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Abstract

The low extracellular pH in the microenvironment has been shown to promote tumor growth and
metastasis, however, the underlying mechanism is poorly understood. Particularly, little is known
how the tumor cell senses the acidic signal to activate the acidosis-mediated signaling. In this
study, we show that breast cancer cells express acid-sensing ion channel 1 (ASIC1), a proton-gated
cation channel primarily expressed in the nervous system. RNA interference, knockout and rescue
experiments demonstrate a critical role for ASIC1 in acidosis-induced reactive oxidative species
and NF-xB activation, two key events for tumorigenesis. Mechanistically, ASIC1 is required for
acidosis-mediated signaling through calcium influx. We show that as a cytoplasmic membrane
protein, ASIC1 is also associated with mitochondria, suggesting that ASIC1 may regulate
mitochondrial calcium influx. Importantly, interrogation of the Cancer Genome Atlas breast
invasive carcinoma dataset indicates that alterations of ASIC1 alone or combined with other 4
ASIC genes are significantly correlated with poor patient survival. Furthermore, ASIC1 inhibitors
cause a significant reduction of tumor growth and tumor load. Together, these results suggest that
ASIC1 contributes to breast cancer pathogenesis in response to acidic tumor microenvironments,
and ASIC1 may serve as a prognostic marker and a therapeutic target for breast cancer.
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INTRODUCTION

Breast cancer is a complex disease where close interaction of cancer cells with blood
vessels, stromal cells and immune cells in the microenvironment regulates tumor growth and
development. Because of disorganized tumor vasculature, heterogeneous blood flow, and
increased glycolysis in tumor cells (Warburg effect), the tumor microenvironment is
normally acidic (1). This acidic microenvironment (low extracellular pH, i.e., pHe-acidosis)
affects tumor progression, invasion, metastasis and responses of tumors to chemotherapy and
radiation (1). Previous studies from our laboratory and others have shown that acidic
microenvironment contributes to breast tumor invasion and metastasis (2-5), which can be
through activation of AKT and NF-xB, and generation of reactive oxygen species (ROS)
(5-7). However, the upstream molecular drivers and underlying mechanism by which they
impact invasiveness of cancer cells are poorly understood.

There are two major types of acid sensors in the cells, acid-sensing ion channels (ASICs)
and proton-sensing G-protein coupled receptors (GPCRs) (8). ASICs belong to the
subfamily of degenerin/epithelial Na* channels (Deg/ENaC) and are widely expressed
throughout the central and peripheral nervous system (9), except for ASICS5 that is primarily
expressed in the small intestine (10). The function of ASIC5 is not known. There are eight
subunits of ASICs encoded by five different genes: ASIC1a, ASIC1bl, ASIC1b2, ASIC2a,
ASIC2b, ASIC3, ASIC4 and ASIC5 (10-12). ASIC1 and ASIC2 have been shown to be
upregulated in glioma, which is not surprising because they are derived from the same
neuronal stem cells, as neuronal cells do. Furthermore, overexpression of ASICs is able to
impact the growth and migration of glioblastoma cells (13, 14). For example, glioma cation
current is mediated by mixed ASIC1 and ASIC2; inhibition of this conductance decreases
glioma growth and cell migration (13). However, little is known whether ASICs are
functionally expressed in epithelial cells or epithelia derived carcinoma such as mammary
carcinoma and, if so, whether ASICs contribute to breast cancer pathogenesis.

Hence, the goal of the present study was to define the role of ASICL1 in breast tumorigenesis
in the acidic microenvironment. Our results indicate that ASICL1 is a key player in acidosis-
induced tumor growth and invasiveness. Clinically, alterations of ASIC1 are associated with
poor survival in breast cancer.

RESULTS

Acidosis-induced ROS production is mediated through ASIC1 in breast cancer cells

Our recent study indicates that acidosis can enhance the invasion activity of breast cancer
cells in a ROS-AKT-NF-xB dependent manner (5). However, it is not clear how the acidosis
signal is transmitted into the tumor cell to activate the above pathway. In search of factors
upstream to ROS-AKT-NF-«xB signaling, we identified ASIC1 as a potential factor involved
in acidosis-induced signaling because ASIC1 was expressed in a subset of breast cancer
specimens and breast cancer cell lines although it is known to be primarily expressed in
neuronal cells (15). For example, western blot analyses detected a high level of ASIC1 in
MCF-7 and LM-4142 cells (Fig 1A4). Of interest, MMTV-Wnt1 cells which were derived
from tumors of the MMTV-Whnt1 transgenic mouse also express a high level of ASIC1,
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suggesting that ASIC1 is upregulated during tumorigenesis. In addition, we detected a high
level of ASIC2a in LM-4142 cells.

