-231 cell viability. (H, I) ATP (200 μM) partially rescued the reduced invasion of MDA-
MB-231 cells caused by ML1-KD. (J) ML1-KD reduced ATP levels in culture medium, suggesting that ML1-KD inhibits lysosomal ATP release. (K) ATP had no effect on
number of MDA-MB-231 cells. All graphes show mean ± SEM from triple biological replicates. *: P < 0.05, **: P < 0.01.
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lysosomal exocytosis [35–38].
Drugs targeting mTORC1 have attracted great attention recently as

anti-cancer therapies. However, mTORC1 inhibitors failed to provide
substantial benefits in cancer patients. This is due, at least partially, to
the fact that mTORC1 is essential for the function of all cell types.
Interestingly, ML1 is normally silent when nutrients are abundant due
to its phosphorylation by mTORC1 [39,89]. Cellular stresses such as
energy and nutrient starvation [39] and oxidative stress [90] activate
ML1, likely through de-phosphorylation [39,89]. Because rapidly
growing tumor cells are tightly packed, they quickly exhaust their
available supplies of oxygen and nutrients, which leads to increased
nutrient depravation and oxidative stress. These may activate ML1 to
support cells to survive extreme conditions through increase of
mTORC1 activity and enhanced extracellular ATP levels [32,91].
Therefore, ML1 may function as a sensor of the surrounding tumor
microenvironment, which initiates adaptive signaling necessary for
surviving hostile microenvironments. Because ML1 is specifically acti-
vated by cellular stresses that are characteristic of tumor milieu, an-
tagonists of ML1 could represent anticancer drugs with more specificity
and potency. In this regard, our research could have a major impact on
cancer drug development, particularly for TNBCs. Our studies may also
have a broader implication in improving our understanding of the pa-
thogenesis and treatment of other cancers.
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