Since ASIC1 functions as a key component of acid-activated currents (16) and it is much
more sensitive to extracellular pH changes than ASIC2a (17), we decided to further
characterize ASIC1. Acidosis can induce generation of ROS and ROS scavengers can
suppress acidosis-induced invasion activity of breast cancer cells (5). Thus, we manipulated
the ASIC1 activity or ASIC1 expression level to determine whether ASIC1 is required for
acidosis-mediated ROS production. Cells (MCF-7, MDA-MB-231, LM-4142) were subject
to acidosis (pH 6.6) for 1 h. We detected a significant ROS production in all of these 3 cell
lines (FigZB). Amiloride, a known pharmacological inhibitor for ASICs (18), significantly
suppressed the acidosis-induced ROS production in MCF-7 cells (from 8.7 folds to 1.6
folds) (FigZC) and in MDA-MB-231 cells (from 13.1 folds to 2.8 folds) (Fig S1A).
Furthermore, psalmotoxin (PcTx1), a specific peptide inhibitor of ASIC1 (19), also
significantly reduced the acidosis-induced ROS production (FigZD, Fig S1B). Finally,
ASIC1 siRNAs (Fig SZC) were also able to suppress the acidosis-induced ROS generation
(Fig ZE). Acidosis had no effect on ASIC1 expression (Fig S1D). Since NF-xB is a key
factor in response to acidosis and responsible for the acidosis-induced invasion, we also
determined the effect of ASICL1 inhibition or knockdown on activation of NF-xB. As shown
in Fig. S2A, ASIC1 inhibitors (amiloride and PcTx-1) suppressed NF-xB activation.
Similarly, ASIC1 siRNAs were also able to suppress acidosis-induced NF-xB activation

(Fig. 52B).

To further determine the role of ASIC1 in acidosis-induced signaling in breast cancer, we
knocked out ASIC1 in LM-4142 cells using CRISPR/Cas9 system (20) with a dual gRNA
(Fig S3), an approach recently developed in our laboratory (21). As shown in Fig. ZA, 2 out
of 8 clones were complete knockouts, as determined by genomic PCR and western blot. In
addition, we also identified a few other partial knockout (KO) clones. Flow cytometry
analysis using Deep Red Reagent (DRR), a ROS labeling dye indicated that relative ROS
production was a 2.5-fold in control cells whereas this number reduced to 1.6 in KO#1 cells
(Fig2B, lef?). A similar result was also detected in KO#3 cells (Fig 2B, right). Of great
interest, the level of ROS generation induced by H,O, was not significantly different
between control and KO cells (Fig2C), suggesting that the ASIC1-mediated effect is specific
to acidosis. To further define the role of ASIC1, we performed a rescue experiment, i.e., re-
expression of Myc-tagged ASIC1 in ASIC1 KO cells (Fig 2D). The re-expression of ASIC1
resulted in a 2-fold induction in ROS generation under acidic conditions, whereas there was
no change in ROS generation in vector control cells (Fig 2E). These results suggest that
ASIC1 regulates ROS production in response to acidosis.

ASIC1l is required for acidosis-induced cell invasion, and tumor growth and lung

metastasis

Since we previously showed that acidosis induces invasion activity of breast cancer cells (5),
we asked whether ASIC1 is required for cell invasion. Matrigel invasion chamber assays
indicated that invasion activity of control cells under acidic conditions was a 3.2-fold higher
than that cultured at pH 7.4 (Fig 3A4). However, the invasion activity of ASIC1 KO cells
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under acidic conditions was only a 1.7-fold higher than that cultured at pH 7.4. Rescue
experiments revealed that re-expression of ASIC1 in KO cells caused a 2.8-fold increase in
invasion activity as compared to a 1.9 fold increase in vector control cells (Fig3B). In
addition, RNAI experiments also indicated that knockdown of ASIC1 caused a decrease in
acidosis-induced invasion activity as compared to control siRNA (Fig 3C), supporting a role
for ASIC1 in the acidosis-induced invasion.

We then determined whether ASIC1 gene silencing can affect primary tumor growth in a
xenograft mouse model. We transfected LM-4142 cells with control siRNA and ASIC1
siRNA and, then injected them into the mammary fat pads of female nude mice. We found
that ASIC1 siRNA suppressed tumor growth as compared to control siRNA (Fig4A, /ef?).
Furthermore, the ASIC1 siRNA also reduced tumor weight by 45% (Fig 4A, middle). A
difference in the tumor size was visually obvious between the two groups (Fig 4A, right),
suggesting the role of ASIC1 in breast cancer primary tumor growth.

To determine whether ASIC1 impacts breast cancer metastasis /n7 vivo, we performed an
experimental metastasis assay with LM-4142, a lung metastatic cell line (22). Vector control
and ASIC1 KO cells were injected into the tail vein of immunodeficient female mice. A
gross examination of lungs at necropsy 6 weeks after tumor cell injection indicated that
control cells exhibited a significant metastatic activity (lung tumor nodules) compared with
the KO cells (Fig 4B). Rescue experiments indicated that the number of nodules for the
ASIC1 re-expressing cells was significantly higher than that with those injected with vector
(Fig 4C). Together, these results suggest that ASIC1 plays a critical role in cell invasion,
tumor growth and metastasis.

ASIC1 is functional in LM-4142 cells

To determine the underlying mechanism by which ASIC1 mediates the acidosis-induced
ROS production and breast tumorigenesis, we examined the functionality of ASIC1. Whole-
cell patch-clamp recording using acidic pH-buffered solution indicated that while gRNA
control cells responded to acidic solutions, ASIC1 KO abolished this response (Fig 5A).

Since acidosis can induce an increase in intracellular calcium ([Ca2*];) through activation of
ASIC channels in neurons (23) and moreover, there is an association between Ca2* uptake
and ROS production (24, 25), we explored the possibility of involvement of Ca2* in
acidosis-induced ROS production. We tested the effects of intracellular (BAPTA-AM) and
extracellular (EGTA) Ca2* chelators. An assay using DRR indicated that acidosis induced a
2.1-fold increase in ROS generation that was completely suppressed by BAPTA-AM (Fig
5B). However, in the presence of EGTA, acidosis-induced ROS generation was reduced
from a 2.1-fold to a 1.2-fold, suggesting that Ca2* plays an important role in the acidosis-
induced ROS production in LM-4142 cells.

Given that chelation of intracellular calcium suppressed acidosis-induced ROS production,
we asked whether acidosis can induce intracellular calcium level. LM-4142 cells were
cultured under normal or low pH medium and loaded with Rhod 3-AM. Fluorescence
microscopic examination revealed a significant increase in the fluorescence intensity of the
cells under acidic conditions; this signal was suppressed by BAPTA-AM, the calcium
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scavenger (Fig 5C, /ef?). To determine whether an increase in intracellular calcium is
mediated through ASIC1, we performed the same experiment with LM-4142 ASIC1 KO and
gRNA control cells. We detected an obvious increase in fluorescence intensity under acidic
conditions in control cells, however, no such an increase was detected in ASIC1 KO cells
(Fig 5C, right), suggesting that ASIC1 can contribute to the calcium influx under acidic
conditions.

ASIC1 is localized in mitochondria

Since mitochondrion is the major source of ROS, we asked whether ASIC1 is associated
with mitochondria, leading to ROS production. We used cyclophilin F and mitochondrial
calcium uniporter as mitochondrial markers (26). As expected, no ASIC1 was detected in
ASIC1 KO cells (Fig 5D). In control cells, ASIC1 was detected in mitochondria as well as
other cellular components (supernatant) and whole cell extract. The association of ASIC1
with mitochondria was also examined by staining the cells with MitoTracker orange, the
mitochondrial dye, and ASIC1 antibody. The ASIC1 signal was found only in control cells
with distribution pattern identical to MitoTracker (Fig 5£). Furthermore, an analysis of
LM-4142 cells expressing ASIC1-GFP revealed co-localization of GFP with Mitotracker
(Fig S4A), providing further evidence for mitochondrial localization of ASIC1. However,
acidosis had no effect on mitochondrial content of ASIC1 (Fig S4B) or its distribution (Fig
S4C).

ASIC1 is required for acidosis-induced AKT and ERK1/2 activation

Our previous report indicates that AKT is rapidly activated upon acidosis (5) and ERK1/2
are crucial signaling pathways that control diverse cellular processes including tumor cell
invasion and metastasis. We determined whether inhibition of ASIC1 affects
phosphorylation of AKT and ERK1/2. Consistent with previous observations, low pH
medium induced AKT phosphorylation in a panel of breast cancer cell lines (Fig S5A).
However, when cells were treated with ASIC1 inhibitors (amiloride or PcTx-1) before
culture was exposed to low pH medium, AKT phosphorylation was suppressed in all cell
lines tested. The low pH also induced phosphorylation of ERK1/2 that was suppressed by
amiloride and PcTx-1 (Fig S58). We also found that acidosis can induce ERK1/2
phosphorylation in MCF-7 and LM-4142 cells (Fig S5C). However, the kinetics of ERK1/2
phosphorylation was different in two cell lines; as early as after 5 minutes in MCF-7 cells
and after 30 minutes in LM-4142 cells. Interestingly, an oscillation in ERK1/2
phosphorylation was observed in both cell lines, a pattern similar to what was observed for
pAKT (5). These results suggest that ASIC1 activity is also required for phosphorylation of
AKT and ERK1/2 in breast cancer cells.

Suppression of tumor growth by ASIC1 inhibitors (amiloride and PcTx-1)

To explore the therapeutic potential of targeting ASIC1, we first tested amiloride, a non-
specific inhibitor for ASICs (27), to determine whether this molecule can inhibit tumor
growth in a xenograft-mouse model. LM-4142 cells were xenograft-implanted into the
mammary fat pads. Thirteen days later, mice were given water (vehicle) or amiloride (10
mg/kg body weight, 7.p., every other day) for 13 days (Fig S64). Tumor growth had
increased rapidly in the vehicle-treated group; however, in the amiloride group, tumor
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growth was significantly suppressed from day 4 onwards (Fig 6A4). Moreover, the tumor
weight was suppressed by 56% in the amiloride group as compared to vehicle group (Fig
6B, lefi). An obvious difference in the tumor size was observed in the two groups (Fig 65,
right). Amiloride had no effect on body weight (Fig S6B), indicating that mice are tolerant
to this dose of amiloride.

We then tested the specific ASIC inhibitor PcTx-1 to further determine the role of ASIC1
inhibition in tumor growth. An intratumor injection of PcTx-1 reduced the tumor grwoth by
52% after 7 days in comparison to control group (Fig 6C, /ef?) with an obvious difference in
the size of the tumors between the two groups of mice (Fig 6C, righf). These results suggest
that ASIC1 may serve as a novel therapeutic target for breast cancer.

Clinical significance of ASIC1

To evaluate the clinical relevance of ASIC1, we analyzed ASIC1 mRNA expression in a
cDNA array consisting of 7 normal and 41 breast cancer specimens from OriGene. Although
the expression of ASIC1 was widely spread, we detected on average a 3.7-fold increase in
the tumor specimens as compared to normal specimens (Fig 6D). Furthermore, analysis of
the stage | progression breast TMAs by immunohistochemistry also revealed an increase in
ASIC1 expression in malignant specimens as compared to those in normal tissue. For
example, strong ASIC1 expression was observed in 14.3% of malignant tissues while in
normal tissues, no staining was observed (Fig S7A). However, although patients with
upregulation of ASIC1 tended to have poor overall survival compared to those without
upregulation of ASIC1, this association was not statistically significant (Fig S7B). In
contrast, interrogation of the Cancer Genome Atlas (TCGA) Breast Invasive Carcinoma
dataset at cBioPortal (http://www.cbioportal.org) (28, 29) indicated that 3.3% of 1098
samples carried alterations of ASIC1, including amplification, mutations and up-regulation
(Fig S70). More importantly, “percentage of overall survival” of the patients with ASIC1
alterations was significantly less than those without alterations in ASIC1 (Fig 6E). For
example, the “median survival months” for those cases with ASIC1 alterations was 77.56
while those without ASIC1 alterations was 114.06 (Fig S7D). Importantly, although only
3.3% of the samples carried ASIC1 alterations, when all five ASIC genes (ASIC1, ASIC2,
ASIC3, ASIC4 and ASICS5) were pooled together, this number was increased to 18.6% (Fig.
S8A). Of interest, there was little overlap among those ASIC genes. Alterations of five ASIC
genes were significantly correlated to patient survival (Fig. 6F) with median months survival
of 83.8 for patients with ASIC alterations compared to 129.47 for patients without ASIC
alterations (Fig. S8B). Together, these results suggest that ASICs may serve as a marker to
predict the overall survival.

DISCUSSION

The extracellular pH (pHe) of solid tumors, such as breast tumors, is often acidic primarily
due to high glycolysis and poor perfusion within tumors; pHe values could reach 6.2~6.8
(30). Acidosis in the tumor microenvironment has been shown to produce multiple effects on
tumorigenesis. For instance, acidosis has been implicated in invasive and metastatic
progression of breast cancer. However, little is known how tumor cells sense the acidic
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signal in tumor microenvironment and then activate the acidosis-mediated signaling, leading
to aggressiveness of tumor cells. The present study demonstrates that neuron specific ASIC1
can also be functionally expressed in breast cancer cells. More importantly, this channel is
required for acidosis-induced ROS generation and tumor cell invasion. In animal models,
ASIC1 is required for primary tumor growth and metastasis of breast cancer. Together, these
findings support a critical role for ASIC1 in breast cancer pathogenesis.

Acidity is harmful to normal cell growth and proliferation. However, during a long time of
co-evolution with the host, tumor cells have adapted well to acidic tumor microenvironment.
For example, tumor cells can employ various mechanisms to remove intracellular acids in
order to maintain physiological pHi. These include Na-driven proton extrusion, V-type
ATPases, Nat/H* exchangers (NHESs) and those facilitated by carbonic anhydrases (8). As a
result, pHe becomes more acidic. A key question is how tumor cells sense the acidic
microenvironment and then transduce into the cell to impact gene expression. Identification
of ASICL1 function in breast cancer in this study provides a plausible explanation as to why
acidic conditions are beneficial to tumor cells for their advances.

In support of this notion, ASIC1 is highly expressed in malignant tissues, which may in part
attribute to the capability of ASIC1 to promote cell invasion and metastasis. That “overall
survival” of patients with tumors exhibiting genetic alterations in ASIC1 expression was
significantly reduced further substantiates the clinical relevance of this ion channel for breast
cancer. Although TCGA dataset does not contain tumor subtype information, it lists clinical
features such as ER, PR and HER2. We found that genetic alterations of ASIC1 are not
associated with any of these features. Furthermore, ASIC1 siRNAs as well as ASIC1
inhibitors (amiloride and PcTx-1) are capable of suppressing tumor growth and tumor
weight in a xenograft mouse model, suggesting that ASIC1 may serve as a potential target
for cancer therapy. Given that extracellular acidosis is a common feature for solid tumors,
these findings may have a broad impact. Thus, it is conceivable that ASIC1-mediated tumor
cell invasion and metastasis can also occur in other types of solid tumors.

Several lines of evidence support that ASIC1-mediated ROS generation and activation of
downstream targets such as NF-xB in response to acidosis may serve as a major contributor
to breast tumorigenesis (Fig S9). First, ROS scavengers has been shown to suppress acidosis
induced invasion activity of breast cancer cells (5). ASIC1 knockout abrogates acidosis-
induced ROS production. Second, re-expression of ASIC1 in the KO cells restores ROS
production. Third, ASIC1 inhibitors suppress acidosis-induced ROS production. Fourth,
regulation of ROS production by ASICL1 is specific to acidosis because ASIC1 KO has no
effect on the H,O,-induced ROS production. Finally, it is known that oxidative stress
activates ERK1/2 and AKT (31) and acidosis can activate AKT and NF-xB (5). All of these
effects can be mediated through ASIC1 because ASIC1 inhibitors or ASIC siRNAs are able
to suppress acidosis-induced activation of ERK1/2, AKT and NF-xB. The observations that
acidosis induced activation of ERK1/2 and AKT, and ROS production was suppressed by
ASICL1 inhibitors in a panel of breast cancer cell lines signifies the relevance of ASIC1 for
many breast cancers. Furthermore, even minimal ASIC1 may be sufficient to affect acidosis
mediated signaling pathways. Previously, we have shown that ROS generated under acidic
conditions can inactivate PTEN thereby activating AKT (5). We now show that ASIC1 is
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required for acidosis induced ROS generation. This suggests that ROS is a central molecule
by which ASIC1 can regulate AKT activation in acidic microenvironment.

It is known that acidosis can activate ASIC channels and that this activation leads to a rise in
intracellular Ca2* ([Ca2*];) in neurons (11). Part of this rise is due to direct entry of Ca2*
along with Na* through ASIC1 containing channels (23). This alteration of [Ca%*]; triggers a
cascade of events including membrane depolarization, activation of voltage-gated Ca%*
channels (VGCCs) and initiation of the main Ca2* influx (32). Furthermore, elevation in
[Ca?*]); leads to its uptake by mitochondria, activation of electron transport chain, and
subsequent generation of ROS (33). The cytoplasmic [Ca?*]; can also activate ROS through
NADPH oxidase in neutrophils (34) and neurons (35).

Calcium has been implicated as a crucial mediator of cancer cell migration and invasion
(36). We show that ROS production was significantly suppressed by calcium chelators,
suggesting that ASIC1-regulated calcium content is crucial for ROS production under acidic
conditions. However, the relative permeability of ASIC1 for Ca2* is relatively low (32). It is
likely that ASIC1 acts like an initiator and the entry of Ca2* through ASIC1 leads to a rise in
[Ca?*];, membrane depolarization, activation of voltage-gated Ca2* channels (VGCCs) and
the initiation of the main Ca2* influx (32). There are two possibilities by which [Ca?*]; can
induce ROS production under acidic conditions: i) activation of mitochondrial electron
transport chain (34, 35), and ii) modulation of calcium/calmodulin dependent NOX-5
activities (37, 38).

Although mitochondria is known as one of the Ca2* storage organelles (39), it is not clear
whether ASIC1 is involved in the regulation of mitochondrial Ca?* homeostasis. We
demonstrate that ASIC1 is localized in mitochondria, which may contribute to mitochondrial
Ca?* influx mechanisms like mitochondrial calcium uniporter. However, mitochondrial
contents of ASIC1 and calcium (unpublished data) was unchanged by low pH conditions.
Calcium signaling takes a variety of forms in space and time and is based on Ca2*
circulation among four primary compartments: extracellular space, cytoplasm, endoplasmic
reticulum and mitochondria (40). The calcium entry into the mitochondria through ASIC1
can be counteracted by exchangers such as the Na*/Ca?* exchanger to re-circulate Ca2* back
into the cytosol (41). While transient elevations in mitochondrial calcium are important for
modulation of cell signaling pathways such as activation of electron transport chain (42),
prolonged accumulation is a source for cytochrome c release and induction of apoptosis
(43). Cancer cells might have developed Ca2* exchangers as a mechanism to reduce
mitochondrial Ca2* accumulation and to evade apoptosis under acidic conditions. Regarding
the second possibility, NOX-5 has a unique amino terminus that encodes four calcium
binding EF-hands (44). These EF-hands serve as a sensor to the elevation in intracellular
calcium that triggers intramolecular conformational changes in the enzyme (45). This
permits the interaction of the N terminus of NOX-5 with its C-terminal domain, which then
facilitates electron transport and ROS production (46). Our unpublished observations
indicate that breast cancer cells express NOX5, which may serve as a potential regulator for
ASIC1-mediated ROS generation. Therefore, a better understanding of ASIC1-mediated
ROS generation, and activation of the associated signaling pathways will provide new
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insight into cancer biology in the context of the interaction between tumor cells and the
acidic tumor microenvironment, leading to invasion and metastasis.

MATERIALS AND METHODS

Cell culture

Details of cell culture were described in supplementary materials. The pH of the culture
medium was adjusted to 6.6 with 20 mM 2-(N-morpholino)ethane-sulphonic acid and 20
mM Tris (hydroxymethyl) aminomethane. MCF-7, T47D and MDA-MB-231 cells were
authenticated by DDC Medical (http://www.ddcmedical.com) using the short tandem repeat
profiling method.

Invasion assay

To examine cell invasion activity /in vitro, we used BD BioCoat tumor invasion system and
followed a method described previously from the laboratory (5). In brief, cells were cultured
at pH 7.4 or pH 6.6 for 48 hours and then assessed /i vitro in regular medium using Matrigel
invasion chambers. Since regular culture medium often becomes acidic after cells are grown
for a period of time, we replaced with fresh medium after every 10-12 hours.

Mitochondria labeling and subcellular localization of ASIC1

To examine the subcellular localization of ASIC1, we labeled mitochondria with
MitoTracker® Orange following the manufacturer's instructions. The procedure for staining
the cells with primary and secondary antibodies and for imaging has been described before

).

Immunohistochemistry

We used the Stage | Breast Progression TMA from NCI Cancer Diagnosis Program (CDP)
for detection of ASIC1 by immunohistochemistry (IHC) following a method described
before (51).

Transfection

Cells were transfected with siRNAs using RNAfectin reagent or plasmid DNA using
DNAfectin (47).

Measurement of intracellular ROS

We used membrane-permeable DCFH-DA dye for GFP negative cells and CellROX® Deep
Red Reagent for GFP positive cells. Cells were cultured under normal or low pH medium in
the presence of dye and the intracellular ROS generation was measured by flow cytometry
(48).

Western blot analysis

The protein extract from mitochondrial and whole cell extracts were prepared, and Western
blot analysis was carried out as described earlier (5).
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Preparation of mitochondrial extracts

Mitochondria from cultured cells were isolated using Abcam's mitochondria isolation Kit,
essentially following the manufacturer's instructions.

Electrophysiological recordings

Constructs

Intracellular

We used whole-cell patch-clamp mode to record acid-induced ASIC currents at room
temperature with an Axopatch 200B amplifier (Axon Instruments, FosterCity, CA). The
currents were acquired using p-CLAMP software (version 10; Axon Instruments) at a rate of
10 kHz and data analysis was performed using Clamp fit software (version 10.0; Axon
Instruments) (23, 49).

The high fidelity Phusion enzyme from NEB (Ipswich, MA) was used to amplify DNA
fragments by PCR for cloning purpose. To clone Myc-ASIC1, we first amplified the ASIC1
coding region using primers ASIC1-Myc-R1-5.1 and ASIC1-Not1-3.1, and then cloned into
pCDH-Myc by Cold Fusion kit (System Bioscience) as described previously (50). To make
ASIC1-GFP fusion, we amplified GFP using primers PCDH-R1-5.1 and GFP-ASIC1-3.1,
and the ASIC1 coding region using primers GFP-ASIC1-5.1 and ASIC1-Sal1-3.1,
respectively. These two overlapping fragments were subsequently cloned into pCDH by
Cold Fusion kit. Dual gRNA targeting ASIC1 exon 2 and 3, and ASIC1 donor were
constructed using same method as described previously (21). For ASIC1 donor vector, we
used primer sets ASIC1-left-BamH1-5.1 and ASIC1-left-BamH1-3.1 (left arm), and ASIC1-
right-R1-5.1 and ASIC1-right-R1-5.1 (right arm). These two fragments were sequentially
cloned into donor vector at BamH | and EcoR | sites. All amplified fragments were verified
by DNA sequencing.

calcium measurement

The intracellular calcium was measured using a Rhod-3 calcium imaging kit. LM-4142 cells
were loaded with Rhod 3-AM for 30 min in the presence of 1x PowerLoad concentrate and
2.5 mM probenecid and then examined under the fluorescence microscope.

Experimental protocol for animal work

The animal studies were conducted in accordance with NIH animal use guidelines and the
experimental protocol was approved by the UMMC's Animal Care and Use Committee. LM-
4142 cells transfected with ASIC1 siRNA were harvested at the exponential stage and then
resuspended in a 50%:50% solution of PBS and matrigel, and injected into the mammary fat
pad (51). Seven days after tumor implantation, primary tumor outgrowth was monitored
every other day by taking measurements of the tumor length (L) and width (W) and tumor
volume was calculated using the formula 1/2x L x W2 (52). At the end of the experiment,
tumor was excised and weight was taken. To test effect of amiloride on tumor growth, mice
implanted with LM-4142 cells were stratified by initial weight and then block randomization
was applied to each strata to randomize the mice to the following treatment groups (6 mice/
group): (i) untreated control (100 pL water, i.p., every other day for 13 days), and (ii)
amiloride (10 mg/kg body weight, i.p., every other day for 13 days). To test the effect of
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psalmotoxin 1, tumor bearing mice were intratumorally injected with psalmotoxin 1 (25
ng/kg body weight) every other day for 7 days and tumor volume was measured as indicated
above. For metastasis studies, LM-4142 cells were injected into nude mice through tail vein
(1 x 106 cells/ mouse). Six weeks after injection, mice were sacrificed, lungs were harvested,
fixed in Bouin's solution and images were captured.

Statistical methods

Although the researchers conducting the experiments were not blinded to the group
allocation, statistician was blinded from group allocation when performing statistical
analyzes. The continuous outcomes were summarized as mean and standard error of the
mean (SEM). The normality of data was checked by the stem and leaf plot and the data were
approximately normal. The two-sample t test was used to compare the mean of continuous
outcome between two experimental conditions. The Satterthwaite t test was used when
unequal variances were confirmed by Levene's test. The Bonferroni correction was applied
in the experiments involving comparisons at multiple time points or among more than two
experimental conditions. The Kaplan-Meier method was used to estimate the survival
probability in subgroups determined by expression level or alteration status of ASIC1.
Comparison of the survival between subgroups was evaluated by the log-rank test. All P
values were two-sided and P values less than 0.05 were considered as significant. Statistical
analysis was performed using the software SAS (version 9.3, the SAS institute). We used
cBioPortal dataset and survival analysis output to evaluate the association of ASIC1 genetic
alterations with survival of breast cancer patients (28, 29).

The sample size calculation was performed for two animal experiments in which the mean
tumor volume would be compared between two experimental conditions. We conservatively
estimated the effect size to be 2 standard deviation. At the 5% level, the size of 6 mice per
group was required to yield the power of 90% for detecting the effect size of 2 using a two-
sided t test. The actual mice numbers used in these two experiments were 6 or 8 mice per
group as indicated in figure legends. Therefore, the size requirement was met and we had
sufficient power for tumor volume comparison.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Acidosis-induced ROS production is mediated through ASIC1 in breast cancer cells
(A) The whole cell extract from indicated cells were examined for the expression of ASIC

isoforms by Western blotting. (B8) Cells were cultured under normal or acidic medium for 1
h and intracellular ROS level was measured using the ROS stain, DCFH-DA. Values indicate
mean £ SEM (n = 3). (C, D) MCF-7 cells were cultured at pH 7.4 or pH 6.6 without and
with ASIC1 inhibitors (100 uM amiloride or 100 nM psalmotoxin 1) and analyzed for
intracellular ROS levels. Values indicate mean + SEM (n = 6 for C, and 3 for D). (E) The
siRNA transfected MCF-7 cells were cultured under normal or acidic medium for 1h and
assessed for intracellular ROS levels. Values indicate mean £ SEM (n = 6). *, A< 0.05.
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Figure 2. ASIC1 knock-out impairstheintracellular ROS generation in breast cancer cellsunder

acidic conditions

(A) Detection of LM-4142 ASIC1 KO cell lines by western blotting and PCR. (B) LM-4142
cells (QRNA control and ASIC1 KO) were cultured at pH 7.4 or pH 6.6 for 1 h and analyzed
for intracellular ROS levels. Values indicate mean = SEM (n = 11 for KO # 1, and 6 for KO
# 3). (C) ASIC1 knockout and gRNA control cells were exposed to H,0, (10 mM) for 1 hiin
normal medium before analysis for intracellular ROS generation. Values indicate mean +
SEM (n = 3). (D) The expression vector carrying Myc-tagged ASIC1 or vector alone was
introduced into LM-4142 ASIC1 KO#1 cells, whole cell extract was used to analyze ASIC1

and Myec tag; (£) cells were cultured at pH 7.4 or pH 6.6 for 1 hour and analyzed for

intracellular ROS levels. Values indicate mean + SEM (n = 4). *, /A< 0.05.
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Figure 3. Theinvasion activity of breast cancer cellsunder acidic conditionsis mediated through

ASIC1

(A) LM-4142 cells (gRNA control and ASIC1 KO) were cultured under normal or low pH
medium for 24 hours and assessed /n vitro for invasion activity. Values indicate mean £ SEM
(n =4). (B) ASIC1 overexpressing cells were cultured under normal or acidic medium for 24
hours and then used to assess invasion activity. Values indicate mean + SEM (n = 4). (C) The
SiRNA transfected cells were cultured under normal or acidic medium for 24 hours and
assessed /n vitro for invasion activity. Values indicate mean + SEM (n = 3). *, A< 0.05.
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Figure4. ASIClisrequired for tumor growth and lung metastasisin nude mice
(A, lefi) Tumor volume measured on various days; data represent mean + SEM of tumor

volume of 8 mice in each group. (A, middle) tumor weight at the end of the experiment. *,
£<0.05 (control siRNA vs ASIC1 siRNA). (A, right) Actual tumors from two groups at the
end of the experiment. (B) Cells (JRNA control or ASIC1 KO) were injected into the female
nude mice through tail vein. Six weeks after injection, mice were sacrificed, lungs were
harvested and fixed in Bouin's solution and images were captured. (C) ASIC1 KO cells (with
ASIC1 or vector alone) were injected into the nude mice and processed as in (B).
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Figure5. ASIClisfunctional in LM-4142 cells
(A) Low pH induces ASIC currents in LM-4142 cells; KO cells does not respond to acidic

stimuli. (B) LM-4142 cells were pretreated with calcium scavengers (10 uM EGTA or 10
UM BAPTA-AM) for 30 min, cultured under normal or low pH conditions for 1 h and
analyzed for intracellular ROS levels. Values indicate mean + SEM (n=4). *, /< 0.05. (C)
LM-4142 cells (parental, gRNA control or ASIC1 KO) were loaded with calcium loading
dye, Rhod-3AM without or with 10 uM BAPTA-AM (calcium scavenger) and examined
under the fluorescence microscope. (D) The mitochondrial preparations from LM-4142 cells
(gRNA control and ASIC1 KO) along with post-spin supernatant and whole cell extract
were examined for ASIC1 and organelle markers (cyclophilin F for mitochondria, GAPDH
for cytosol). (£) Fluorescence images of LM-4142 cells stained with mitotracker orange
(blue) and ASICL1 (red). Insets are enlarged images of selected fields.
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Figure 6. ASIC1 can serve as a therapeutic target and predict outcomesin breast cancer
(A) Tumor growth after administration of amiloride, ASIC inhibitor. Values represent mean

+ SEM of tumor volume of 6 mice in each group. (B) Tumor weight at the end of the
experiment (/ef?). *, £< 0.05 (vehicle vs amiloride). Actual tumors from two groups at the
end of the experiment (right). (C) Two weeks after tumor implantation, when tumor reached
the volume of less than 100 mm3, mice were intratumorally injected with PcTx-1 (25 ng/kg
body weight) every other day for 7 days. (Lef?) tumor volume on various days. (Righi)
Actual tumors from two groups at the end of the experiment. (D) ASIC1 mRNA expression
in breast cancer cDNA array. (£) Kaplan-Meier plot comparing overall survival between
cases without or with ASIC1 alterations. Onco Query Language (OQL) setting was “ASIC1:
MUT AMP EXP>2.5" (F) Overall survival for five genes (ASIC1~5). OQL setting was
“ASIC1: MUT AMP EXP>2.5; ASIC2: MUT AMP EXP>2.5; ASIC3: MUT AMP
EXP>2.5; ASIC4: MUT AMP EXP>2.5; ASIC5: MUT AMP EXP>2.5".
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